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Abstract

The kinetics of the hydrogenation of avermectins B, and B catalyzed by RhCI(Ph;P); complexes was studied in a temperature range of
208-328 K at 275.7 kN m 2, using catalyst loading in the range of 0.75-7.25 wt.% with respect to the avermectins in toluene solution. The
effects on the hydrogenation rate of the catalyst, avermectins, and hydrogen concentrations were determined under complete induction time
suppression and without catalyst deactivation. Rate equations were developed for various kinetic schemes on the basis of the main steps
suggested by Wilkinson for simple olefin hydrogenation and fitted to the experimental data. A statistical analysis of regression using three
plausible mechanisms of reaction allows a discussion on the adequacy of the models to approach the observed half-order reaction with respect
to the catalyst loading and first-order to avermectins and hydrogen concentrations. A reaction mechanism featuring non-extensive simple
dissociation of the catalyst precursor and reaction pathway along the hydride route with the rate-determining olefin coordination step proved
fair enough to describe the hydrogenation of this macrocyclic lactone. The physical reasonability of the equilibrium and kinetic parameters

was also discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Avermectins are macrocyclic lactones with potent
anthelmintic and anti-parasitic activity produced by fer-
mentation of Streptomyces avermitilis. By biotechnological
techniques known to those skilled in the art, the
actinomycete yields four homologous pairs of closely
related macrolides, which are further subdivided into major
components Aj,, Ay,, B, and B,,, and minor components
Atp, Aoy, By and By, A generalized structure of these
avermectins is shown in Fig. 1. Avermectins B, and B,
provide the basis for more bioactive semi-synthetic 22,23-
dihydro analogues, which compose the active components of
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commercial ivermectin [1]. This potent anthelmintic and
ectoparasiticide agent is widely used in animal health.
The process for preparing ivermectin involves the regio-
specific reduction of the olefinic linkage between carbons 22
and 23 of avermectins B, and B, without affecting the
remaining four double bonds. Because the target olefin is the
only cis substituted and sterically the least hindered of the
five double-bonds, the Rh(I) complex [RhCl(PhsP);], often
called Wilkinson’s catalyst [2], is typically used for this
purpose [1,3]. Amounts of this catalyst in the 0.05-0.5 mol/
mol of avermectin range are employed to achieve <98%
yields of ivermectin. Because of the high cost of rhodium,
further attempts have been made to reduce these consider-
able amounts of catalyst, and to improve the recovery
process for removing and recycling the catalyst, have been
made but without significant improvements. Rhodium
complexes, which in addition to phosphines, also contain
hydrazines as ligands are suitable to carry out the
hydrogenation using lower catalyst charges [4]. However,
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Fig. 1. Generalized structure of avermectins.

too high reaction times are still observed under the most
demanding reaction conditions. Rhodium complexes having
the formula [RhCI(R3P);], where R is an alkyl-substituted
phenyl group, are easier to be recovered from the
homogeneous reaction medium due to the lipophilic
properties of this type of phosphines [5]. Rhodium
complexes prepared in situ with sulphonated aryl-substi-
tuted phosphines, are useful to carry out the avermectin
hydrogenation in organic and aqueous-organic reaction
media [6]. Even though the heterogeneous system appears to
be convenient for recycling the catalyst, too high rhodium
charges are certainly required. Therefore, over 20 years later
the process developed by Chabala is still widely used.

To improve the avermectin hydrogenation process on the
basis of the reaction engineering, the kinetic information, if
any, is scant. Until now the mechanism of reaction is not
entirely clear and the kinetics has not been studied
specifically. This lack of basic information prompted us
to carry out an extensive kinetic study of the homogeneous
hydrogenation before exploring the heterogeneous systems
as an alternative route to avoid the disadvantages related to
the recovery of the unsupported complexes. This first
contribution is primarily concerned with the kinetic
modeling of the homogeneous hydrogenation of avermec-
tins catalyzed by chlorotris(triphenylphosphine) rhodium(I)
RhCI(Ph3P);. Special care has been taken to remove
impurities from the commercial avermectins to avoid
undesirable effects caused by poisoning of the catalyst
and to work at lower catalyst loading. After interpretation of
the hydrogenation rate data in a wide range of operating
conditions, the analysis focuses on the kinetic modeling in
order to throw some light on the reaction mechanism

