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Abstract-Reactions of 2-methyl-2-propanol, 2-methyl-2-butanol, 2-methyl-2-pentanol, 1-methyl-1-cyclo-
hexanol, and 1-ethyl-1-cyclohexanol with palladium(II) tetraaqua complex in a perchloric acid medium give
carbonyl and aromatic compounds, as well as the corresponding palladiump-allyl complexes. The complexes
were isolated from the reaction mixtures by way of formation of 2,2`-bipyridine complexes and characterized
by the elemental analyses and1H and 13C NMR spectra. The main direction of transformation of acyclic
alcohols is formation of complexes with no alkyl substituents at the central carbon atom of the allyl ligand;
with cyclic alcohols, exocyclic complexes are formed.

Earlier we studied reactions of 2-methyl-2-propanol,
2-methyl-2-butanol, 2-methyl-2-pentanol, 1-methyl-1-
cyclohexanol, and 1-ethyl-1-cyclohexanol with the
palladium complex [Pd(H2O)4](ClO4)2 (I ) in a per-
chloric acid medium [1,2]. Spectrophotometrically (by
absorbance atlmax 320 nm), it was found that the
reactions give palladiump-allyl complexes in yields
varying from 41 to 100%, depending on the reaction
conditions and the structure of the alcohol. The yield
of the complexes is substantially increased by iron(III)
ions. The palladiump-allyl complexes formed by
2-methyl-2-propanol and 2-methyl-2-butanol were
isolated from the reaction mixtures by treatment with
2,2̀-bipyridine and characterized by1H and13C NMR
spectroscopy. It was proposed that the syntheses
involve intermediate formation of olefins.

To elucidate the path of reaction of tertiary al-
cohols with complexI , we should determine the struc-
ture of both the palladiump-allyl complexes and the
organic products forming in the course of the reaction.

The reaction of complexI with 2-methyl-2-pro-
panol resulted in isolation of complexII , while the
reaction with 2-methyl-2-butanol gave a mixture of
isomers III and IV (5 :1).
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The p-allyl palladium complex obtained from

2-methyl-2-butanol was also isolated from the reaction
mixture with use of 4,4̀-di(tert-butyl)-2,2̀-bipyridine,
1,2-bis(diphenylphosphino)ethane, and 1,10-phenan-
throline (complexesIIIa 3IIIc , respectively).
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The reaction between 2-methyl-2-pentanol and
complex I gave palladiump-allyl complex V.
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It follows from the above results that the dominat-
ing reaction direction with aliphatic alcohols is forma-
tion of p-allyl palladium complexes with no substi-
tuents at the central carbon atom of the allyl ligand.
This feature distinguish the synthesis ofh3-allyl com-
plexes we propose in the present work from those
described earlier [335].
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The reactions of complexI with 1-methyl-1-cyclo-
hexanol and 1-ethyl-1-cyclohexanol resulted in isola-
tion of compoundsVI and VII , respectively.
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The reactions of 2-methyl-2-butanol, 2-methyl-2-
pentanol, and cyclic alcohols with palladium tetraaqua
complex can conceivably provideh3-allyl complexes
isomeric to compoundsV3VII . No such complexes
were found in the present study, but their presence
cannot be ruled out. The palladiump-allyl complexes
obtained from 2-methyl-2-pentanol, 1-methyl-1-cyclo-
hexanol, and 1-ethyl-1-cyclohehanol were isolated by
treatment with 2,2̀-bipyridine (bipy) after the reac-
tions in the presence of iron(III) ions, because under

ÄÄÄÄÄÄÄÄÄÄÄÄ

other conditions the yields of these complexes were
low. The palladium complexes were isolated from
their mixtures with [Fe(bipy)3]

2+ by repeated repreci-
pitation, so there is a possibility that the identified
complexes are those formed in the highest yield.
Accumulation of iron(III) ions in the solution is the
result of the catalytic reaction of tertiary alcohols with
complex I in the presence of iron(III) ions.

