APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Cheni4, 304-315 (2000)

Studies on the Transesterification of

Glycerides: I. The Metha
Catalysed by Diorganoti
Chai Hon Yean and V. G. Kumar Das*

nolysis of Tripalmitin
n(lV) Compounds

Department of Chemistry, University of Malaya, 50603 Kuala Lumpur, Malaysia

The potential of diorganotin compounds, in
particular alkoxides and phenoxides, to function
as neutral and non-corrosive catalysts in the
methanolysis of tripalmitin (the main triglycer-
ide in palm oil) to methyl palmitate has been
investigated. The compounds reveal a strong
dependence of catalytic activity on the nature of
the organic moiety on tin, the ring-borne
substituent on the phenoxyl group and the chain
length of the alkoxyl fragment, as well as the ring
size in cyclic alkoxides derived from bifunctional
ligands such as diethanolamine. Kinetic studies,
based on detailed compositional analysis of the
reaction mixture by gas chromatography, were
performed typically at 70.0+ 0.1°C in mixed
methanol—tetrahydrofuran (3:2, v/v) medium
and at 1.0 mol% catalyst concentration with
respect to tripalmitin. The catalysts used for
the kinetic studies were dibutyl bis(p-chloro-
phenoxyl)tin 1, dibutyl bis(phenoxyl)tin 2, 1,1-
dibutyl-5-aza-2,8-dioxo-1-stannacyclo-octane 3,
2,2-dibutyl-2-stanna-1,3-benzdioxane 4 and dio-
ctyltin oxide 5. The methanolysis was shown to
proceed by a consecutive reaction pathway.
Numerical analysis of the rate data yielded
values of the three rate constantkq, k, and ks
corresponding to the respective conversions,
tripalmitin - dipalmitin - monopalmitin -
glycerol. Based ont; values ranging from 7.2 to
22.3 h™*, the following order of catalytic activity
was established: > 2 > 3> 5> 4; for catalyst
4 the t, value was close to that of the uncatalysed
reaction. A six-fold increase in rate was observed
when the catalyst concentration was raised from
1.0 to 3.0 mol% for 3.1*°Sn NMR analysis of the
chloroform extracts of the pot residue following
solvent removal at the end of 24h of the
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INTRODUCTION

Transesterification, in its broadest sense, refers to a
number of catalytic reactions between an ester and
an acid, an alcohol or another ester, to produce
esters differing in composition from the original
one. Transesterification of vegetable oils with
monohydric alcohols has long been an established
method for the preparation of fatty acid alkyl esters
which are important feedstocks in the production of
fatty alcohols required for the manufacture of
surfactants, stabilizers and lubricaht®ecently,
fatty acid methyl esters derived from the methano-
lysis of palm oil have been shown to function as an
excellent substitute for diesel fuef possessing the
attributes of high combustion efficiency and
reduced emission of carbon monoxide in the
exhaust even when used as blends with conven-
tional diesel fuel.

The catalysts traditionally used for the transes-
terification reactions have been mineral atids
(typically sulphuric acid), alkalfs® (sometimes
advantageously in the co-presence of quaternary
ammonium salf§ and alkali-metal oxide§These,
however, suffer from such drawbacks as corrosion
of processing equipment, dehydration of alcohols,

isomerization of unsaturated fatty acids, soap

formation etc. To overcome these problems, new
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catalyst systems continue to be intensively invesimethanol was obtained by distilling AR-grade
tigated, and among the noteworthy examples herenethanol following treatment with magnesium as
are guanidine and its derivativé§and the enzyme describeq by Voggf1 It was stored over molecular
lipase®'°Organotin compounds appear not to havesieves (3 A.

been used yet in studies with triglycerides, although

their catalytic potential in thlcse transestenflcatlcl)gl of Preparation of diorganotin

acetates and propionatEs}® methacrylates® . )
dialkyl carbonate®'’ and other estet&2° has alkoxides and phenoxides

been documented. This has prompted the preserithese were prepared by heating a mixture of the
investigation of their use for catalysing the diorganotin oxide (suspended in 50 ml of tetralin or
methanolysis of tripalmitin, the dominant triglycer- toluene) and the stoichiometric amount of alcohol

ide in palm oil (Egn [1]; R = GsH3y). or phenol under reflux for 3 h using a Dean and
Stark apparatus until a homogeneous solution
H,COCOR H.COH resulted with no further evolution of water. The
solvent was then distilled off under reduced
ROCOCH +3MeOH = HCOH +3RCOOMe [I]  pressure to yield the product. Table 1 lists the
range of products thus synthesized, all of which
HzCOCOR H-COH gave a satisfactory elemental analysis. The products

were generally stored in air-tight sample bottles
As indicated in Eqgn [1], a 3:1 molar ratio of before use.