governing the selective hydrogenation of avermectins By,
and By, to ivermectin. A statistical analysis of regression
based on three plausible mechanisms of reaction allows a
discussion on the adequacy of the model that best fits our
experimental data. The underlying reaction steps of the
Wilkinson’s model for the hydrogenation of simple olefins
provide the basic framework from which to derive the rate
equations. However, the half-order dependence on the
catalyst concentration observed in the whole range of the
catalyst loading is ascribed to a non-extensive simple
dissociation of the catalyst precursor and not to some
dimerisation of the Wilkinson’s catalyst at higher concen-
trations, or to a concentration-dependent change from one
active catalytic species to a less active one, as suggested
earlier for the hydrogenation of other olefins with Rh
complexes.

2. Experimental
2.1. Catalyst and chemicals

Chlorotris(triphenylphosphine) rhodium(I) catalyst (Ald-
rich, 99.99%) was used in the hydrogenation experiments.
Avermectin B (purity > 98.75%; B, > 94.5% and B, >
4.25%) was obtained by purification of commercially
available avermectin (Over, 95%) as described below.
Toluene (Cicarelli, puriss. p.a.) was used as received.
Nitrogen gas (AgaGas, 99.999% pure) and hydrogen gas
(AgaGas, 99.999% pure) were flowed through a Deoxo unit
and a drying column before use. Hydrogenation experiments
were performed using purified avermectin unless otherwise
stated.

2.2. Apparatus and operating conditions

The experimental setup is schematically shown in Fig. 2.
All hydrogenation experiments were performed isother-
mally in a 300 mL pressurized semibatch reactor (Parr
Instruments Co., Model 4842) equipped with a feeder
reservoir and a cup-and-cap device for substrate and catalyst
preconditioning, respectively. The reactor temperature was
controlled within £0.5 K by electrical heating and a heat
exchanger attached to the coolant circulation system to
achieve a fast dynamic control. The pressure was measured
with a strain-gauge pressure transducer (Ashcroft, Model
K2) and maintained within =10 kN m~2 with a pressure
controller (Cole Parmer, Model 68502-10). The stirring
velocity was settled with a variable-speed impeller provided
by the manufacturer of the reactor system. Hydrogen flow
was monitored with a mass flow meter (Matheson 8110).

The kinetic experiments were carried out in the 298—
328 K range and at 275.7 kN m ™2 of hydrogen pressure. The
catalyst loading was in the range of 0.75-7.25 wt.% with
respect to avermectin. A stirring rate of 250 rpm was
sufficient to ensure that the gas-liquid resistance for
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Fig. 2. Experimental setup: (1) reaction vessel; (2) shaft stirrer; (3) temperature sensor; (4) sampling valve; (5) impeller; (6) CAC device; (7) cooling coil; (8)
feeder reservoir; (9) stirrer motor; (10) pressure controller; (11) mass flow meter; (12) chart recorder; (13) temperature controller; (14) electrical heating

furnace; (15) electronic pressure transducer.

hydrogen transfer be negligible, as experimentally corro-
borated by varying the impeller speed up to 750 rpm.
Indicative values of the gas—liquid mass transfer resistance
were obtained according to the technique reported in
Appendix A. Only a few experimental data are moderately
affected by the gas absorption resistance. They correspond to
the initial step of the hydrogenation run carried out under the
most demanding conditions (catalyst loading of 7.25 wt.%,
at 323 K). However, this undesirable effect is practically
negligible in all other hydrogenation runs because the
maximum values of the relative concentration drop of the
hydrogen at the gas—liquid interface were found to be less
than 3.8%. Therefore, at the stirring rate applied and with the
reactor configuration used, the liquid phase is almost fully
saturated with hydrogen.

Since the kinetic study demands zero induction times,
reproducibility and constant level of catalytic activity, the
feeder reservoir and cup-and-cap device were useful to fulfil
all these requirements as described in the experimental
procedure. The reproducibility of experimental data was
excellent.

