CHAPTER 3

HYDROGENATION OF CIS-1,4-POLYISCPRENE
CATALYZED BY Ru(CH=CH(Pk))CI(CO)(PCys3),

Polyisoprene is a diene polymer, which is a polymer made from the isoprene
monomer, which contains two carbon - carbon double bonds. Like most diene
polymers, it has carbon - carbon double bonds in its backbone chain. Ru(CH=CH

(Ph))CI(CO)(PCys3), has been repe an active catalyst for the selective

hydrogenation of carbon - catbon doubie d5.4f acrylonitrile-butadiene copolymers
(Martin et al., 1997). In ozderiGlinvestigate @naﬁon of polyisoprene in the
presence of Ru(CH=C inndeta omprehensive kinetic studies

for this system were

etic information combined

with the spectroscopi glues to further the study of
natural rubber hydroge = A \ .

A major objective i A Ves i\ the efficiency of the reaction
involved in the quantitative } =1:‘ \ '\\ well as to gain insight into the
nature of the hydrogenation sii.Bhese ffectio atalyst level, concentration of

: : |
polymer, hydrogen pressure and+ei (ure were studied. In this chapter, the kinetics

and mechanism for CPIPghyaregenalions H=C(Ph))Cl(CO)(PCY3)2 are

presented and discussee:

ja

3.1 FTIR and NM& ectroscoplc Charactenzatm@

The F “ﬁw ydrogenated cis-1,4-
polyisopreneﬂ eﬁl’ﬁﬁﬂs mﬁi‘mc spectrum of CPIP
with t it can be seenfthat the bandssat 1664 and 887 cm™ due to C=C
stretclﬁ ﬁlﬁeé m m um '] an&qu& hydrogenation
of CPIP A peak appears at 735 cm’ ! due to the presence of —(CHa)s- groups during
the hydrogenation process.

The final degree of hydrogenation of hydrogenated polymer was determined by
'H-NMR. A typical 'H-NMR spectrum of CPIP (a) together with the spectrum of the
hydrogenated CPIP product (b) is shown in Figure 3.2. The hydrogenation led to the

reduction in the peaks of isoprene units at 1.7, 2.2 and 5.2 ppm which are assigned to

—CHj, -CH,-, and =CH groups, respectively and the emergence of new peaks at 0.8
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and 1.1 — 1.8 ppm, attributed to the propylene-ethylene block of the hydrogenated
product.

3C.NMR spectrum of hydrogenated CPIP confirms that the polymer product is
a strictly an alternating copolymer of ethylene-propylene (Figure 3.3). The peak areas
at 138.2 and 122.8 ppm, which are indicative of olefinic carbon, disappear completely
and four new peaks appear at 37.8, 33.1, 24.8 and 20.0 ppm, which are attributed to
C, -CH-, Cp, and —CHj3 carbons, respectively. This confirms a- quantitative

hydrogenation of the carbon - carbon unsaturation.

3.2 Hydrogenation Catalyze : Complexes
A number of rutheni plexes were studied to gain

insight into the effect o

mand selectivity of the catalyst.

All runs were carried 0°C, Py = 40.3 bar, [C=C]

=260 mM in 150 mL

The results for of \CPIP using various Ru(Il)

Sec that Ru(CH=CH(Ph))CI(CO)
O0)H(PPhs); and RuCl(CO)(PhCO»)
ot/ 0\‘ 10n after 5 hours) with respect to

complexes are summari
(PCy3)2, Ru(CH=CH(
(PPh3); had similar activi
the catalytic hydrogenati
prepare is RuCly(PPhs)s,

he ‘easiest ruthenium complexes to
d to be an efficient catalyst for

or mild condition (Rad-et al., 2001). However, for
Y

cis-1,4-polyisoprene, e C or-the hydrogenation (only 25%

hydrogenation of palibis

attained after 5 hours of reactio r'u The hydrogenation of CPIP
using m-C3Hs ﬁﬁ m er, it was only possible to
achieve 48%@% ﬁ Ejmrs H f hermore this catalyst
system led to degradation of the pélymer chainand isomerizatiqus 1,2 -Polyisoprene

o A NAR VAN B oo o -

characterlstlc peak at 968 cm’! . Recently, RuCly(CHC¢Hs)(PCys3), has been found to
be an olefin metathesis catalyst with high activity and stability (Trnka et al., 2001).

olefin conversion wa:

Unlike for the case of olefin metathesis, the hydrogenation of CPIP with RuCl,
(CHC¢H;)(PCy3), was found to be less effective, only 63% hydrogenation could be
achieved after 5 hours.