alcohol to triglyceride is required for the reaction
on the basis of stoichiometry. However, Bradshaw, . - .
and co-worker$? in studies on vegetable oils using Gas-chromatographic analysis
alkali catalysts, have reported that practical con-A Shimadzu GC-9A fitted with flame-ionization
version yields of 98% can only be achieved with adetector was used for gas-chromatographic analy-
molar ratio of 4.8:1. Others, in particular Feuge andsis. The column (0.5m 3mm id., 3% OV-1
Gros?and Lehman and GauglitZ have advocated stationary phase on 100/120 Supelcoport support
a 6:1 molar ratio; molar ratios higher than this, material °>was conditioned overnight at 34C to
according to these authors, tended to hampeobtain a good and stable baseline. Oxygen-free
recovery of ester and glycerol. In this study, whichnitrogen (flow rate 57.0 ml min') was used as
was also aimed at understanding the mechanism afarrier gas. Optimal signals were obtained by
the tripalmitin conversion, we have used an excessipplying an air/H ratio of 1:1.3 throughout the
of the methanolic reagent so as to simplify theanalysis. Other controlled parameters were: injector
kinetics as well as favouring the equilibrium temperature, 340.QC; oven temperature program-
towards product (methyl palmitate) formation. ming, 110-320C at 25°C min %, then held at

320°C for 4 min; chart speed, 3.5 cm mih

Calibration graphs, precision and
EXPERIMENTAL limits of detection

A set of seven standard mixtures, each containin
Reagents and reference standards tripalmitin (TP), dipalmitin (DiP), monopalmitin ]
High-purity (99%) grades of mono-, di- and tri- (MoP) and methyl palmitate (MeP), was prepared
palmitin (Sigma), triacontane (Aldrich) and methyl from the respective pure component stock solutions
palmitate (Fluka) were used as reference standardsf TP (10.0 ), DiP (10.0 mv), MoP (10.0 nm)
Tripalmitin  (>95%) for the methanolysis re- and MeP (50.0 m) in chloroform. The standard
action (Fluka), bis(trimethylsilyDtrifluroacetamide mixtures were in the concentration range 5.00—
(BSTFA) (Tokyo Kasei, Japan), dibutyltin oxide 0.25mM for each of TP, DiP and MoP and 25.00—
(Organotin Chemie, Germany), dioctyltin oxide (a 1.25m for MeP, and each standard mixture
gift from Witco, Germany), and all other chemicals contained 1.0 m triacontane as internal standard.
used in the preparation of the diorganotin catalystsThus appropriate volumes of the stock solutions
such as monohydric alcohols, ethylene glycol,from 0.05 to 1.00 ml were pipetted into seven
phenols, diethanolamine etc., were commerciakespective 7-ml vials and the solvent was then
samples of reagent grade purity47%). Absolute completely removed from each vial by evaporation

Copyright© 2000 John Wiley & Sons, Ltd. Appl. Organometal. Cheni4, 304-315 (2000)
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Table 1 Product composition analysis for the methanolysis of tripalmitin catalysed by 3.0 mol% diordanotin

Product (%)

Unreacted Glycerol
TP (%) DiP MoP Indirect Direct
Catalyst No. Catalyst A (B) (©) estimat®  estimaté
1 Bu,Sn(O(CH)CHs), 0.23 8.69 23.48 67.60 62.4
2 Bu,Sn(O(CH)4CHs), 0.58 11.81 29.60 58.01 60.7
3 Bu,Sn(O(CH)sCHs), 1.28 16.40 34.67 47.64 51.9
4 Bu,Sn(O(CH)eCHs)2 2.06 19.76 36.90 41.27 43.9
5 Bu,Sn(O(CH),CHs), 2.48 19.36 40.66 37.49 39.3
6 Bu,Sn(O(CHy)sCHs)» 4.28 25.61 47.31 22.79 24.7
7 Bu,Sn(OCHCH,NH,),» 0.36 5.01 21.09 73.53 72.5
8 Bu,SnO(CH),NH(CH,),0 3.56 20.57 41.58 34.28 34.3
9 Bu,SnOCHCH,O 0.72 10.81 29.27 59.20 57.3
10 Bu,Sn(OGHs)» 0.89 10.28 26.40 62.43 61.3
11 Bu,Sn(OGH4Cl-p)» 0.98 10.35 26.49 62.19 64.3
12 Bu,SN(OGH,NO,-p), 14.15 28.58 42.34 14.93 16.8
13 Bu,SnOGH,4CH,0-0 1.85 14.30 33.08 50.77 49.7
14 Bu,Sn(OCHCH,CI), 5.27 28.92 53.29 12.52 12.1
15 Bu,SnO 1.67 14.20 31.90 52.24 52.1
16 OctSN(O(CH)3CHa)» 1.68 8.26 26.64 63.42 62.0
17 Oct,SN(O(CH)4CHa)» 1.17 7.20 23.58 68.05 62.6
18 OctSN(O(CH)sCHa)» 2.22 9.64 25.96 62.18 59.1
19 Oct,SN(O(CH)sCHa)» 0.94 9.49 27.24 62.32 60.4
20 OctSN(O(CHy),CHa)» 2.31 10.14 26.49 61.06 62.6
21 OctSN(O(CH)oCHa)2 0.55 8.76 26.36 64.33 61.6
22 Oct,SNn(OCHCH,NH,),» 0.56 5.13 17.04 77.27 75.8
23 Oct,SNO(CH),NH(CH,),0 1.70 7.77 25.83 64.71 65.4
24 OctSnO 1.91 6.81 23.98 67.30 65.3