2.3. Experimental procedure

Induction and poisoning effects were observed when the
commercial avermectin was used as received, and the
hydrogenation technique was as described in the literature
[3]. These effects were apparent from the examination of
both concentrations versus time and initial rate versus
catalyst loading profiles. A substantial qualitative and
quantitative improvement was obtained developing a new

procedure: the avermectin was purified prior to use as
detailed below, and the substrate and toluene solution of
RhCl1(Ph3P); were in situ preconditioned to avoid induction
effects due to slow catalyst dissolution and/or hydrogen
saturation, and/or in situ activation of the catalyst during the
beginning period. In addition, the procedure allowed a
simpler handling and contacting of reagents. The improve-
ments are shown in Fig. 3.

A typical procedure was as follows: toluene (90 mL) was
charged into the reactor vessel, and a precise amount of
catalyst was placed in the cup mounted on the upper part of
the cup-and-cap device according to the technique
previously reported [7]. The reactor was assembled, and
then degassed by mild vacuum, purged three times with
nitrogen and flushed with hydrogen at room temperature.
Under hydrogen atmosphere, the catalyst was embedded
into the toluene by a sudden stop of the mechanical stirring.
While the catalyst dissolves in the toluene solution, the
reactor was pressurized with hydrogen and heated up to the
reaction conditions. On the other hand, a toluene solution of
purified avermectin (30 mL, 10.35 wt.%) was charged into
the feeder reservoir and then degassed, pressurized and
saturated with hydrogen at the reaction temperature
following a procedure similar to that described for the
conditioning of the toluene solution of catalyst. Once the
reaction conditions were stabilized, the reaction was allowed
to start by the simple opening of the connecting valve
between the pressurized feeder reservoir and the reaction
vessel. Zero time was taken just at that moment because the
reagents and catalyst came into intimate contact almost
instantaneously by effect of the intense agitation. Induction
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Fig. 3. Typical concentration vs. time, and initial reaction rate vs. catalyst
loading curves without (dotted-line) and with (full-line) both purification of
avermectins and special devices (feeder reservoir and CAC device). ()
avermectin; (A) ivermectin.

and poisoning effects were not observed in any of the
experiments. Samples of the reaction mixture were with-
drawn at different time intervals and analyzed by HPLC. The
reaction was stopped as soon as no detectable avermectin
consumption occurred.

2.4. Analytical method

The liquid samples were analyzed using a HPLC system
with resolution of avermectin analogues and hydrogenated
derivatives thereof. The analyses were performed on a liquid
chromatograph (Shimadzu LTO-10A/LC-10AS) equipped
with a diode-array detector (Shimadzu SPD-M10A), using a
C18 column (Nucleosil C18, 150 mm x 4.6 mm i.d., 5 pm)
under the following conditions: acetonitrile/methanol/water
(56:26:16) as mobile phase; flow rate: 1 mL/min; detection:
UV, 246 nm; temperature: 303 K.

2.5. Purification of the avermectin

A toluene solution of avermectin (30 mL, 6.5 wt.%) was
added to an aqueous solution of NaOH (15 mL, 10 wt.%).
The immiscible solutions were stirred for 2 h at 323 K, and
then left to stand until complete separation of the phases.
After removing the alkaline aqueous phase, the organic-

phase was washed repeatedly with water. An ulterior
washing with controlled addition of acetic acid until
neutralization afforded the toluene solution of avermectin
to be justly hydrogenated.