Based on these initial experimental results, Ru(CH=CH(Ph))CI(CO)(PCys3), was

chosen as the preferred Ru catalyst for a Kinetic investigation of CPIP hydrogenation
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in chlorobenzene as it exhibited the highest activity among the Ru complexes

screened in this investigation. Furthermore, this styryl catalyst was remarkable air-

stable.

Table 3.1: The Results of Hydrogenation of CPIP Using Ru(Il) Complexes.

Catalyst [Catalyst] Co-catalyst Solvent %
(uM) Hydrogenation
Ru(CH=CH(Ph))CI(CO)(PCy3)2 80 none Toluene 90.1

Ru(CH=CH(Ph))CI(CO)(PPr's), Toluene 85.6
RuCl(CO)H(PPhs)s - Toluene 87.6
RuCI(CO)(PhCO,)(PPhs) g Toluene 89.0

Ru(CH=CH(Ph))CI(CO)(P MCB 93.0
Ru(CH=CH(Ph))C1(CC * MCB 90.2
RuCl,(PPhs)3 MCB 24.8
7-C3HsRu(CO);Cl MCB 48.0
RuCly(CHC4Hs)(PCys3) MCB 62.7
Conditions: T = 160°C; Pyg— 40.9 bar; (€ 60 mM; reaction time = 5 h.

[C=C] is defined as the wEiglit of ot o polyisoprene divided by molecular weight of

repeating unit. Aains < 4

AULINENINYINT
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Figure 3.1: FTIRs Ta0t( \‘Q\;‘ 97% hydrogenation),
[Ru] =200 pM; [C=
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Figure 3.2: "H-NMR spectra of (a) CPIP, (b) HCPIP (97% hydrogenation),
[Ru] =200 pM; [C=C] = 260 mM; Py = 40.3 bar; T =160°C.
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Figure 3.3: *C-NMR spectra of (a) CPIP, (b) HCPIP (97% hydrogenation),

[Ru] = 200 xM; [C=C] = 260 mM; Py, = 40.3 bar; T = 160°C.



3.3 Kinetics of CPIP Hydrogenation Using RuCl(CO)(CH=CHPh)(PCyH)3).

A kinetic study of CPIP hydrogenation in the presence of the homogeneous
catalyst Ru(CH=CH(Ph))CI(CO)(PCys), was carriea out using a computer controlled
gas uptake apparatus to investigate the rate dependence of reaction variables, such as
polymer concentration, catalyst concentration, temperature, and hydrogen pressure.
Replicate experiments at the base set of conditions were performed periodically to

ensure that the catalyst sample had not decomposed. The basic conditions were

chlorobenzene solution. Théwbase. condit rlpfcsstire was maintained by the gas

e total pressure consisted of
40.3 bar (584.7 psia) hydroge

partial pressure.

A representati cft J-aptaked profile co spondmg to the olefin
consumption with respec e s in\Figlie 3.4. All of the CPIP
hydrogenation experimg espect to olefin concentration

according to Equation 3.1 der rate constant).

(ERY)

First order rate consta 0 r'r-—" of the linear In(1-x) versus

time plots as shown in T 1 ure 3.4 (where x is the conver$

The fun \ﬂq{ and concentration of
polymer, catdﬂuﬂ gom El W'la:llrﬁﬁ been investigated by
measuﬁ ﬁ ’je onse of k' to Q'pemﬁc combination of factes levels. The rate

AN IR UARIN AR &) 1

consta
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Figure 3.4: Hydrgge

t CPIP hydrogenation,
[Ru] = 200 puM;

\3.bak; T = 160°C.

3 3y i
3.3.1 27 Factorgal Desi gn Experiments

Y

To determine sraetions, which influence the

| T -
: !l wo-level factorial design was.employed. Three principal
factors, which ﬁi consuﬁnﬂ to have a maifeffect on the experimental rate constant

u &lp%'m H%ﬁtw ﬂ:tllﬂ ?ld hydrogen pressure.

For each vanable a low and high leyel was selectgd for the rangewf concentration to

e = WA NAFH AR Beraton. e

hydroge pressure were 130 — 520 mM, 100 — 200 pM, and 40.3 — 67.9 bar,

hydrogenation rate,

(k") are conce

respectively. In Table 3.2, the results for factorial design experiments are provided.
An analysis of variance (ANOVA) of the rate constants is tabulated in Table 3.3. In
this design, concentration of ruthenium and hydrogen pressure appear to be significant
at the 95% confidence level. In contrast, the existence of two- and three-factor

interaction eftects is not statistically significant.