To test the proposal, based on the results of kinetic
investigations [1, 2], that the reactions of tertiary
alcohols with complexI , yielding palladiump-allyl
complexes, involve intermediate formation of olefins,
we reacted the corresponding olefins with complexI .
The resultingp-allyl complexes were isolated from
the reaction mixtures by treatment with 2,2`-bipyridine.
Analysis of the NMR spectra showed that the struc-
ture of these complexes is identical to that of com-
pounds III 3VI isolated in the reactions of palla-
dium(II) tetraaqua complex with tertiary alcohols.
The reaction times and yields of thep-allyl palladium
complexes obtained by the reactions of olefins with
complexI (C0

ol 0.1,C0
Pd2+ 5.501033 andC0

HClO4
0.6 M;

20oC) are given below.

Olefin 2-Methyl-2-butene 2-Methyl-2-pentene 1-Methyl-1-cyclohexene
Reaction time, min 30 15 10
Yield, % 90 56 15

ÄÄÄÄÄÄÄÄÄÄÄÄ

Reaction conditions and yields of palladiump-allyl
complexes obtained by the reactions of tertiary alcohols
with palladium(II) tetraaqua complex;C0

alc 0.1,C0
Pd2+ 5.50

1033, and C0
HClO4

0.6 M
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄ

Alcohol ³ T, oC ³ Reaction ³ Yield,
³ ³ time, min³ %

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄ
³ ³ ³

2-Methyl-2-propanol ³ 55 ³ 180 ³ 57
³ ³ ³

2-Methyl-2-butanol ³ 45 ³ 100 ³ 51
³ ³ ³

2-Methyl-2-pentanol ³ 40 ³ 40 ³ 17
³ ³ ³

1-Methyl-1-cyclohexanol ³ 35 ³ 80 ³ -
³ ³ ³

1-Ethyl-1-cyclohexanola ³ 35 ³ 80 ³ 1
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄ
a Calc 0.05 M.

The results obtained for the reactions of tertiary
alcohols with palladium(II) tetraaqua complex are
given in the table. As seen, the reactions of complexI
with olefins give higher yields of palladiump-allyl

complexes. The increased reaction rate is due to the
lack of the slow stage of alcohol dehydration. The
yields of the complexes increases with increasing
substrate concentration. These facts are evidence in
favor of the proposed intermediate formation of
olefins.

It is significant that the reactivity order of olefins
toward palladium(II) tetraaqua complex is opposite to
the trends in variation of their reaction rates with
palladium(II) chloride or acetate along the homolo-
gous series of olefins. The rates of the latter reactions
drop with increasing olefin hydrocarbon chain length,
especially as concerns olefins with an internal double
bond [6, 7].

Thus, on the basis of the present results and pub-
lished data, the scheme of formation of palladium
p-allyl complexes from tertiary alcohols, with the
reaction of complexI with 2-methyl-2-butanol as an
example, can be presented by the following scheme.
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Acid-catalyzed dehydration of an alcohol gives the
correposonding alkene which then fastly reacts palla-
dium(II) tetraaqua complex. It is known that the initial
product of reaction of an alkene with a palladium salt
is a p-olefin complex [8, 9]. Then the reaction may
proceed by several paths. Thep-olefin complex can
convert either to ap-allyl complex or to a saturated
carbonyl compound. When direct oxidation of alkene
double bonds is hindered by steric reasons, i.e. in
reactions of palladium(II) compounds with branched
olefins, palladiump-allyl complexes are formed faster
than carbonyl compounds by oxidation ofp-olefin
complexes [10].

It is suggested [4] thatp-olefin complexes undergo
p3s rearrangement to gives-bonded organopalladium
compounds whose subsequent transformations result
in predominant formation of complexes likeIV con-
taining a methyl substituent at the central carbon atom
of the allyl ligand. However, in reactions between
branched olefins and complexI , the palladium

ÄÄÄÄÄÄÄÄÄÄÄÄ

p-olefin complex does not rearrange to a tertiary
carbenium ion, probably, because of the high rate of
the p3s rearrangement. It is also known [6] that the
principal role in formation of olefinp-complexes
belongs to the donor3acceptor metal3substrate bond
which induces effective positive charges on the carbon
atoms of the double bond and, consequently, on
groups adjacent to the double bond. Therefore, the
nucleophilic molecule of water can abstract proton
from the methyl group either at a tertiary (inter-
mediate compoundVIII ) or at a secondary carbon
atom (intermediate compoundIX ). In the first case,
p-allyl complexX can be formed, while in the second,
p-allyl complex XI . However, since the C2 and C3

carbon atoms in 2-methyl-2-butene bear different
electron densities, on account of the inductive effect
of the methyl groups, methyl protons at C2 than at C3.
As a result, the major product of the reaction between
2-methyl-2-butanol and palladium(II) tetraaqua
complex will be complexXI .