3. Results and discussion
3.1. Effect of the catalyst loading

To determine the dependence of the hydrogenation rate
on the catalyst concentration, a series of experiments was
carried out by varying the catalyst loading from 0.75 to
7.25 wt.% at each temperature (298, 313 and 328 K) and
keeping constant the hydrogen pressure (275.7 kN m2).
Results are shown in Fig. 4a—b. The hydrogenation rate
versus catalyst loading plots display a break around 1 wt.%,
from which the observed higher dependence at low
concentration decreases significantly with increasing cata-
lyst loading, as shown in Fig. 4a. This feature has been
attributed to some dimerisation of the Wilkinson’s catalyst at
higher concentrations [2], or to a concentration-dependent
change from one active catalytic species to a less active one,
as suggested for RhH(CO)(PPh;); and RhCI(PPhs); [8,9].
Accordingly, the dissociative pathway of the catalyst
precursor [RhCI(PPh3)s] (AP) in toluene solution (S) could
be composed of a first dissociation yielding the solvated
species [RhCI(PPh3),(S)] (AS), with subsequent secondary
dimerisation into species [RhCI(PPhs),], (A), or further
dissociation to give species [RhC1(PPh3)(S),] (AS,). Based
on these arguments, it could be speculated that the observed
behavior is due to the prevailing formation of (AS,) and (A),
species at low and high catalyst concentrations, respectively.
However, for the same experimental data, we found that the
hydrogenation rate approaches a half-order dependence on
the catalyst concentration in the whole range of the catalyst
loading, as shown by the straight lines depicted in Fig. 4b.
From this finding, we suggested that a more consistent
explanation lies in the non-extensive simple dissociation of
the catalyst precursor, which leads to the observed half-order
dependence as discussed below.

3.2. Effect of the avermectin concentration

The hydrogenation rates for different substrate concen-
trations in the range of 0.50-2.95 x 10~% kmol m > were
calculated from the slope of the corresponding avermectin
concentration versus time curves at each temperature (298,
313 and 328 K), keeping constant the hydrogen pressure
(275.7kNm 2 and the catalyst loading (2.05 and
7.25 wt.%). The reciprocals of these rates were plotted
against the reciprocal of substrate concentration in Fig. 5.
The plots are straight lines with small positive ordinate. The
observed linearity is in agreement with previous findings for
hydrogenation of smaller olefins with the Wilkinson
catalyst, and is consistent with a predominant pathway by
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Fig. 4. Dependence of the hydrogenation rate on the catalyst concentration ranging from 0.75 to 7.25 wt.% at each temperature (298, 313 and 328 K), keeping
constant the hydrogen pressure (275.7 kN m~?). (a) First-order, and (b) half-order.

hydride route on the olefin route, as generally accepted for

triphenylphosphine [10].

3.3. Effect of the hydrogen concentration

To analyze the dependence of the hydrogenation rate on
the hydrogen pressure, a series of experiments was carried

out by varying the hydrogen pressure over the range of
124.1-427.4kNm 2 at each temperature (298, 313 and
328 K), keeping constant both the initial substrate con-
centration (2.96 x 10~ kmol m ) and the catalyst loading
(7.25 wt.%). The concentration of hydrogen dissolved in the
reaction medium was calculated based on the hydrogen
solubility in toluene [11]. Plots of the reciprocal of the
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Fig. 5. Dependence of the hydrogenation rate on the avermectin concentration in the 0.50-2.95 x 1072 kmol m > range, at each temperature (298, 313 and
328 K) and different catalyst loading (2.05 and 7.25 wt.%), keeping constant the hydrogen pressure (275.7 kN m~2).
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hydrogenation rate against the reciprocal of the concentra-
tion of dissolved hydrogen are decidedly non-linear, as
shown in Fig. 6. These results demonstrate that the
hydrogenation rate is lower than pseudo-first order with
respect to the hydrogen concentration, which is also
consistent with the prevailing hydride route.

3.4. Reaction mechanism and rate equations

The reaction mechanism involves the main equilibrium
and elementary reaction steps suggested by Wilkinson to
simple olefin hydrogenation [2], which also support
evidence concerning the main features of the hydrogenation
of this macrocyclic lactone. Many other schemes could be
considered, e.g., direct dimerisation of the catalyst,
hydrogenation of species AP followed by dissociation to
species RhCI(PPh;);H,(S), secondary deactivation path-
ways, etc. Several of their more complex model variants
were indeed fitted. Because these models have more
adjustable parameters but do not render deeper insight into
the reaction mechanism, only the simplest ones were further
pursued. They are designated as models M1-M3.

Kinetic model assumptions are as follows: (1) the
equilibria are supposed to be reached fast, which implies that
the quasi-equilibrium hypothesis is applicable for these
steps; (2) the olefin coordination step is assumed to be rate-
determining; (3) the rhodium and phosphines total
concentrations are assumed to be constants.