Table 3.2: 2° Factorial Design Data for CPIP Hydrogenation

[Ru] [C=C] Pio® k'x10° Relative Viscosity

ARV S VSN B e (M)

1 200 130 403 0.60 -

2 200 130 40.3 0.61 -

3 100 ' 0.41 5.40

4 100 N\ -

5 200 4.19

6 200 ;

7 100 6.08

8 100 -

9 200 3.10

10 200 -

1 100 :

12 100 -

3 200 7.61

14 200 .

15 100 -

16 100 -

¥

Condmons T= 160°C s&olvent was chlorobenzene Volume = 150 ml

o "”PSST"i“ﬁEJ M El NINYINT
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Table 3.3: Analysis of Variance (ANOVA) of 2’ Factorial Experiments for Rate
Censtant (k)

Source Sum of Squares  DF Mean Square F P
[Ru] 3.02E-07 1 3.02E-07 17.643 0.0030
[C=C] 9.12E-09 1 9.12E-09 0.533 0.4862
Pua 6.54E-07 1 6.54E-07 38.241  0.0003
[Ru]*[C=C] 9.92E-10 1 9.92E-10 0.058 0.8158
[Ru]*Pm 8.46E-09 8.46L:-09 0.495 0.5019

0.072 0.7958
0.068 0.8015

[C=C]*Pn2 1.22E-09
[Ru]*[C=C]*Pir, N
Error

Total 9.1
Corrected Total
2if P> 0.05, then the variabi

_‘ W/HE -09

From these results. afivariate e s W 2 ulated and performed. The
influence of each factor off th yénation te n; 1.e., polymer concentration.
catalyst concentration, Hydgogh p S35t o s 18 b- are was also explored. The
results of these trials are pfovifled intF2 __ i[I'be subsequently discussed.

[tk = 1)

3.3.2 Effect of Ruthenium’ Jcent

The depende of " ynfcatalyst concentration was

v

studied over the ran2efo

1\'-". mL chlorobenzene) at
160°C. The concentramn of initial C=C"Unsaturation ms 260 mM under 40.3 bar
hydrogen pre ﬁ?f The ©anwersion profilessat a variety of catalyst concentrations

(Figure 3.5a) i utﬂ QM%Sawg)qgae@n the system displays

the expected ﬁqu"t order behavior with respect toolefin concent@}ion The reaction
rate 1sq W’](ar\alﬂ jtw aJ:% ’]rgt}wgl}sa ﬂown in Figure
3.5b. This is consistent with the investigations of Martin et al. (1997) for NBR
hydrogenation catalyzed by Ru(CH=CH(Ph))CI(CO)(PCy3)2 and Charmondusit et al.
(2003) for CPIP hydrogenation catalyzed by OsHCI(CO)(O2)(PCys). The first order
response of k' dependence on the total ruthenium concentration confirmed that the

active complex is a mononuclear species.



Table 3.4: Summary of Kinetic Data from the Study of CPIP Hydrogenation

Catalyzed by Ru(CH=CH(Ph))CI(CO)(PCys):

[Ru] [C=Clo Pw® Temp k'x10° Hydrogenation  pejaive
Expt % Time  Viscosity

@M) (mM) (bar) (C) (s (h) (Mret)
T 20 260 403 160 011 423 41 ;
2 40 260 403 160 024 702 34 -
3 80 260 403 160 031 917 33 -
4 100 260 403 160 968 28 5.8
5 130 260 403 60 2.4 -
6 170 260 1.8 5.66
7200 260 2.0 5.10
8 250 260 15 -
9 200 260 3.1 -
10 200 260 40 -
11 200 260 3.0 411
12 200 260 32 531
13 200 260 22 4.84
14 200 260 1.9 241
15 200 130 15 -
16 200 130 16 ;
17 200 520 1.6 3.10
18 200 520 23 -
19 200 130 r 1.0 4.19
20 200 130 679 12 ;
21 200 520 - 11 ;
2 200 520, 7.61
23 100 130 y . 5.40
24 100 130 )1 )
25 100 520 03 60040 9154l 19 ;
26 100 szo 160 041 754 ;
27 200 -
28 200 ﬂg] w é;ﬁ ﬂ‘% 2.98
29 200 caéo 3.82

30 2 260 40 3 176 0 83 £94.6 2.1

g mmmmummmaa

32

33 130 403 140 033 925 430
34 200 130 403 150 035 956 2 3 3.23
35 200 130 403 160 061 989 1.9 -
36 200 130 403 170  0.80 989 1.7 2.44
37 200 130 403 180 094 953 1.0 4.41

Solvent = chlorobenzene. Volume = 150 ml
¢ partial pressure of H,.

