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Catalytic systems NiL, (L: 3,5-diisopropylsalicylate /, acetylacetonate /1,
stearate /11, and benzohydroxamate /V') with organometals (Et;Al, i-Bu;Al,
BuLi) were studied. The cyclohexene hydrogenation rate for the most active
catalysts, prepared under very mild conditions (30°C, po(H,) = 120 kPa,
¢(Ni) ~ 2 mmol dm~?) was about 0.76 mol min ' related to 1 g Ni. Catalytic
activity a(i) decreased in order of Ni chelates a(l) > a(ll) » a(IIl) >
> a(IV). The optimal ratio was n(Al)/n(Ni) = 3, n(Li)/n(Ni) = 4 for I,
and n(Al)/n(Ni) = n(Li)/n(Ni) = 2 for I, I11, IV The presence of aromat-
ic compounds slowed down the hydrogenation rate and was accompanied by
reduction and sedimentation of nickel in colloid form. The activation en-
ergy of cyclohexene hydrogenation using Ni(dips),—Et;Al was
E =284kJmol™' The reaction order with respect to catalyst is equal to
one and to substrate zero. The structure of active centre and mechanism of
reaction of Ni(dips), with organoaluminium compounds was suggested by
means of EPR.

H3yyenn! kaTanuTHdeckue cuctemMsl NiL, (L: 3,5-quu3onpomnmicaimu-
nat I, anetunauetoHart [/, creapat /11 u ennnrunpokcamar /V) c Meran-
smooprannyeckumu coequnennsmMu (Et;Al, i-Bu;Al, BuLi). CkopocTb ruapo-
TeHH3allM} LUKJIOTEKCEeHa ¢ HanboJiee aKTUBHBIMH KaTaJIN3aTOPaMH, MOJIy-
YeHHBIMH 0pH O4YeHb Msarkux ycnoBuax (30°C, p,(H,) = 120 kIla,
c(Ni) ~ 2 MMons 1M ~%) cocTaBnsna okono 0,76 Mois MUH ™' B pacueTe Ha
1 r Ni. KatanuTHiyeckass akTUBHOCTb a(i) MOHHXaJach B MOCJIeI0BaTEIb-
HocTH xenaTtoB Ni: a(l) > a(Il) > a(I1I) > a(IV). OnTuMabHOE COOTHO-
menne 6bu10 n(Al)/n(Ni) = 3, n(Li)/n(Ni) =4 mna I, u n(Al)/n(Ni) =
=n(Li)/n(Ni) = 2 nna 11, 111, IV TIpucyTcTBHe apOMaTHYECKHX COEIH-
HEHHH 3aMEIIATIO CKOPOCTh THAPOTreHU3aluy U MPUBOAMIO K BOCCTAHOB-
JIEHMIO M OCaXXICHHIO HHUKeJS B KOJUIOMTHOH Gopme. DHEPrusi aKTUBALUU
THJPOTeHH3alMH IHKJIOorekceHa npy ucnoab3oBanuu Ni(dips),—Et;Al coc-
taBnana E = 28,4 kIx Monap~'. Topsaaok peakiuu 1o KaTaJH3aTopy pas-
Hauca 1, a mo cyberpaty 0. C momomunsio IIIP cnekTpockonmuu caeiaaHo
NPEANOJIOKEHHE O CTPOEHHH AKTHBHOIO LEHTpPAa M MEXaHHM3ME DeakLHH
Ni(dips), ¢ afFOMOOPraHHYECKUMH COEIHHEHUSAMH.
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More than 200 papers, patents, and reviews [1—4] have been devoted to the
Ziegler—Natta-type hydrogenation catalysts. But there are different opinions in
many questions, e.g. choice of the most convenient transition metal and its
ligand, finding of the optimal mole ratio of organometal to transition metal, and
determination of the most convenient sequence of the catalyst components
addition.