3.4.1. Derivation of model M1

The simplest plausible model is taken as reference model,
namely model M1. This model contains the physical
assumptions underlying the kinetic model early proposed by
Wilkinson and coworkers [2]. The reaction mechanism can
be summarized according to the following scheme:

AS +Hy < ASH, K (kjandk_;) (1)
AS + 0y > ASO,  Kaa(kaaandk_2,) )
AS + Op <> ASOy  Kap (kapandk_op) 3)
ASH, + O, = AS + P, k3, (4)
ASH, + Oy — AS + Py k3p (5)

ASO, + Hy, = AS+ P, ky, (6)
ASOp + Hy — AS + Py kg (7)

where O, and O, represent the substrates (avermectins B,
and Bj,) to be hydrogenated; P, and P, the hydrogenated
derivatives (ivermectins). It should be noted that the hypoth-
esis of complete dissociation of the catalyst precursor AP
into AS underlies this mechanism.

The hydrogenation rate equations become:

Ry = k3, K| (1 + ]€4ak2a)[H2} [AS][Oa} (®)
Ry = k3pKi (1 + kapKap ) [H2] [AS][Op] (C))

in conjunction with the following algebraic equation arising
from a balance on species having rhodium

[AS] x {1 + Ki[Ha] + K24[Oa] + K26[Op]} — [Rh]p = 0
(10

where kia = kaa/k3as Koo = K2a/K1, kap = kap/ksp and
Koy, = Kop/K;. The kinetic and equilibrium constants
remain to be found as adjustable parameters.

3.4.2. Derivation of model M2

In this variant it is additionally assumed that the
dissociation of the catalyst precursor AP to AS takes place
sparingly in the presence of toluene solution of avermectins.
Therefore, the following elementary step for the dissociation
of AP into AS is added to the reaction mechanism described
by Egs. (1)—(7):
AP+S—AS+L Ko(kpandk_) (11)

where L represents phosphine ligand. Solving the rhodium
and phosphine balances for AS gives:

[AS]{l ; %} < {1+ K [Hs] + K2 [O4]

+ K2v[Op]} — [Rhjp =0 (12)

which is a non-linear algebraic equation that governs the
concentration of the species AS to be used in the rate
equations described by Eqgs. (8) and (9). It should be noted
that if [AS]/Ky < 1, model M2 reduces to model MI.
However, if [AS]/Ko>>1 the hydrogenation rate is half-
order with respect to the catalyst concentration [Rh]rt.
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3.4.3. Derivation of model M3

In this model it is assumed that the species AS undergoes
a second dissociation yielding the putative species AS,,
which could contribute to the catalytic process according to
the following sequence of reactions:

AS+S—AS; +L K| (kyandk' ) (13)
AS; +Hy < AS;H, K (kjandk' ) (14)
ASy + 0, AS0, Kb, (K, and k' ,,) (15)
ASy +Op <> ASr0p Ky, (K, and k.5, (16)
AS;Hp + 0, — ASy + P, Ky, 17)
AS;0, +Hy — ASy + P, K, (18)
ASyH, + Oy — ASy + P, Ky (19)
AS;0p + Hy — ASy + Py kY, (20)

Adding these steps to those described by Eqs. (1)—(7) and
(11), and solving for the simplifying assumptions results in
the final rate equations:

A A Al A
Ry = {k3aK{ (1 + k4o )[AS] + K5, K| (1 + ky K>, )
x [AS>]}[Ho][O,] 21)
N A Al A
Ry = {k3oK1 (1 + kapRop)[AS] + Ky K} (1 + K3, Ko)
x [AS2]}{H, ][Oy (22)
7 Y 2 / 7 Y
where ky, = ky, /K3, Ry, = Kb /K], Ky = K,y /Ky and
I(Zb = K}, /K1, Egs. (21) and (22) being subjected to the

following system of non-linear equations arising from the
rhodium and phosphine balances

ns {1+

K—O} X {1 + K [Hz] + Kza[oa] + K2b[0b]}

{1+ 28 s ki + 3,004

+ K3, [0p]} — [Rh]p = 0 (23)
2(ASy]* x {1+ K{[H] + K3,[0a] + K3, [Op]}

+ [AS][AS;] x {1 + K1 [Hz] + K2a[O4)