37
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Figure 3.5: (a) Effect of [Ru] on CPIP conversion profiies, (b) Effect of [Ru]
on rate constant. [C=C] = 260 mM; Py, =40.3 bar; T = 160°C.
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3.3.3 Effect of Hydrogen Pressure

Martin et al. (1997) has previously suggested the estimation of accurate values
of hydrogen pressure in the reactor. The partial pressure of chlorobenzene was
approximated based on the Harlacher - Braun correlation, assuming that the polymer
concentration and hydrogen pressure did not significantly affect the vapor pressure
(Reid et al., 1977). The actual vapor pressure measured by using the gas uptake
apparatus in the absence of hydrogen at 160°C, was 0.204 MPa.

catalyst were kept at 260 1-200 ¢ ﬂy at 160°C in chlorobenzene.

The conversion versus time ploféaar different hydiogen pressures as shown in Figure

3.6a indicate that the expeci€@ cspect to olefin concentration

is observed, above 5.97ba 6b illustrates the first order

rate dependence on hy@dfogg al range investigated. This

first order behavior impli d pathway is probably involved in

the reaction of the polyme hydto el S \\ ts are in agreement with those
for NBR hydrogenatio igh the ; the Ril(CH=CH(Ph))Cl(CO)(PCy;)z
catalyst system (Martin et al., i :
al., 1998) and CPIP '

e hydrogenation of NBR (Parent et
img the.osmium complex, OsHCI

(CO)O2)(PCy3)2 W §———_——_\" zero order dependence on

hydrogen with increasing hyd

U

AULINENINYINT
RININIUNRINYAY
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Figure 3.6 : (a) Effect of Pyz on CPIP conversion profiles, (b) Effect of Py2 on

rate constant. [C=C] = 260 mM; [Ru] =200 pM; T = 160°C.
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3.3.4 Effect of Double Bond Concentration

As mentioned above, the conversion profile for hydrogenation of CPIP is
pseudo first order with respeci io [C=C] and is independent of the amount of olefin
charged to the reactor. This behavior was observed at all sets of carbon - carbon
double bond concentrations and reaction conditions employed as shown by the results
obtained for the factorial design experiments and univariate studies. The plot of initial

reaction rate versus polymer concentration in Figure 3.7 clearly shows that the

reaction rate constants remain relat anged over the range of polymer

A\ v ‘ > in chlorobenzene. For NBR
hydrogenation catalyzed bysRu¢€ \ Qg)z (Martin et al., 1977) and
OsHCI(CO)(O2)(PCys), (P s 1998 he ralc constants show an inverse
dependence on nitrile cong e o compe ve_complexation of nitrile to the

active catalyst site. C ' NBR: ! poenation activity decreased as the

amount of polymer co

The dependence of iRy cend ion rate on the addition of

tricyclohexylphosphine (PCy;) W '-..; hvestisated to understand the function of PCys;
Ju

ligand in the catalyu cg mn ; experimental rate constant along

with the concentrat ————————— a | ——ﬁ"‘-":" gure 3.8 and Table 3.5.

Amounts ranging from to 6. t@n

in the reactor) of tr1c3aglohexylphosph1ne were used. It is evident that adding
tricyclohexylp wﬁﬂiﬂﬁnﬁﬂﬂqnjenmm complexes for
hydrogenation ﬁhls result may laine eithe wo mechanisms; the
compe :ﬁ es tion 3.2) or the
inhibita ﬁpjjsaqﬁﬁ m:ﬁﬁmﬁzﬁ ﬁ(Equation 3.3)

(Martin et al., 1997).

umber of moles of catalyst
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Figure 3.8: Effect of added PCys on rate constant.
[C=C] =260 mM; Py, = 40.3 bar; [Ru] = 200 uM; T = 160°C.
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RuHCI(CO)(PCy,), + PCy, === RuHCI(CO)(PCy;), (3.2)