The aim of this work was to find the optimal conditions for preparation of
the hydrogenation catalysts based on bivalent nickel salts (3,5-diisopropylsalicy-
late Ni(dips),, acetylacetonate Ni(acac),, stearate, and benzohydroxamate
Ni(bzh),), and organometals (triethylaluminium Et;Al, triisobutylaluminium
i-Bu,Al, and butyllithium BuLi) and to investigate the influence of solvents and
some catalytic poisons on the activity of the catalytic systems studied.

Experimental

Due to the high sensitivity of these catalysts to air and moisture, all the experiments
were carried out with purified chemicals in inert atmosphere. Employed solvents (cy-
clohexane, benzene, toluene, xylene, THF, heptane, diethyl ether, chlorobenzene) were
first dried with MgSO,, or CaCl,, and then with metallic sodium (chlorobenzene with
P,Os) and distilled under argon atmosphere in the presence of small amount of or-
ganometallic compound. Nickel components of the catalyst were prepared by the reac-
tion of sodium salt of the appropriate ligand with NiCl,.

The measurements were carried out at 30°C in a glass apparatus, based on [5], and
described in more detail in [6]. Catalytic activity was studied by means of the hydrogen
pressure decrease in the system and presented in the form of a graphic function evaluating
the initial hydrogenation rate v,, i.e. the loss of concentration of cyclohexene (in
moldm™3s™"') vs. the catalyst concentration, or the mole ratio of organometal to tran-
sition metal, resp. NMR analysis of the reaction mixture proved that hydrogenation was
complete (no C¢H,, was found). Then

(%)..-()
UO = - = — k i
dt t—0 dt t—0

e — ¢

where

k= 0>=Co/<Po—Pao> (ce =0)

Px —Po
{po — P« » is the average value for 275 measurements.

Components of the catalytic system — solvent, substrate, nickel salt (solution at
¢ = 0.1 mol dm >, suspension at ¢ = 0.02 moldm™?, resp.), and solution of organometal
(c = 0.2 moldm~%), were added into the reaction vessel by syringes up to the whole
volume of 20cm® and substrate concentration of 0.5moldm™ The catalyst was
prepared in two ways:
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a) in the absence of substrate, adding 1. solvent, 2. nickel chelate solution, 3. or-

ganometallic solution, 4. cyclohexene;

b) in the presence of substrate, adding 1. solvent, 2. nickel chelate solution, 3.
cyclohexene, 4. organometallic solution.

Results and discussion

The basic catalytic system investigated here was nickel-bis(3,5-diisopropyl-
salicylate) with triethylaluminium, further were studied Ni(dips),—i-Bu,Al and

Fig. la. Influence of the ratio n(Al)/
n(Ni) on the cyclohexene hydrogena-
tion rate for the catalytic systems
NiL,—Et;Al
L: (1) dips, (2) acac, (3) stearate, (4)
benzohydroxamate (¢(Ni) = 2 mmol.
.dm~?* (1), (2), ¢(Ni) =4 mmoldm™*
3). 4.

Fig. Ib. Influence of the ratio n(Li)/
n(Ni) on the cyclohexene hydrogena-
tion rate for the catalytic systems
NiL,—BulLi.

L: (1) dips. (2) acac, (3) stearate, (4)
benzohydroxamate
(¢(Ni) = 4 mmol dm™?).
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Ni(dips),—BulLi, and also other Ni chelates — acetylacetonate, stearate, and
benzohydroxamate, with Et;Al and BuLi. The solvent usually used was cyclo-
hexane. The optimal mole ratio of the components, and the dependence of the
activity upon concentration in various solvents were determined.

The mole ratio of organometallic compound to transition metal influences
the activity decisively (Fig. 1). Its optimal value (n(Al)/n(Ni) = 3, n(Li)/n(Ni) =
= 4 for Ni(dips),, and n(Al)/n(Ni) = 2, n(Li)/n(Ni) = 2 for the other Ni chelat-
es used) is constant for each couple of catalyst components and is independent
of the preparation conditions if all reactants are purified and dried thoroughly.