8T=70.0+ 0.1°C; solvent medium, MeOH; [TBE 12.47 nw.
b Based on the equation: % Glycerol = 10\+B-+C].
¢ Titrimetric method (Ref. 28).

under reduced pressure in a vacuum desiccator. The calibration graphs showed good linearity and
Sufficient BSTFA (0.2 ml) was added to the residuereproducibility under the optimum column operat-
in each of the vials, and the capped contents weréng conditions, with high correlation coefficients of
then heated to 10TC for 3 min with gentle shaking, 0.995 for MeP, 0.999 for MoP, 0.997 for DiP and
followed by cooling to room temperature. Next, 0.971 for TP. The minimum detection limit for the
0.04 ml of the 50.0 m triacontane standard was sample constituents was 40 ng (signal intensity:
added and the contents of each vial were made up t8 x baseline noise). Based on the slopes of the
2.0ml with chloroform to yield the standard regression lines, the concentrations of the compo-
solutions. Chromatograms were run on LIO- nents at various times during a kinetic run could be
samples of the standard solutions in replicate calculated from Eqns [2]-[5].

Sharp and well-resolved peaks characterized the

chromatogram; typical retention times (min) for the [MePl; = (Ac/As),/0.776 2]
components are as follows: MeP 1.03, MoP 3.59,
triacgnta?Ge 470, DIP 6.77, TP 9.26. The less [MoPY; = (Ac/As);/0.890 3]
dominant® positional isomers 1,2-DiP and 2-MoP

were not detected. The peak area ratio of the [DiP) = (Ac/As),/1.228 4]
individual components relative to that of the TP, = ( )

internal standardd./As, was computed and plotted
against concentration to yield the standard calibra-
tion graphs for each of the components. Table 2 illustrates such data for sample aliquots

Ac/As),/0.951 5]

Copyright© 2000 John Wiley & Sons, Ltd. Appl. Organometal. Cheni4, 304-315 (2000)
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Table 2 Peak area ratiosA/As)? and corresponding concentrations of unreacted tripalmitin and its product fractions
at various time intervals using 1,1-dibutyl-5-aza-2,8-dioxo-1-stannacyclo-octane as Batalyst

Peak area ratié\/As Concentration (m)

Time (h) TP DiP MoP MeP TP DiP MoP MeP
0.5 1.89 0.37 0.02 0.13 7.55 (7.62) 1.23 (0.43) 0.11 0.67
1.0 1.98 0.45 0.04 0.23 7.90 (7.34) 1.51 (0.81) 0.18 1.17
15 1.75 0.49 0.05 0.32 7.00 (7.07) 1.65 (1.16) 0.21 1.62
2.0 1.60 0.55 0.06 0.46 6.39 (6.82) 1.85 (1.47) 0.26 2.35
25 1.73 0.62 0.07 0.54 6.91 (6.57) 2.09 (1.75) 0.34 2.72
3.0 1.45 0.64 0.09 0.63 5.81 (6.33) 2.15 (1.99) 0.40 3.21
35 1.69 0.72 0.10 0.79 6.74 (6.10) 2.41 (2.21) 0.46 3.99
4.0 1.38 0.73 0.11 0.81 5.51 (5.88) 2.46 (2.40) 0.52 4.11
5.0 151 0.80 0.14 1.04 6.04 (5.46) 2.70 (2.70) 0.65 5.25
6.0 1.01 0.72 0.17 1.20 4.03 (5.07) 2.41 (2.93) 0.79 6.10
7.0 1.12 0.77 0.17 1.24 4.46 (4.71) 2.60 (3.09) 0.79 6.31
8.0 1.20 0.91 0.22 1.55 4.81 (4.38) 3.06 (3.19) 1.01 7.87

10.0 0.94 0.87 0.27 2.03 3.76 (3.78) 2.92 (3.25) 1.25 10.31

12.0 0.85 0.91 0.32 2.40 3.39 (3.26) 3.05 (3.18) 1.48 12.17

24.0 0.39 0.78 0.47 3.52 1.56 (1.34) 2.61 (1.88) 2.16 17.85

2 A = area of unreacted tripalmitin or product fraction pedls area of internal standard (triacontane) peak. Each set of entries is the
average of 2-3 determinations of sample takes at various time intervals; iterative analysis values are quoted in parentheses
b Reaction conditions: MeOH/THF 3:2 (VA= 70.04 0.1°C; [TP]o = 9.83 mM.