The formation ofp-allyl complexesVI and VII
from the corresponding palladiump complexes with
1-methyl-1-cyclohexene or 1-ethyl-1-cyclohexene as
ligands, involves methyl proton cleavage. Here,
probably, steric factors play a decisive role in the
mechanism of complex formation.

The reactions of tertiary alcohols with palla-
dium(II) tetraaqua complex provide, along with palla-
dium p-allyl complexes, various carbonyl compounds.
Their yields vary from 4 to 14% (per taken palladium)
and increase up to 20% when the reactions are carried
out in the presence of iron(III) ions. With cyclic
alcohols, aromatic compounds are formed in 50%
yields (per converted alcohol).

Among products of the reaction of 2-methyl-2-
propanol with complexI by means of GS3MS we
found, along with 2-methyl-2-propene, 2-methylpro-
panal [m/z72 (9), 43 (100), 41 (84), 27 (64), 15 (9)],
and the 1H NMR spectrum of an aqueous reaction
solution revealed the presence of 2-methyl-2-propenal,
d, ppm: 6.13 s (1H, HE), 5.85 s (1H, HZ), 1.41 s (3H,
CH3), 9.08 s (1H, COH. The overall reaction scheme
is as follows.

Pd2+

4(CH3)3COH 776 [(h3-CH2C(CH3)CH2)Pd]+ + CH3C(CH3)COH + CH2=C(CH3)COH + CH2=C(CH3)CH3. (1)
32H2O ÄÄÄÄÄÄÄÄÄÄÄÄ

The reaction of 2-methyl-2-butanol with palla-
dium(II) tetraqua complex yields, along with palla-
dium p-allyl complexes and the corresponding olefins,
2-methylbutenal [m/z 86 (12), 57 (76), 41 (100), 39
(48), 27 (69), 15 (7)] and 3-methyl-2-butanone [m/z

86 (14), 71 (4), 59 (4), 43 (100), 39 (9), 27 (9), 15
(4)] (scheme 2).

In the reaction of 2-methyl-2-pentanol with com-
plex I we could detect no other products than
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2-methyl-2-pentene [m/z84 (31), 69 (91), 55 (13), 41
(100), 7 (22), 15 (7)]. In the reaction with 1-methyl-1-
cyclohexanol we detected, along with the correspond-
ing olefins, methylbenzene [m/z 93 (4), 91 (100), 81
(8), 65 (15), 39 (20), 28 (18), 14 (3)], while in the
reaction with 1-ethyl-1-cyclohexanol, ethylbenzene
[m/z 106 (28), 91 (100), 77 (7), 65 (9), 51 (12), 39
(7), 28 (5)].

The amounts of carbonyl compounds formed in the
systems comprising palladium(II) and 1-methyl-1-
cyclohexanol or 1-ethyl-1-cyclohexanol, found with
use of 2,4-dinitrophenylhydrazine, were 7 and 14%,

ÄÄÄÄÄÄÄÄÄÄÄÄ

respectively.