RuHCI(CO)(PCy,), === RuHCI(CO)(PCy,) + PCy, (3.3)
372 3

One possible reason for the severity of the catalytic inhibition by PCys involved
the formation of a complex between the free tricyclohexylphosphine and the hydride

catalyst. This is evident by 3IP.NMR spectrum, showing a new phosphorous species

complex RuHCI(CO)(PC; . seems ssibloealtt oh it is sterically crowded
(Martin, 1991).
Another possibl dependence was that the

dissociation of PCys; a monophosphine complex

1 ion experiment performed by
\ i enated C¢Dg/toluene at 70°C

. which can be attributed to

which could enter into
dissolving a sample of t
demonstrated no eviderce
Equation 3.3. However, it isf€ertaifithat € d1n Cy3 is labile as it undergoes
exchange with free phosp ."é:.::-n ative NMR evidence indicates this
exchange process could be disso m*fe_; ;u _- uggesting that a monophosphine
transition state may‘e senerated in trace quantities—Smaibamount of free phosphine

would inhibit the fo ‘ steby reducing the observed

activity. This is cons er°d to be the most plausib ’u explanation for the PCy;
inhibition effe

In suppo ﬂj}-j ﬁ ﬁmmiﬂﬂqlﬂ iry experiments using

RuHCI(C PPr 3)2, which PPr'y isdess steric thaa PCys and a spaller phosphine of
mmﬂaﬂlﬁ qc@aﬁlﬂ ﬁw %de ’] ,a %q; B (x}a E}he cyclohexyl
analogue RuHCI(CO)(PCys3)2 (Section 3.2) The inferior CPIP hydrogenation rate in
the presence of RuHCI(CO)(PPr' )2 could be expected when the formation of an
active center to be initiated by PPr; dissociation. Therefore, a phosphine dissociation

step may be incorporated in the hydrogenation mechanism.
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Table 3.5: Effect of PCy; Addition and Solvent on the Hydrogenation of CPIP

Solvent equivalents of k’x10°
added PCy; s™h
Xylene 0 0.37
Toluene 0 0.50
Chlorobenzene 0 0.61
Chlorobenzene 0.25 0.45
Chlorobenzene 0.6 0.25
Chlorobenzene 0.22
Chlorobenzene 0.14
Chlorobenzene - 0.05

Conditions: Py, = 40.3 bar =C] =260 mM.

3.3.6 Effect ofS/ | NN

: ied ou g various solvents at 160°C
and 40.3 bar Py in th : \\\ \~ nd 260 mM [C=C]. Ketone

. ‘ I8, not employed as the solvent
ssolve in these polar solvents.
b i nger ‘ ion catalyzed by Ru(Il) complex
of CPIP increases in the order:
chlorobenzene > toluene > xyies Z - ;' orinated solvent results in a faster
reaction rate than i in’s i : , nvestigated ‘__fv;, erefore, it seems that the
more polar solvent g *-fv ay be due to the solvent

_ 1l
interaction with the pdtymer in promoting active site Ao ilability and the nature of

solvated mthemﬁﬁ VI EJ ﬂ i w H ’] ﬂ ‘i

3.3.7 Effect of Temperature®

RAWTAIBIUHAAI VR G B o101
180°C, wqhere hydrogen pressure (40.3 bar) and total ruthenium concentration (260 p
M) remained constant. The first set investigated the effect of varying temperature
using polymer concentration of 260 mM, whereas a concentration of carbon - carbon
double bond of 130 mM was used in the second set. The experimental observations
are listed in Table 3.4 and the corresponding Arrhenius plot is shown in Figure 3.9a.

Linear responses for both sets of experiments are observed, from which an

apparent activation energy is estimated to be 51.1 kJ/mol over the temperature range
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of 130 to 180°C. The rates of hydrogenation of CPIP for this ruthenium catalyst are
very much slower than the rate of CPIP hydrogenation in toluene catalyzed by OsHCl
(CO)(0)(PCys), for which the activation energy was 109.3 kJ/mol over the
temperature range of 115 to 140°C (Charmondusit et al., 2003). However, the
apparent activation energy of 51.1 kJ/mol is still indicative that the experiments were
carried out under chemical control without mass transfer limitation. Furthermore,
these experiments also confirmed that the rate constant is independent on polymer

concentration. Based on the corresponding Eyring equation (Equation 3.4), the

(3.4)

3.3.8 Effect of Polym i
To study the effect of poly '_ [ hydrogenaiion, CPIP was purified by
dissolving in chlorqbe nd 1 ithe hanol. The polymer was
dried under vacuum :iv'_;f
solvent was left in thﬁamp C,

sample was re-dissolve@gain in chlorobir}zene and hydrogenated under the base

condition (PHﬁ%.E})‘% ﬂﬁ%[w Ejﬂlfﬂlﬂj [C=C] = 260 mM,

chlorobenzene) ¥The pseudo first .prder reaction rate constant of purified CPIP
=