analysed at various times for the reaction catalysedror the 3.0 mol% case, the initial tripalmitin
by dibutyl-5-aza-2,8-dioxo-1-stannacyclo-octaneconcentration was set close to 10.0mFigure 1
(8). sketches the kinetic profile for this reaction based
on the compositional analysis data (Table 2)
procured at various time intervals. The smooth
decrease of TP with time is strongly indicative of
In a typical experiment, 1.01g (1.25mmol) of pseudo first-order kinetics; other features in the
tripalmitin (TP) was added to a three-necked round-graph (see the Results and Discussion section) point
bottomed flask containing 150.0 ml (3.75 mol) of to the stepwise reaction scheme in Eqgn [6].
methanol and 100.0 ml of tetrahydrofuran (THF). K ke ks
The flask was fitted with a condenser and a drying TP — DiP — MoP — glycerol  (6)
tube and placed in a controlled temperature bath
(70.0+ 0.1°C). To the flask was added 0.004 g of
the chosen catalyst (corresponding to 10mo|/uS
relative to TP) and the time was recorded at the star&n
of the reaction. Sample aliquots (0.5ml) were g
withdrawn periodically from the flask at various ¢,
time intervals as the reaction progressed, quickly
chilled, concentrated, derivatized with BSTFA, and
made up to a final volume of 2.0 ml with added - - ;
internal standard. Portions (L44) were then E;’f;ra:t': n of relative efficacy of
injected into the GC for analysis of the unreacted Y
tripalmitin and of the products formed. The analysisThis study, which preceded the kinetic work, was
was replicated. The reaction was followed to atperformed in a methanolic medium with each of the
least three half-lives. 25 diorganotin compounds at a bath temperature of
For the reaction using cataly®; the kinetics 70.0+ 0.1°C. The catalyst concentration was set
were also followed at 2.0 and 3.0 mol% catalystat 3.0 mol% with respect to the tripalmitin.
concentrations, as well as at three other temperaComparison of catalytic efficacy was based on the
tures (50.0 0.1, 60.0+ 0.1 and 80.0&:0.1°C). estimation of the yield of the glycerol product

Kinetic studies

Computer iterative methods (non-linear least-
uares analysis) were used to estimatandko,

d ks was estimated by the Newton—-Raphson
chnique. Details of these techniques can be found,
r example, in Ref. 27.

Copyright© 2000 John Wiley & Sons, Ltd. Appl. Organometal. Cheni4, 304-315 (2000)
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Figure 2 Variation of product compositional yields with
0.0 carbon chain length of the alkoxyl fragment in dibutyltin

e bis(alkoxide) catalystsa( MoP; b, DiP; c, glycerol).
Figure 1 Concentration-time plots of tripalmitin and its
methanolysis products catalysed by 3.0mol% 8f at
70.0£0.1°C (A, MeP;B, TP;C, DiP; D, MoP). glycerol yield for each CH increment in the
alkoxide chain.
Not unexpectedly, the decline in glycerol yields
resulted in a build-up of the mono- and di-
formed at the end of 24 h of the transesterificationpalmitins, and hence plots for these (Fig. 2, curves
reaction. This was accomplished directly by a, b) have slopes opposite to that of curveThe
duplicating a titrimetric methd® as well ‘as results suggest that the activity of diorganotin
indirectly by GC analysis of the other product bis(alkoxides) was influenced by the nature of both
components. Itis seen from the data in Table 1 thathe alkyl and alkoxyl groups.
both of these methods provide consistent estimates Differences in glycerol yields appeared to be
of the glycerol yields. minimal with butyl- and octyl-tin alkoxides of
diethanolamine, but were rather significant (47%)
when the alkoxy function is derived from ethano-
lamine. For the pair of catalysts B%-
n(OCH,CH,NH,), and BypSn(OCHCH.CI), the
RESULTS AND DISCUSSION difference in glycerol yields was about 60%,
attesting to the rather profound influence of
. : . substituents in the alkoxy residue on the overall
Evaluation of catalytic properties catalytic activity.
Based on the glycerol vyields, the dioctyltin  The activities of the cyclic dibutyltin alkoxides
alkoxides were found to be more effective catalystsderived from the bifunctional ligands ethylene
than the dibutyltin alkoxides (Table 1). In Fig. 2 the glycol (9), 2-hydroxybenzyl alcohol 13) and
product compositional yields are plotted against thediethanolamine §) decreased with increasing
carbon chain length of the alkoxyl fragment in the chelate ring size. Surprisingly, 1,1-dioctyl-5-aza-
dibutyltin bis(alkoxide) catalyst series. The yields 2,8-dioxo-1-stannacyclooctane23), which con-
decreased steadily with increasing chain length otains an eight-membered ring, was found to be
the alkoxyl fragment. The reduction wea7.2% in  catalytically more efficient (glycerol yielda 65%)

Copyright© 2000 John Wiley & Sons, Ltd. Appl. Organometal. Cheni4, 304-315 (2000)
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Table 3 Product composition analysis at the end of 24 h of the transesterification reaction of tripalmitin conducted in
MeOH-CHCE (1:1, v/v) medium at 65.8- 0.1°C in the presence of 1.0 wt% catalyst with respect to tripalfitin

Product (%)