Fig.2 shows the activity of various catalysts prepared at the optimal ratio of
components in the absence of cyclohexene. The highest activity is provided by
the systems with diisopropylsalicylate, then with acetylacetonate. The catalysts
prepared from stearate are more than one order less active. The lowest activity
was observed in the case of benzohydroxamate. This sequence correlates well
with the solubility of these nickel salts in cyclohexane. Following decrease of the
activity for the examined organometallic compounds was found: a(Et;Al) =~
= a(i-Bu;Al) > a(BuLi). No influence of the time of catalyst preforming and of
the employed gas (inert atmosphere Ar, or H,) on the activity was observed.

1.6 I I ! | T T !

= 1.2 Fig. 2. Influence of the catalyst com-
‘n | -] position and concentration on the cy-
"."E clohexene hydrogenation rate (catalyst
= o6 -{ prepared in the absence of cyclo-
g hexene).
E | -1 (#) Ni(dips),—i-Bu,Al
\>° (2) Ni(dips),—Et;Al
04 b - (3) Ni(acac),—Et,Al

(4) Ni(stearate),—Et;Al
- (5) Ni(bzh),—Et,Al

‘
’?/n/": g| (6) Ni(dips),—BulLi
0.0l 1 — 22883 9| (7) Niacac)—BuLi
1 2 3 4 5 6 7 8 (8 Ni(stearate),—BuLi
¢(Ni)/(mmol dm™3) (9) Ni(bzh),—BuLi

A change of the introduction order of the individual reaction components
showed various influence of different organometals. In the preparation of the
catalyst in the presence of substrate the catalytic activity increased a little (20 %)
for the system Ni(dips),—Et,Al, but decreased for Ni(dips),—i-Bu;Al. For the
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systems with BuLi twofold increase of the catalytic activity in the presence of
cyclohexene was observed (Fig.3). The sequence of activity of nickel salts
remained unchanged: a(Ni(dips),) > a(Ni(acac),) > a(Ni(stearate),) >
> a(Ni(bzh),). Activity of the systems with BuLi was about the same as for the
systems with Et;Al.

Fig. 3. Influence of the catalyst com-
position and concentration on the cy-
clohexene hydrogenation rate for the
catalytic systems NiL,—BuLi, pre-
pared in the presence of cyclohexene.
L: (1) dips, (2) acac, (3) stearate, (4) Ma
benzohydroxamate; (5) Ni(dips), + 3 1 5
+ BuLi prepared in the absence of
cyclohexene. c(Ni}/{mmol am™3)

vo/(mmol am 3 &7)
1

In the most active catalytic systems prepared here (Ni(dips),—Et;Al,
Ni(dips),—i-Bu,Al, and Ni(dips),—cyclohexene—Et,Al,—BuLi, —i-Bu,Al)the
hydrogenation rate of cyclohexene, at 30°C, H, initial pressure 120 kPa, and
¢(Ni) = 2mmoldm~*, was around 1.5mmoldm*s~', i.e. 0.76molmin~"' re-
lated to 1 g Ni and it is one of the highest under such mild condition reported
so far [2, 7, 8].

The catalytic activity decreased in the order of employed solvents: a(cyclo-
hexane) > a(xylene) > a(toluene) > a(benzene) > a(chlorobenzene) (Fig. 4).
Such an influence was observed already by trace amounts of arenes. Similar
results were obtained in [9] and explained by n-donor properties of aromates,
coordinating the catalyst, Activity of a catalytic system depends on mutual
consideration of coordination ability of solvent, and substrate, to the active
centre. Though alkyl groups increase the electron density on the benzene ring,
steric hindrances cause that cyclohexene hydrogenation goes easier in alkyl-
substituted arenes than in benzene. This is in agreement with [10], where a
considerably higher influence of steric hindrances than the influence of donor
effects of alkylarenes on the catalytic activity was found. Various influence of the
absence and of the presence of cyclohexene on the activity of the catalysts
prepared from Et;Al, and i-Bu,Al, can also be caused by a steric hindrance.
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T I T T Fig. 4a. Influence of solvent on the cy-