(6.55xq4W@r \?ﬂﬁtmﬁﬁﬁm m[ﬁf (6.10x10™* s™)
at base eondition. The slight increase in rate conStant rﬂ b e"to trace polymer

contaminants such as chain transfer agents, which are likely removed by solvent

[v€iit. To ensure that no more

I Wi 7peri0dically recorded. The

extraction and coagulation.
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Figure 3.9: (a) Arrhenius plot, (b) Eyring plot for CPIP hydrogenation,
[Ru] =200 pM; T =160°C; Py, = 40.3 bar. (V) [C=C] =130 mM,
(®) [C=C] =260 mM.
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3.3.9 Effect of Acid Addition

Yi et al. (2000) revealed a way to increase the catalyst activity of alkene
hydrogenation. The method for sclectively promoting the dissociation and trapping
PCy; ligands in RuHCI(CO)(PCys3)2 catalyst and generating a highly reactive 14-
electron monophosphine ruthenium complex has been developed by using acid. Since
phosphine dissociation is suspected in the hydrogenation of CPIP cycle (section
3.3.2.5) acid-promoted hydrogenation was investigated. Table 3.6 presents the effect

s Jittle as 4 mole equivalent (4 times the

ded to the system had a dramatic
effect on the catalyst activiljniong ti ! p of acids, p-toluenesulfonic
acid (p-TsOH) was fourid eettiefinost cfficier noter for CPIP hydrogenation
(98.3 % hydrogenatio ' , & Jfonic "deids are more acidic than

carboxylic acids. ong acid promotes the

’\\. ~ osphine ligand more than the

weak acid in the orderyp- IS ;. “hloror o \ o C acid > succinic acid. The

hydrogenation rate by $

optimum amount of p-TsOH ai rding the: ghestireac ion rate was a 22 equivalents.

The extent of hydrogenation ot changeiwith the 1ricrease in p-TsOH amount.

Table 3.6: Effect of Acid dition o 0, Cl poenation

Acid o ) Reaction Time
va rog@on (h)

93.0 5.0

; chli‘iii‘?éﬂuﬁl M fﬁ NINELINT 3'3

p-toluenesulfottic acid 98.3

z-:zﬂma»‘aﬂirffwn %ﬁmaal;

p- -toluéhesulfonic acid 13.2

p-toluenesulfonic acid 22.0 98.5 1.5
Condition: Py = 40.3 bar, Temp = 160°C, [Ru] = 200uM, {C=C] = 260mM.
solvent = chlorobenzene.
® 1 equivalent = 0.87 millimole
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3.4 Polymer Chain Length Properties

IR and NMR spectroscopies were used to confirm the degree of hydrogenation
indicated from the gas consumption experiments. However, these techniques lack the
sensitivity required to detect the presence of side reactions such as crosslinking and
chain scission. Therefore, the relative viscosity (1) measurement of a dilute polymer
solution with pure toluene was undertaken to investigate the effect of side reactions

on the CPIP hydrogenation using Ru(CH=H(Ph))Cl(CO)(PCy3)2.

The Ml measurement of som £ CPIP products is also presented in
Table 3.2 and Table 3.4. The < e tration, C=C concentration and
hydrogen pressure on th Mnated CPIP is illustrated in
Figure 3.10a - c. It can be sgg visce ~ 9) is higher than
that of hydrogenated CPIE#(T, A g \ o HCPIP relative viscosity
indicates that chain sciSsio@fOcguire .' rihgithe catalyu drogenation of CPIP. The

random viscosity showS ha' - agtion cof s € ployed have insignificant
effect on the product prg pertic . 16! llts afe ifferent from those observed for

A\
the hydrogenaticn of CPIRFusing ‘CO)(0)PCy;); at 130°C and 6.9 - 69 bar

Py, in which no degradatiogfand/& -'j ag occurred during the hydrogenation
process (Charmondusit et al... -'=‘-’§-- ] may be due to the fact that the
hydrogenation cata‘ 2edy ' eniun b ts gwas performed at higher

temperature and hig d‘;p \. 4
Molecular welgﬁ red 1rm@ by the results from gel

permeation chromatograph Table 3.7 show the decrease in polymer chain length

during hydrogﬂu ﬂ;ﬁ} %WW%Q = 150000 — 450000)

and weight avétage molecular welght (Mw = 250000 — 650000) of hydrogenated

W W 1L e (1M
12700% wds @sdntetwhat during the

hydrogenation reaction (Figure 3.11a). One can also notice that treatment of CPIP

under the standard hydrogenation condition without the ruthenium complex for 24
hours results in a decrease in molecular weight of CPIP (Mn = 285000 and Mw =
444000) compared to the molecular weight of the starting polymer (Figure 3.11b and
Table 3.7). This suggests that the high temperature and pressure used during the

reaction caused main molecular chain scission of the polymer.
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(a)

Relative Viscosity

Relative Viscosity

.ﬂz) Relative Viscosity

Figure 3.10: (a) Relative viscesity of HCPIP versus temperature,
[C=C] =260 mM; [Ru] = 260 uM; Py, = 40.3 bar.