Glycerol

Unreacted TP (%) DiP MoP Direct Indirect
Catalyst (A) (B) © estimate estimate
BuSnCj 65.5 12.1 6.1 14.6 16.3
Bu,SnChb nil 19.3 42.2 39.8 38.5
BusSnCl 68.0 12.7 5.6 11.6 13.7
Bu,SnO nil 7.7 225 71.5 69.8
H,SO, 48.0 3.6 1.9 44.2 46.5
Uncatalysed 62.8 19.8 10.4 8.8 7.0

2 Abstracted in part from E.S Looi and V. G. Kumar Das (unpublished results) and Ref. 29
b Relative to [TP}=3.15 mm.
¢ Based on the equation: % Glycerol = Lo\ + B + C].

than the corresponding dibutyltin analogue (glycer-is depicted in Fig. 1. A half-life ofca 9.5h is
ol yield 34.3%) or 2,2-dibutyl-2-stanna-1,3-dioxo- inferred for the reaction. The concentration of
lane Q) (glycerol yield 57.3%). the methyl palmitate product also increased
The dibutyltin bis(phenoxides) were comparablesmoothly with respect to time, almost reaching
in their activity with the dioctyltin bis(alkoxides). the theoretical yield irca 48 h. The concentration
Interestingly, however, B$Sn(OGH4NO->p),  of dipalmitin reached a maximum corresponding to
(glyceral yield 16.8%) manifested a significantly 3.3 mv in approximately 10 h, and subsequently
lower activity than BySn(OGH4Z-p), (Z=H or  decreased. The maximum concentration of mono-
CIl) (glycerol yields 61.3% and 64.3%, respec-palmitin at 2.0 nw was attained in almost 24 h, at
tively). which point the dipalmitin concentration was
Table 1 also includes data for the diorganotinminimal. These trends suggest a stepwise reaction
oxides. OtSnO @4) was marginally more active for the transesterification of tripalmitin as indicated
than BypSnO (L5). Dibutyltin oxide also featured in in Eqns [7]-[9], wherek';, k', and K'3 represent
a limited study with BuSnG| Bu,SnCh, BusSnCl  the rate constants of the forward reactions, and
and sulphuric acid as catalysts for the transesterk’_;, k_, andk'_s those of the reverse reactions.
ification of tripalmitin conducted in MeOH/CHgI
(1:1, v/v) medium at 65.6:0.1°C. The data in

-clj-%?lgea r?o trilrgtsg.gt to the better catalytic property of TP+ Me OH% DiP + MeP 7
—1

Kinetic studies DiP + MeOH== MoP + MeP 8]

For the purpose of the kinetic studies, five K

diorganotin compounds$( 10, 11, 13and24) were ,

selected. The catalyst concentration was set at MoP + MeOHg Glycerol+ MeP 9]

1.0 mol% with respect to tripalmitin (TP), and the K,

experiments were generally performed at the bath

temperature of 70.6 0.1°C. In the particular case

involving catalyst 8, the reaction was also

performed at three other temperatures (50, 60 and Noting that the reagent methanol was present in

80°C) for each of two catalytic concentrations, excess, and assuming that under the conditions of

namely 1.0 and 3.0 mol% relative to tripalmitin.  the experiment the reaction equilibria were largely
For the case of the reaction catalysed &yt  shifted in the direction of the products, the rate

70.0+ 0.1°C, the concentration—time plot obtained equations [10]-[13] apply,

Copyright© 2000 John Wiley & Sons, Ltd. Appl. Organometal. Cheni4, 304-315 (2000)
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given by Eqn [18].

—d[TP] _ In(ka/k
g = KalTP] 10 b= ( i/ 1) 17
ko — kg
d[DiP .
diDiP] " I ki[TP] — k2[DiP] [11] [DIP),y = [TPolka/ ka2 *17k2) 18
d[MoP] With reference to curv€ in Fig 1 which depicts
———— = ky[DiP] — k3[MoP] [12]  the variation of [DiP] with time, it is seen that the
dt concentration of [DiP] reached a maximum cat
d[MeP] _ 10 h following commencement of reaction; this
T ki[TP] + ko[DiP] + ks[MoP]  [13]  corresponded to a concentration af 3.3 [m][M].

These data compare rather favourably with the
wherek'= =Ky [MeOH], kiz; =Kz [MeOH] and  values of 10 h and 3.25 [m{{ calculated on the
kiz) = K3 [MeOH] o ~ basis of Egn [18], which attests to the correctness of

In line with this assumption is the non-detection the consecutive reaction pathway envisaged for the
of either dipalmitin or tripalmitin in the experiment transesterification reaction.

on the methanolysis of monopalmitinide infra). Whereas the value & calculated from Eqn [16]

The integrated form of Eqn [10] may be given asis necessarily dependent on the number of data