— # 2 7] clohexene hydrogenation rate for the
catalytic system Ni(dips),—Et;Al.
12 - —1 Solvent: (I) cyclohexane, (2) cyclo-
4 hexane + 0.2% benzene, (3) xylene,
- — 9 (4) toluene, (5) benzene, (6) chloro-
o benzene v, = 0.
E o8- 5]
°
€ | .
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o | -
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©
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N — 3
>Q
0.6 //0‘ - Fig. 4b. Influence of solvent on the cy-
: clohexene hydrogenation rate for the
| - catalytic system Ni(acac),—BulLi,
prepared in the presence of
0.0 ] l 1 cyclohexene.
2 3 4 5

|
0 1 6 Solvent: (I) cyclohexane, (2) xylene,

c(Ni) /(mmol dm™3) (3) toluene, (4) benzene.

In the presence of aromatic solvents the reduction to zerovalent nickel occurs.
This Ni precipitates in colloid form, which is characterized by a strong EPR
signal with g-value 2.16—2.20, and catalytic system loses its activity. The
formation of colloidal nickel was also observed in [11—13].

Traces (i.e. from about 0.01 vol. %) of oxygen-containing compounds (espe-
cially those with active hydrogen) cause deactivation of the catalyst as they react
with its organometallic component. Thus methanol, acetone, water, and air, or
oxygen, decomposed the catalytic system. This unfavourable effect of alcohols,
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aldehydes, and water, can partly be compensated by appropriate surplus of
organometal. The negative influence of etheric solvents (diethyl ether, tetrahy-
drofuran) is probably caused by the formation of their stable complexes with
organometals.

Change of the reaction temperature in the range 20—45°C had no influence
on the optimal catalyst composition (n(Al)/n(Ni) ratio). The activation energy
of cyclohexene hydrogenation using Ni(dips),—Et;Al (¢(Ni) = 5 x 10~*mol-
-dm~3, n(Al)/n(Ni) = 4) was determined to be E = 28.4 kJmol™'; in good
agreement with [7, 14, 15] for similar systems.

The reaction order was determined to be one to the catalyst and zero to
cyclohexene. Our equipment was not suitable for an exact determination of the
reaction order with respect to hydrogen. Preliminary measurements indicated
proportionality of the reaction rate to the hydrogen pressure.

Stability of the Ni(dips),—Et;Al catalyst (c(Ni) =2 mmoldm™3, n(Al)/
n(Ni) = 4) during a hydrogenation of several portions or a greater amount of
cyclohexene was investigated. 1 cm?® of cyclohexene (i.e. 0.01 mol; ¢ = 0.5 mol-
-dm~?) was hydrogenated in 11.5 min with the initial rate of 0.991 mmol-
-dm~*s™' In hydrogenation of the second, third, fourth, and fifth portion of
cyclohexene, the original hydrogenation rate slowed down to 99 %, 97 %, 89 %,
and 83.7 %, respectively.

Catalytic system Ni(dips),—BuLi (¢(Ni) = 4 mmoldm ™3, n(Li)/n(Ni) = 4),
prepared in the presence of cyclohexene, was studied in hydrogenation adding
five portions (or quintuple amount) of cyclohexene in three various ways (4, B,
C). The initial rate in all three methods was 1.88 mmoldm~3s~' and the first
portion of cyclohexene was hydrogenated in 6.5 min. In the first method (4) the
next portion of substrate was added after the hydrogenation of the previous one

Table 1

Relative hydrogenation rate of cyclohexene with Ni(dips),—BuLi

Method
Portion
A B C

1 1 1 1

2 0.33 0.73 0.92
3 0.22 0.38 0.85
4 0.16 0.25 0.75
5

0.12 0.23 0.68

Five portions of substrate were added in various ways: A. after complete hydrogenation of the
previous portion; B. just before the completion of the previous portion: C. five portions added at
the beginning.
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was completed. In the second method (B) the next portion of substrate was
added just before the hydrogenation of the previous one was completed. In the
third method (C) the quintuple amount of cyclohexene was hydrogenated and
hydrogen was supplied after hydrogenation of each one fifth of the total cy-
clohexene amount (Table 1).