The reactions of cyclic alcohols with palladium(II)
tetraaqua complex in the presence of Fe(III) give,
along with the above products, a number of ketones.
With 1-methyl-1-cyclohexanol, 2-methyl-1-cyclo-
hexanone [m/z 112 (60), 97 (10), 84 (36), 68 (100),
55 (88), 41 (96), 39 (60), 28 (48), 15 (6)], 3-methyl-1-
cyclohexanone [m/z 112 (31), 97 (11), 69 (100), 56
(42), 41 (46), 28 (46), 18 (8)], and 4-methyl-1-cyclo-
hexanone [m/z112 (33), 105 (6), 83 (24), 69 (16), 55
(100), 41 (53), 39 (33), 28 (29), 15 (6)] are formed
[scheme (3)].
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In the reaction of 1-ethyl-1-cyclohexanol [scheme
(4)] the following products were found: 2-ethyl-1-
cyclohexanone [m/z 126 (25), 111 (10), 99 (6), 83
(42), 71 (21), 67 (21), 55 (92), 43 (100), 27 (42)],

ÄÄÄÄÄÄÄÄÄÄÄÄ

3-ethyl-1-cyclohexanone [m/z 126 (29), 97 (53), 83
(65), 70 (24), 55 (94), 41 (100), 27 (69)], and 4-ethyl-
1-cyclohexanone [m/z 126 (6), 97 (37), 69 (25), 55
(100), 41 (67), 27 (58)].
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The saturated carbonyl compounds all are probably
formed by oxidation of the corresponding olefin
p-complexes, and 2-methyl-2-pronenal, by oxidation
of palladiumh3-methallyl complexII . In the course
of formation of carbonyl compounds from cyclic
alcohols, precipitation of palladium metal is observed,
which is likely to catalyze aromatization of cyclic
olefins [11].

EXPERIMENTAL

The 1H and 13C NMR spectra were recorded on a
Varian VXR-400 spectrometer. Residual signals of

solvents were used as internal references. The forma-
tion of palladium p-allyl complexes was monitored
spectrophotometrically on an SF-56 instrument by the
absorbance atlmax 320 nm. Elemental analysis of
precipitatedp-allyl palladium complexes was made
on CHNS-932 and Vario EL instruments.

All reactions were carried out in a temperature-
controlled bubble reactor equipped with a sampler.

Complex I was prepared by the procedure in [2].
2-Methyl-2-propanol and 2-methyl-2-pentanol were
of chemically pure grade. 2-Methyl-2-butanol was
prepared by the procedure in [13], and 1-methylcyclo-
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hexanol and 1-ethylcyclohexanol, by the procedure in
[14]. The concentration of perchloric acid in the
starting solution of complexI was found by acid3base
titration. The concentration of palladium(II) in reac-
tion mixtures was determined spectrophotometrically
by the absorbance of the palladium3tin complex (lmax
635 nm) [15], and the concentration of palladium in
p-allyl complexes was found from the difference of
the concentrations of palladium(II) determined with
and without aqua regia added to the sample to be
analyzed. The optical densities was measured on an
FEK-56 photoelectrocolorimeter. In all cases, palla-
dium metal was removed from the solution by
centrifuging.

Palladium p-allyl complexes were synthesized at
the following initial concentrations of the reactants,
M: palladium(II) tetraaqua complex 5.001033, alcohol
0.1 (the concentration of 1-ethyl-1-cyclohexanol was
0.05 M because of its poor solubility in water), and
perchloric acid 0.5. The reaction with 2-methyl-2-
propanol was carried out at 55oC for 3 h, and with
2-methyl-2-butanol, at 45oC for 2 h. Palladiump-allyl
complexes based on other tertiary alcohols were
isolated after reactions in the presence of Fe(III)
ions under the following conditions [concentration of
ferric sulfate (M), temperature (oC), reaction time
(min)]: 2-methyl-2-pentanol 101032, 40, 80; 1-methyl-
1-cyclohexanol 501032, 35, 240; and 1-ethyl-1-cyclo-
hexanol 501032, 35, 220.

Palladium p-allyl complexes were isolated by
adding excess 2,2`-bipyridine to the reaction mixture
after reaction completion. The white precipitates of
2-methyl-2-propanol and 2-methyl-2-butanol com-
plexes were filtered off, washed with water and di-
ethyl ether to remove excess precipitant, and dried in
vacuo. The complexes of other tertiary alcohols, ob-
tained in the presence of iron(III) ions, were isolated
from the reaction mixtures containing red precipitates
of Fe(bipy)3

2+ and white precipitates of palladium
p-allyl complexes by repeated reprecipitation from
methylene chloride solutions with diethyl ether. The
procedure is based on different solubilities of these
complexes in the system used (h3-allyl complexes
precipiate first).