Eaqn [14], points included in the calculation, the use of Eqn
[TP], = [TP], exp(—kit) 14 [18] requires significantly fewer data points to

define [DiPlax Feedingk;, [DiP]max [TPlo and

where [TP] is the concentration of tripalmitin at a estimated values of thie/k; ratio (= K) into Eqn
given timet, and [TP} is its initial concentration. [18] and performing the iterative analysis, best-fit
The plot of IN[TPY[TP], vs time €) is thus values of K = ky/k; = 1.2304 andk,=0.0908 h*
expected to be linear, and this was indeed observedyere obtained.
yielding a value of 0.08% 0.006 h'* for the rate The concentration of monopalmitin, [MoP], at a
constantk;. given timet may be obtained by integrating Eqn

Treatment of the raw data points by non-linear[12] under the limitst=0, [MoP]= 0. This yields
least-squares analysis yielded best-fit values for th&qgn [19].
tripalmitin concentrations at various times, and the

—kt)
rate constantk;, thus computed was 0.074 MoPl. = [TP|..kk [ exp(—ki
0.007 h'L, MOP) = [TPokeke | G, k) ks — k)
Incorporating Eqn [14] into Eqn [11] we have the
exact differential equation [15]. __ expl-ket)
i (k2 — k1) (ks — ko)
exp(kzt)$+ exp(kot) [DiP]k; exel k)
= k]_[TP]O equz — kl)t [15] + (k3 — kl)(kg _ k2):| [19}

Integrating this equation under the limits=0, The rate constark may be computed by means
[DiP]= 0 we obtain Eqn [16]. of the Newton—Raphson iteration techniaa/esing

_ ke[TPl, the values ok; andk; previously derived. Feeding
[DiP], = o k. [exp(—kit) — exp(—kot)] [16)  the respective observed values of [Mp&]various
2— M timest into Eqn [19] and performing the iterative
Feeding the calculated value df, and the analysis yields &3 value for each data set. Of these,
observed values of [DiPht various time intervals the values obtained for the initial stage (0.5-6 h) of
into Eqn [16], and performing the iterative analysis the reaction were widely divergent and therefore
on the data set (see Table 2 in the Experimentalere discarded. A probable reason for the diver-
section), afforded best-fit values f& andk, of gence was that the tripalmitin used in the
k; = 0.092+ 0.009 h*andk, = 0.113+ 0.024 hY.  transesterification was only 95% pure and could
It is to be noted that Egn [16] involves a conceivably have contained either or both of di- and
difference between two exponential terms, whichmono-palmitins. The average of thg values for
in a theoretical sense should have a maximumthe reaction period from 7 to 24h was 0.124
value. [DiP]hax occurs at timetma (Eqn [17]) 0.014h™.
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Table 4 Estimation of [TP} using Eqn [23]

Time (h) 05 1.0 15 20 25 30 35 40 50 70 80 100 120 240
[TPlo (mm) 8.63 9.36 871 850 9.32 845 983 870 981 857 981 956 997 9.96

The rate of methyl palmitate formation may be initial tripalmitin concentration of 9.83 m. The
conveniently addressed in terms of mass balance. Aalculated values of [TRlobtained using Eqn [23]
mass balance is defined by the conditionat different times during the course of the reaction
[TP]o=[TP); + [DiP]; + [MoP]; + [Gly];, or stated are compared in Table 4. The near-constancy of the
differently, there must be no net change in the ratevalues attests strongly to a mechanism for the
of variation of [TP] with respect to that of the ester methanolysis reaction based on the consecutive
products. From Eqgns [10]-[13], it is evident that reaction pathway. This also rules out the presence
this condition is satisfied by the stoichiometric of any competing ‘shunt’ reaction such as was

equation [20]. described by Freedmast al 3° for the methanolysis
. of soybean oil catalysed by sodium methoxide in
3d[TP] + 2d[D'P] + d[MoP] + dMeP] =0 [20] which one molecule of the triglyceride was
dt dt dt dt envisaged to be attacked simultaneously by three
Rewriting Egn [20] in integrated form, we have Eqn molecules of methanol to give the products.
[21]. Pseudo first-order kinetics was also observed for

the methanolysis reactions conducted separately on
X ] dipalmitin and monopalmitin using cataly&tnder
3 / d[TP] +2 / d[DiP] + / d[MoP] similar experimental conditions. The plots of
In[DiP]/[DiP]; vs time ¢) and In[MoP}/[MoP];
0 0 vs t were linear, yielding the valuesk,=
MeR, 0.979+0.013h* and ks = 1.136+ 0.007 h'*, re-
+ / d[MeP] =0 [21]  Spectively. lterative analysis of the data set for
0 dipalmitin  yielded 1I<2: 0.561+0.006 i'* and
. T ks=0.555+ 0.007 h'*, whereas that for mono-
Ie;g;e?gaé'gr? [Sg]n [21] under the limits indicated palmtin gavekz = 1.153+ 0.005 ht. These values,
' however, are higher than those estimated by the
3([TP|; — [TPy) + 2[DiP], + [MoP}, + [MeF, =0 iterative method from the methanolysis of tri-
22 palmitin (k,=0.1134+0.024h*; ky=0.124+
0.014 h'Y). The reason for this resides in the fact
which may be rearranged to Eqn [23]. that the rate data were not strictly comparable as the
. effective catalyst/substrate ratio differed for the
[Meﬂt = 3{[TP]O - [Tp}t} - Z[Dlp}t - [MOPL three cases. y
(23] Table 5 compares the rate constants for the

transesterification of tripalmitin with each of five

From the tabulated data in Table 2, we note thag : :
= - ' elected organotin catalysts. Based on the half-lives
att=8h (say), [MeP]=7.87 mj], and the corre- ¢, “yinaimitin conversion, the order of catalytic

sponding values of [TR] [DiP]; and [MoP] are i
respectively 4.81, 3.06 and 1.01[m] activity was11>10> 8> 24> 13