+ Ky, [Ob]} — K{[AS] =0 (24)
which has to be solved for [AS] and [AS,].
3.5. Parameter estimation procedure

The concentration [AS] in Eq. (12) of model M2 was
found as real zero of a real function using Miiller’s method
[12]. The system of non-linear equations governing [AS] and
[AS,] in model M3 was solved using a modified Powell
hybrid algorithm and a finite-difference approximation to
the Jacobian [13]. The numerical integration of the R, and R,,
rate equations was performed using a Runge-Kutta (2, 3)

pair method [14]. The residual sum of squares was
minimized using a modified Levenberg—Marquardt algo-
rithm combined with an active strategy to solve non-linear
least squares problems [15].

The optimization of the model parameters was achieved
by fitting the experimental data in both time and temperature
domains. A first optimization was performed at the reference
temperature of 313 K, followed by a second optimization in
the temperature domain. The temperature dependence of
kinetic rate and equilibrium constants was assumed to obey
the Arrhenius law

E
k(T) = k(T;) exp (‘ RT’) (25)
and the Van’t Hoff law

AH
K(T) = K(T;) exp (— ﬁ) (26)
respectively, where T’ is given by
1 1 1
S 27
T T T, @7)

and T, is the reference temperature.

Concerning the significance of the estimated model
parameters, the individual 95% confidence intervals were
calculated. The selection of the most adequate model was
performed using Fisher’s test [16,17]

B ZZ:] ZZ:] ok Z?:] Ccalc,ihccalc,ik/p
2=t k=1 0" 3211 (Cobs,in — Cealein)

X (Cobs,ik - Ccalcjk)/(nv _p)
where Cops;; and Ceyy; are the observed and calculated
concentrations values for the ith compound of the jth data
point, respectively; o’ the elements of the inverse of the
error covariance matrix (v X v), n the number of experi-
mental data per compound, v the number of compounds and
p the number of adjusted parameters of the model.

The regression was considered to be meaningful if the
calculated F,. value exceeds the corresponding tabulated F-
value, and the highest F,. value was taken as indicative of
the best possible regression. The adequacy of the fitting was
also checked examining the residual sum of square (SSQ)
and the residuals plots.

Fcalc

3.6. Results from parameter estimation

For parameter estimation purposes, avermectin and
ivermectin (with series a and b resolution) concentrations
versus time data from 1136 observations were used. After
estimation of model parameters at the reference tempera-
ture, the data at all temperatures were simultaneously fitted
by means of reparameterization given by Egs. (25)—(27).
Estimates were systematically searched from different sets
of preliminary parameter values to find parameters that are
physically meaningful. A reduction of the parameters in
models M1-M3 was possible from an e)EaminatAilon of the
role of the relative parameters denoted by k4; and ky; (i = a or
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Fig. 7. Experimental and predicted initial reaction rates vs. the catalyst loading, at each temperature (298, 313 and 328 K). (A) experimental; (- - -) model M1;

(- -+ --) model M2; (—) model M3.

b). Their values were found to be much smaller than 1 for all
three models. This finding confirms that the hydrogenation
by route involving species [RhCI(PPh3),0] is negligible, as
outlined above. The relative parameters were subsequently
eliminated.

Differences between models M1-M3 are observed from
the overall fit. Experimental and predicted initial reaction
rates versus the catalyst loading are shown in Fig. 7. A
simple visual inspection reveals that model M1 is
significantly more inaccurate than the other two models,
which appear to be almost indistinguishable. Also, large
deviations between experimental and predicted composition
profiles in the time domain are apparent at low and high
catalyst loading for model M1, as depicted in Fig. 8 (only
series B, is shown). Instead models M2 and M3 are able to
describe the experimental data reasonably well in whole
range of catalyst loading. Model M3 seems to give a slightly
better description into the whole range of catalyst loading,
but this could be mainly attributed to the great flexibility
arising from their structure having twelve (model M3)
instead of six (model M2) parameters. Residuals in the
conversion domain at 313 K are shown in Fig. 9. The non-
uniform and broad bands obtained for model M1 confirm the
inadequacy of this model, whereas the narrow bands and the
random scattering of errors for models M2 and M3 show the
parity between them.