Organic reaction products were isolated by extrac-
tion from 25 ml of the reaction mixture with 1 ml of
dodecane or pentane and then analyzed by GC3MS
on a Hewlett3Packard MSD-5972 system (stationary
phase DB-5MS).

Analysis of the reaction products was carried out
at the laboratory of Prof. Steinborn (Martin-Luther-
University, Halle, Germany)

ComplexII . 1H NMR spectrum (400 MHz, acetone-
d6), d, ppm: 2.3 s (3H, CH3), 3.5 s (2H, Hanti), 4.3 s
(2H, Hsyn), 7.338.9 m (8H, bipy).13C NMR spectrum
(acetone-d6), dC, ppm: 23.7 (CH3), 62.1 (2CH2), 137.8

(C), 156.1 (C1), 124.7 (C3), 142.2 (C4), 128.9 (C5),
155.6 (C6). Found, %: C 40.32; H 3.80; N 6.69.
C14H15N2Pd. Calculated, %: C 40.31; H 3.63; N 6.72.

Complex III . 1H NMR spectrum (400 MHz,
CD2Cl2), d, ppm (J, Hz): 1.39 s (3H, CH3anti), 1.76 s
(3H, CH3syn), 3.7 d.d (1H, Hanti,

3J 13, 2J 1.17),
4.1 d.d (1H, Hsyn,

3J 7.6, 2J 1.17), 5.55 d.d (1H,
3JHHanti 13, 3JHHsyn 7.6), 7.638.9 m (8H, bipy).13C

NMR spectrum (CD2Cl2), dC, ppm: 22 (CH3anti), 25.8
(CH3syn), 58.5 (CH2), 91.8 (C), 113.6 (CH), 155.5,
154.6 (C1,1̀), 124, 123.9 (C3,3̀), 141.6, 141.4 (C4,4̀),
128.4, 128.2 (C5,5̀), 150.2, 154.8 (C6,6̀).

Complex IV . 1H NMR spectrum (400 MHz,
acetone-d6), d, ppm (J, Hz): 3.4 s (1H, Hanti), 4.25 s
(1H, Hsyn), 2.24 s (3H, CH3centr), 4.13 q (1H, H,3J
6.25), 1.65 d (3H, CH3,

3J 6.25), 7.839.2 m (8H,
bipy). 13C NMR spectrum (acetone-d6), dC, ppm: 73.1
(CH), 78.5 (C), 62.5 (CH2), 14.1 (CH3centr), 19.1
(CH3). Found, %: C 41.82; H 4.21; N 6.38. C15H17.
N2Pd (mixture of isomersIII and IV ). Calculated, %:
C 41.78; H 3.97; N 6.50.

Complex IIIa . 1H NMR spectrum (400 MHz,
CDCl3), d, ppm (J, Hz): 3.64 d.d (1H, H1

anti,
3J 13.1,

2J 1.16), 4.17 d.d (1H, H1syn,
3J 7.7, 2J 1.27), 5.45 d.d

(1H, H2, 3JH1
synH

2 7.7, 3JH1
antiH

2 13.3), 1.72 s (3H, CH34),

1.34 s (3H, CH53), 1.44, 1.42 s (209H, CH3
12,12̀), 7.63

8.8 m (6H, bipy).13C NMR spectrum (CDCl3), dC,
ppm: 58.2 (C1), 112.8 (C2), 90.3 (C3), 25.6 (C4), 21.8
(C5), 154, 155.1 (C6,6̀), 119.5, 119.7 (C7,7̀), 125.1,
125.2 (C8,8̀), 165.6, 165.9 (C9,9̀), 149.5, 154.5
(C10,10̀), 30.2 (C12,12̀).