[TP]ig=9.83[mM. The calculated value of

[MePft from Eqgn [23] using the above inputs is

7.94 [mM. This is in close agreement with the

observed value. Equation [23] also allows [JR}  Effects of variation in catalyst
be estimated at any given tihfom measurements concentration

_?_L[Tp]ft a'?[ﬁ the assc;cri]ateéj product concentrationSg o catalysts, the transesterification reaction was
us, for the case at hana, also conducted at two other catalyst concentrations,

(TP [DiPJ; [MoP);

[TPlo

(3.06) (1.01) (7.87) namely 2.0 and 3.0 mol%, relative to tripalmitin.
[TPlo = 481+ 2— 3 3 The results are summarized in Table 6(a). A six-
—9.81mMM fold increase in the rate resulted when the catalyst

concentration was raised from 1.0 to 3.0 mol%. The
This value is in excellent agreement with the actualhalf-life for the uncatalysed reaction was 23.1 h.
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Table 5 Rate constants for the methanolysis of tripalmitin at Z20@.1°C catalysed by each of five diorganotins
(catalyst/tripalmitin ratio = 1.0 mol%)

Catalys? Catalyst no. ke (h™h ko (h™h) ks (W71 t12 (h)
C"QO} SnBu, 11 0.095+0.016 0.116:0.025 0.285: 0.154 7.29
2

[@»O}SnBuz 10 0.085+0.008 0.102: 0.019  0.185t 0.097 8.15

2

CH,CH,0O
HN< > SnBu, 8 0.074+0.007 0.113:0.024 0.124t0.014 9.37

CH,CH,0

0

o-SnBu, 13 0.031+0.006  0.056+ 0.011 0.064+ 0.015 22.36
Oct,SnO 24 0.041+0.002  0.069=0.010  0.086£ 0.007 16.91

a t1/2 = 0693”&

Effects of variation in solvent temperature from 50 to 8C for the case where the

composition catalyst concentration is 1.0 mol%. The rate con-

The transesterification reaction using cata8stas stants at 80.&- 0.1°C were comparable in magni-
tude with those obtained at 7(400.1°C using

also conducted in the mixed solvent system
. ; Bu,Sn(OGH4CI-p), as the catalyst (see Table 5).
[CHCI5]-[MeOH](2:3, vIv) to effect comparisons ranereases were less substantial, however, at the
with the THF—-MeOH (2:3, v/v) system used in the . o
- : 4 catalyst loading of 3.0 mol%.
preceding experiments. The derived rate constants Arfhenius plots of the rate data in Table 6(c)
k1, ko andks are compared in Table 6(b). The results ield the activation energf. values in Table 7,

show that the transesterification reaction proceede?ﬁhich includes the entropies and free energies of
faster in the presence of THF than in the présence O} ciyation. The data reveal that there were minor

chloroform. changes in the entropies of activation between the

uncatalysed, the 1.0mol% catalysed and the

fg: 3.0 mol% catalysed reactions. The presence of the
Effects of temperature variations 1,1-dibutyl-5-aza-2,8-dioxo-1-stannacyclo-octane
The transesterification reaction catalysed8byas catalyst was particularly effective in lowering the
also performed at four different temperatures inenthalpy of activation, while keeping the entropy
MeOH-THF (3:2, v/v) at two catalyst concentra- virtually unchanged. This unique characteristic in
tions (1.0 and 3.0 mol%). The results are summarbringing down the highest energy barrier in a
ized in Table 6(c). A near-doubling of the three ratereaction while maintaining the molecular ‘sur-
constants was observed for each°@rise in  roundings’ virtually unchanged is particularly
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Table 6 Effects of variations in catalyst concentration, solvent composition and temperature on rate cbnstants