(b) Relative viscosity of HCPIP versus pressure,

[C=C] =260 mM; [Ru] =260 uM; T = 160°C.

(c) Relative viscosity of HCPIP versus ruthenium conceuntration,
[C=C] =260 mM; Py, =40.3 bar; T = 160°C.



50

25
- (a) - A, 1)
150
10

050

Differential Weight Fraction

0.0

-05
1.0x10%

25¢

- (b)
20

10[-

05F

Differential Weight Fraction

00F

-05
1.0x10*

1.0x10° 1.0107

ﬂuﬂquW§Wﬂwnﬁ

Figure 3.11: Gel permeation %hromatograms of (i) CPIP and

ORI S Ve N L

(b) Gell permeation chromatograms of (i) CP1
without Ru catalyst. [C=C] = 260 mM; Py, = 40.3 bar; T = 160°C for 24 h.
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Table 3.7: Summary of GPC Molecular Weight Data for CPIP and HCPIP

Condition
Polymer [C=C] Temp Pm [Ru] Mn Mw Polydispersity
(mM)  (°C)  (bar)  (uM)
CPIP - - - - 956800 1274000 1.33
CPIP* 260 160 40.3 - 284600 443600 1.56
HCPIP 260 160 40.3 200 441000 616500  1.40
HCPIP 130 160 40.3 200 447400 658200 1.47

HCPIP 130 160 67.9 . 331700 536200 1.62

HCPIP 520 160 257300 1.68
HCPIP 260 557900 1.50
HCPIP 260 470400 1.53

4 CPIP reaction was carrie

3.5 Reaction Mechanis

The hydrogenation of \0- er kinetics with respect to

the concentration of c¢@ to over 90% conversion.

Therefore, the pseudo fifSt Qftiaf rate’co \ ed from the gas uptake data
: é : ;' /

had a single value throughout the FERCtC " in spite of the change in double bond

concentration. Based on the Kingfeidata,’ e pgenation was found to be first order

with respect to the total conce f‘ﬁ"é{” ; m and hydrogen and inverse order in

7

the concentration of_ ad o1, e range of studies. The

rationalization of tiedi 2t on the amount of added

term of two meecha 5; thﬁompetitive coordination of
PCy; and the inhibition 6T RCys3 dissociatioejsection 3.3.2.5). However, the result of

competitive ccﬂ:%%}]\’a Pﬂgm%@ WH '})ﬂ ‘jn the reaction mixture

was not conmdé“:d in the mechamsrP due to severe steric crowdmg All of the kinetic

ifllnﬁmlmyﬁ?mﬁnﬂ;?ﬂ ﬁmfahﬂ the rate law of

€ summarize

PCy; was interpreted.

k[Ru), P,

B (Ru], P, (3.5)
(a+ BPCyy])

It seems likely that the five coordinate complex, 16 electron hydride catalyst

RuHCI(CO)(PCy3), is rapidly formed from the styryl catalyst, Ru(CH=CH(Ph))C!



(CO)(PCys), in the presence of H,. Moreover, the styryl and the hydride catalyst show
same catalytic activity, suggesting that both catalysts may share the same catalytic
active species.

The mechanism illustrated in Figure 3.12 is proposed as the most significant
pathway for hydrogenation of CPIP. The first stage in the hydrogenation process is
rapid hydrogenation of the styryl group in Ru(CH=CH(Ph))CI(CO)(PCy3), to give
ruthenium hydride RuHCI(CO)(PCys), and ethyl benzene (Equation 3.6). The mole
ratio of the uptake hydrogen to the catalyst is 2:1, this confirms that for the present
system Equation 3.6 is a fast equ brium and Jies far to the right. Under a hydrogen

, ), likely dissociates a phosphine
ligand according to Equatio ""‘_| ve the u@ RuHCI(CO)(PCy3).