Complex IIIb . 1H NMR spectrum (400 MHz,
DMF-d7), d, ppm: 3.5 (1H, H1

anti), 4.6 broad signal
(1H, H1

syn), 5.8 t (1H, H2), 1.9 m (3H, CH3
4), 1.1 m

(3H, CH3
5), 3.2 m (4H, C6), 7.338.0 m (20H, H7). 31P

NMR spectrum (DMF-d7), dP, ppm (J, Hz): 56.4 (P1),

51.9 (P2, 2+3J 33.9).13C NMR spectrum (DMF-d7), dC,
ppm: 62.2 m (C1), 116.6 t (C2), 108.5 d (C3), 26.8 d
(C4), 20.2 d (C5), 28.4, 28.7 d (C6,6̀).

Complex IIIc . 1H NMR spectrum (400 MHz,
DMF-d7), d, ppm (J, Hz): 4.03 d (1H, H1

anti,
3J 13.1),

4.57 d (1H, H1
syn,

3J 7.7), 5.84 d.d (1H, H2, 3JH2H1
syn

7.7, 3JH2H1
anti

13.1, H2), 1.94 s (3H, CH3
4), 1.53 s (3H,

CH3
5), 8.239.6 m (8H, C739,11,13315,17). 13C NMR spec-

trum (DMF-d7), dC, ppm: 59.3 (C1), 114.2 (C2), 92.2
(C3), 25.6 (C4), 21.7 (C5), 155.6 (C6,12), 140.9 (C7,13),
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128.5 (C8,14), 131.2 (C9,15), 134.2 (C10,16), 131.1
(C11,17).

Complex IV . 1H NMR spectrum (400 MHz, ace-
tone-d6), d, ppm (J, Hz): 1.4 s (3H, CH3anti), 1.65 d
(3H, CH3,

3J 6.1), 1.76 s (3H, CH3syn), 4.55 d.q (1H,
H, 3JHCH 6.1, 3JHH 12.2), 5.49 d (1H, Hcentr,

3J 12.2),
7.938.9 m (8H, bipy).13C MMR spectrum (acetone-
d6), dC, ppm: 17.2 (CH3anti), 22.7 (CH3syn), 26.0
(CH3), 72.4 (CH), 89.5 (C), 113.6 (CHcentr), 154.9,
155.0 (C1,1̀), 123.9 (C3,3̀), 141.4, 141.5 (C4,4̀), 128.1,
128.3 (C5,5̀), 150.2, 151.6 (C6,6̀). Found, %: C 43.19;
H 4.52; N 6.23. C16H19N2Pd. Calculated, %: C 43.16;
H 4.30; N 6.29.

ComplexV. 1H NMR spectrum (400 MHz, CDCl3),
d, ppm: 3.28 s (1H, H7anti), 3.88 s (1H, H7

syn), 4.38 m
(1H, H9), 0.932.8 m (8H, H10313), 7.639.0 m (8H,
bipy). 13C NMR spectrum (CDCl3), dC, ppm: 59.7
(C7), 91.2 (C8), 107.8 (C9), 19.7 (C10), 28.1 (C11),
35.6 (C12), 23.9 (C13), 154.1, 154.8 (C1,1̀), 123.8,
124.0 (C3,3̀), 141.0, 141.2 (C4,4̀), 127.8, 127.9 (C5,5̀),
149.8, 153.4 (C6,6̀).

Complex VI . 1H NMR spectrum (400 MHz,
CD2Cl2), d, ppm (J, Hz): 1.2632.18 m (10H, 5CH2),
3.8 d.d (1H, H7

anti,
3J 13.2, 2J 1.14), 4.17 d.d (1H,

H 7
syn,

3J 7.7, 2J 1.14), 5.5 d.q (1H, H8, 3JHHanti 13.2,
3JHHsyn 7.7), 7.63 9.1 m (8H, bipy).13C NMR spec-
trum (CD2Cl2), dC, ppm: 60.3 (C7), 112.7 (C8), 101.7
(C9), 34.2 (C10), 31.7 (C11), 27.8 (C12), 32.6 (C13),
39.0 (C14), 156.1, 155.1 (C1,1̀), 124.4, 124.6 (C3,3̀),
141.9, 142.2 (C4,4̀), 128.7, 128.8 (C5,5̀), 150.8, 155.2
(C6,6̀). Found, %: C 45.92; H 4.51; N 5.88. C18H21.
N2Pd. Calculated, %: C 45.88; H 4.49; N 5.94.
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