ki (™) ko (W) ks (™) ta2 (h)
(a) Catalyst conB (mol%)
Uncatalysed 0.0306: 0.002 0.065+ 0.014 0.050+ 0.100 23.10
1.0 0.0744+ 0.007 0.113+ 0.024 0.1244+ 0.014 9.37
2.0 0.147+ 0.008 0.383+ 0.085 0.248+ 0.083 4,72
3.0 0.4454+ 0.012 1.089+ 0.102 0.523+ 0.130 1.56
(b) Solvent systehf
THF/MeOH (2/3 viv) 0.074+ 0.007 0.113t 0.024 0.124+0.01 9.37
CHCIs/MeOH (2/3 viv) 0.026+ 0.002 0.034+ 0.010 0.053t 0.005 26.66
(c) Temperaturg °C)¢ ¢
50.0+0.1 0.019+ 0.001 0.028+ 0.005 0.030+ 0.003 36.48
(0.030+ 0.002) (0.083£ 0.022) (0.061 0.019) (23.10)
60.0+ 0.1 0.039+ 0.005 0.0544+ 0.009 0.0664+ 0.010 17.77
70.0+0.1 0.074+ 0.007 0.113+ 0.024 0.124+ 0.014 9.37
(0.089-+ 0.006) (0.133f 0.037) (0.270+ 0.058) (7.79)
80.0+0.1 0.103+ 0.007 0.135+ 0.029 0.247+ 0.075 6.73
(0.124+ 0.007) (0.175¢ 0.047) (0.438¢ 0.033) (5.59)
2 Catalyst,8.

b T=70.04+0.1°C.
1.0 mol% catalyst relative to tripalmitin.
9 Values in parentheses are for 3.0 mol% catalyst relative to tripalmitin.

important in maintaining the purity and integrity of Chemical nature of the diorganotin

the final products. The free energy of activation, alkoxide catalyst at the end of the

AGH, for the 1.0 mol% catalysed reaction at 700 transesterification reaction

was 115.52 kJ mof'; varying the temperature of

the reaction led to no significant change in thisThe fate of the dialkyltin alkoxide catalyst at the
value. end of the methanolysis reaction was of interest.

Table 7 Variations n rate constants and related thermodynamic parameters with catalyst concentrations in the
methanolysis of tripalmitin at 708 0.1°C (343 K}

Reaction pathway

Catalyst/tripalmitin Thermodynamic

ratio parametefs ky Ko ks

1.0 mol% E(kJ mol™?) 54.98 50.59 66.94
AH.,5(kImol ) 52.13 47.74 64.09
AS5(JK T mol™) —184.83 —194.74 —144.21
AG;,5(kImol ™) 115.52 114.54 113.55

3.0 mol% E4(kJ mol™t) 45.37 22.67 62.06
AH.,5(kImol ) 42.52 19.82 59.21
AS5(JK T mol™t) —210.93 —235.87 —153.10
AG;,5(kdmol?) 114.87 100.72 111.72

Uncatalysed E,(kJ mol %) 64.70 52.79 47.45
AH.,5(kImol ) 61.85 49.94 44.60
AS5(JK T mol ™) —-161.83 -192.17 —208.99
AG;,5(kImol ™) 117.36 115.85 116.28

& Catalyst, 1,1-dibutyl-5-aza-2,8-dioxo-1-stannacyclo-octane.
b E,, Arrhenius activation energysH#, enthalpy of activationASt, entropy of activationAGH, free energy of activation.
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This was probed using**Sn NMR spectroscopic pathway involves the intermediary structure shown
analysis for two cases involving cataly&sandl1l.  below
A semi-solid residue containing the catalyst was
obtained in the reaction pot when the methanol-
THF medium was removed using a rotary evapora-
tor. A portion of this residue, while still warm and

homogeneous, was taken up in a small amount of O-
CDCl; for the NMR analysis.
The spectrum of the pot residue containing CH,0-C-R (R = CysHy)
catalyst 8 showed a single tin resonance at § |
—133.6 ppm (relative to Mg&n). The pure catalyst o+
showed a chemical shift 6f108.6 ppm in CDGJ, H’O\Me

which shifted only marginally upfield (3-5 ppm)
upon co-addition of methyl palmitate, but more where the carbonyl oxygen of the ester group is
strongly when a small amount df,N-dimethyl-  coordinated to tin and the methanol is bonded to the
formamide (DMF) ¢ — 120.7 ppm) or methanol electron-deficient carbonyl carbon. This leads to the
(6 — 131.5 ppm) was added, attesting to a coordi-formation of tetrahedral carbon at the reaction site.
native interaction of these donor molecules with tin. The subsequent expulsion of the glyceroxyl moiety
Indeed, the pronounced sensitivity of thé°Sn  from this structure yields methyl palmitate. Further
chemical shifts of most organotin compounds toexperiments designed to test this hypothesis are in
solvent effects is well knowt The somewhat progress.
larger shift occasioned here by the weaker Lewis
base, methanol, suggests that the latter may also bigknowledgements The authors thank Dr Niyaz Khan for
simultaneously participating in hydrogen bonding valuable discussions, and the National Science Council for
with the oxygen atoms of the dioxastannolane generous suppo_rtofthe research un(_:lerIRPAGrant2-07-04-06.
However, when the pure catalyst was I,(_jcoverethe first author is grateful to the University of Malaya for the
from methanol after 24h reflux in it, and its
spectrum was re-run in CDgfollowing vacuum
drying, it registered a tin chemical shift of
—111.2ppm. It may thus be inferred that the
structure of 8 remained essentially unaltered
following its use in the transesterification reaction. REFERENCES
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