Ru(CH=CH(Ph))Cl(C . \Kﬁiﬂ\ ,),+CH,CH, (Ph) (3.6

RUHCI(CO)(PCy,), =R /"" u\\\ | G.7)

The absence of a deuteriul igotgpe " ’ \ the rate determining step of
the cycle involves the coorgimatio N, Rt ole Q 2 \ ., 1997). This implied that
the next step of the r€aciibn p2 ath *{i_ e coordination of H, to the

monophosphine complex, Rt ’f*‘&j PCy uation 3.8). This would be followed
by coordination of carbon - carbon s 7 o in a rate determining step (Equation

3.9) before the finalgdgid elimination of products-ands edeperation of the ruthenium

<

monophosphine complex:

RuHCI(CO)(PCy,) + B

—K——\ Ru(H, )H (CO)(PC}a (3.8)

Ru(H, )HCl(c%Mﬂam Q(M(’])ng)(PCy3 (3.9)
G EA /P (160 R

follows: q

_d[c=C]
dt

= k 4, [Ru(H, )HC(COXPCy,)][C=C] (3.10)

The total concentration of ruthenium in the reactor is the amount of the styryl
complex. If the formation of the active hydride from the styryl is rapid, the
concentration of the styryl complex in solution will be negligible. Thus, the total Ru

concentration in the system may be defined as in Equation 3.11.



CH=CH(Ph)

RuCl(CO)(PCys3),

ethyl benzene

+H2

v CH-CHV WV

(hydrogenated pe ;
Ha, Ko

Ru(H,)HCI(CO)(C=E)(P, : , N \RulH,)HCICO)PCys)
» g i i M ’ \

! _‘ R y ,,
AUEINENINEINT
Figure 3.12: Proposed mfechanism fophydrogenationof CPIP

A RRRRFRANTIRE IR Y
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[Ru], = [RuHCI(CO)(PCy,),] + [RuHCI(CO)(PCy,)]
+ [Ru(H,)HC(CO)(PCy,)] (3.11)

Assuming the equilibrium relations defined in Figure 3.12, the concentration of Ru
(H2)HCI(CO)(C=C)(PCy3) may be substituted into Equation 3.10 to provide the
functional relationship between the observed pseudo first order reaction constant k.

and the process factor studied (Equation 3.12).

. krdsKlK2

K]+‘ ,‘ 4 ":

K,P, [Ru], (3.12)

where Ky is the Henry’s in chlorobenzene at 160°C.
The term K ;KoKyPro 1n thesdc : nat \ _\; \4‘ 3.12 is negligible due to the
observed rigorous first orgd ‘ \ y {\ pressure over the range of

study. Hence, the mod€] redl

(3.13)

where the rate constant ks 5 a/liiped col cofitaining the limiting reaction rate;
K45, equilibrium constant K ?:3,, s Law constant for the solubility of
hydrogen in chlorobedzéne at 160°C: K A
: A

In order to -'*v-‘- Equation 3.13 with the

observed kinetic !I ke non-linear least square mem)d for parameter estimation
was employed. Rejresﬁdhestimates for the ﬁarameters are provided in Table 3.8

along with thﬂ &Jteg emrgltmg %Jsi.llﬂfgl analysis of variance

(ANOVA) sum%!larized in Table 3.9shows the significance of thg model. The residue
plot aﬂilWr%ﬂ@ﬂrﬁw SWI‘;}%&J gé]i@u&] of errors thus
confirm§ that none of s‘ystematic error present. Figures 3.5b, 3.6b, and 3.8 show the
observed experimental data along with the model predictions. Actual model
predictions of olefin conversion profile relative to the data from gas uptake are plotted

in Figures 3.14 and 3.15.



Table 3.8: Model Parameter Estimates
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Asymptotic 95 %

Asymptotic Confidence Interval
Parameter Estimate Std. Error Lower Upper
ks, (mM) s bar’  6.89E-03 1.67E-03 3.37E-03 1.04E-02
Ki, (mM)'bar” 8.93E-02 2.24E-02 421E-02 1.37E-01

Source Mean Square
Regression 1.711
Residual 4.529E-03

Uncorrected Total

(Corrected Total)

o
—
o

o

ST

o
)

o
o
o
.
°

i

Residual (s”)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
k' (s”)

Figure 3.13: Residual plot from non-linear regression
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Figure 3.14: Cemparison of the conversion profiles of experiment with model
prediction for 2° factorial design experiments.

(a) Conversion profile at [C=C] = 130 mM; T = 160°C.

(b) Conversion profile at [C=C] =520 mM; T = 160°C.
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Figure 3.15: Comparison of the conversion profiles of experiment with model
prediction for univariate Kinetic experiments.

(a) Conversion profile at various with Ru concentration,
[C=C] =260 mM; Py, =40.3 bar; T = 160°C.

(b) Conversion profile at various hydrogen pressure,
[C=C] =260 mM; [Ru] =200 uM; T = 160°C.
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