Comparison of A4 and B shows that substrate is taking part in the formation
of the catalytic active centre. Its replacement after the completion of the reaction
and its harder recoordination after a new addition of cyclohexene explains
slowing down the hydrogenation rate. The observed lower rate if the catalyst was
prepared in the absence of cyclohexene can be explained similarly. Method C
indicates that the repeated manipulation with the system in methods 4 and B
leads to the loss of activity caused probably also by contamination of the system.

In the catalytic system Ni(dips),—Et;Al (c(Ni) = | mmol dm~?) additionally
to cyclohexene also other substrates were investigated. The comparison of the
hydrogenation rates of 1-decene, 1-dodecene, and cyclohexene (Fig.5) shows
that with the increasing steric hindrance of the double bond in alkenes the
hydrogenation rate decreases; it is in agreement with [16].

2.5 T |

2.0

1.0~

% /immol dm™3 s

- 3
0.5 B

Fig. 5. Hydrogenation of 1-decene (/),

0.0 | | ] | | ] L1 I-dodecene (2), and cyclohexene (3)

o 1 2 3 4 5 6 7 8 yijth Ni(dips),—EtAl in cyclohexane
n(AL)/n(Ni) (c(Ni) = 1 mmoldm™3).

The structure of the catalytic active centre of systems based on Ni(dips), was
studied by means of EPR spectroscopy. Two types of paramagnetic species were
observed in cyclohexane solution (Fig. 6). g-Value of the first one, and the shape
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of the second, depend on the type of employed organometallic compound as well
as on the type of chelate ligand. g-Values of the first signal (singlet) for Ni(dips),,
or Ni(acac),, with various organometallic compounds are

Ni(dips),—Et;Al g =2.056
Ni(dips),—i-Bu,Al g = 2.084
Ni(dips),—BuLi g=2110
Ni(dips),—RMgX g =2.100 [17]
Ni(acac),—Et;Al g=2.051 [9]

g-Value of the second type of signal is 2.0028. Depending on the employed
chelate ligand, organometallic compound, and solvent, variously resolved
hyperfine structure was observed. The spectra of both paramagnetic species
disappear if the system is contaminated with oxygen.

Fig. 6. EPR spectrum of paramagnetic intermediates of catalytic
system Ni(dips),—Et;Al in cyclohexane.

The first type of signals was assigned to Ni(I) species with electron configura-
tion 3d°. g-Value of the second species (2.0028) is characteristic of free radicals.
According to the detailed investigations, described previously [17—20] these
paramagnetic products are ketyl radicals (ArCO~ R), formed during the last
stage of reaction of the nickel chelate ((ArCOQO),Ni) with the organometallic
compound (RM).

The highest concentration of both types of paramagnetic products was found
at the ratio n(organometal) : n(Ni) = 8—10, whereas the highest catalytic activ-
ity in hydrogenation is observed before the reduction of the transition metal at
the ratio 2—4 (Fig.7). By increasing the ratio n(organometal):n(transition
metal) the catalyst loses its activity. This decrease of catalytic activity is accom-
panied with increase of concentration of both types of paramagnetic products.

Though catalytic activity of these systems depends on the order of introduc-
tion of reactants, the presence of olefin did not influence the spectral structure
of the observed paramagnetic products.
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Fig. 7. Comparison of the cyclohexene hydrogenation rate v, with the concentration of paramagnetic
species ¢. both as a function of the ratio n(Al)/n(Ni).
Catalytic system Ni(dips),—Et,;Al in cyclohexane.

From the comparison of the optimal catalytic activity with the concentration
of the paramagnetic products results that the catalytic active centre are diamag-
netic species of bivalent nickel, formed by the alkylation of transition metal
chelate (after the primary elimination of hydrogen from the hydroxy! group of
diisopropylsalicylate). Generally [21, 16], in agreement with our results, it is
assumed that the nickel alkyl rearranges under the nickel hydride formation and
coordination of olefin, described by the following common structure

where L', L? are the chelate ligands modified by organometals.

Based on the results [22] and this study the following scheme of reaction of
nickel (II) diisopropylsalicylate with organoaluminium compounds can be sug-
gested (Scheme 1).
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