A better criterion for model comparison is given by the
statistical analysis of the adequacy or lack of fit of the

models. Table 1 summarizes the SSQ and F_,. values of the
non-linear regression analysis for the three rival models at
constant temperature (313 K). Model M1 exhibits the lowest
F ., value, which indicates the worst quality of the description
of our experimental data. Although no significant differences
between the models M2 and M3 arise from the SSQ values,
both models are quite distinct from the statistical point of view.
According to the F,. values, the model M2 is the best
candidate since it provides practically the same description of
the concentration profiles with a smaller number of
parameters. An optimization in the whole temperature range
restricted also the possible best kinetic description to model
M2, as revealed by the F,. values in Table 2. These results
suggest that a mechanism of reaction featuring simple
dissociation of the catalyst precursor and the olefin coordina-
tion step as rate-determining is fair enough to describe the
hydrogenation of this macrocyclic lactone.

The calculated model parameters and confidence inter-
vals for model M2 are shown in Table 3. The equilibrium
constant for the dissociation of RhCI(Phs;P); in toluene
solution of avermectins was found to be (2.02 +
0.12) x 10~® kmol m ™ at 313 K. This value of K, although
quantitatively rather smaller than expected since
Ky=(14+04) x 10~*kmol m in benzene solution at
298 K [18], is sufficiently small to support the same
conclusion derived from other olefin hydrogenation reac-
tions catalysed with this catalyst, namely that the dissocia-
tion of RhCI(PhsP); is not extensive. Moreover, the K,,/K;
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Fig. 8. Experimental and predicted composition profiles in the time domain, at 313 K and 275.7 kN m™~, in the whole range of catalyst loading (wt.%): (<)
0.75; (O) 2.05; (v7) 2.53; (I>) 3.52; () 3.55; (A) 7.25. Full-line: model predictions.
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Fig. 9. Residuals between the predictions of the models and the experimental data in the time domain, at 313 K and 275.7 kN m~2. (/) avermectin; (O)
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Table 1 o prevails on the first-order one and determines the observed
Residual sum of squares (SSQ) and F-test (Feye) values for the kinetic half-order dependence on the catalyst loading. In addition, the
models and the set of experimental data at 313 K and 275.7 kNm™ -, in the .
. a [AS]/K, ratio values reveal that the catalyst precursor only
whole catalyst loading range . : .
dissociates to the extent of 4.7-16.7% for catalyst loading
Model Number of parameters SSQ Feale . .
— ranging from 7.25 to 0.75 wt.%, respectively.
Ml 3 1.48 x 1075 410.53 The values of the kinetic constants ks, and ks, were found
M2 6 9.14 x 10 5516.68 b Iv ab 20-40% ller th h d for th
M3 12 1.46 % 104 1622.31 to be only about 0 smaller than those reported for the

# Number of experimental data = 424.

Table 2

Residual sum of squares (SSQ) and F-test (Fcq.) values for the kinetic
models and the set of experimental data in the whole temperature and
catalyst loading ranges®

Model Number of parameters SSQ Feac

Ml 5 7.05 x 1073 1012.66
M2 6 6.36 x 10~* 9429.16
M3 12 8.08 x 107* 3613.84

* Number of experimental data = 1136.

ratio was estimated to be 6.15 x 1074, which is consistent
with a prevalent ability of species [RhCl(Ph;P),(S)] to
activate molecular hydrogen yielding species [RhCl
(PPh3),H,>(S)] more than the olefin to give species
[RhC1(PPh3),0]. This value of K,,/K; is fairly smaller than
those reported for not too large olefins, which can be attributed
to the steric hindrance of this macrocyclic lactone. The
observed half-order dependence of the catalyst loading on
the hydrogenation rate also follows from the [AS)/K, ratio
values, which were found to be in the 5-20 range. Since [AS]/
Ky > 1 in Eq. (12), the second-order dependence of [AS]

Table 3
Fitted parameter values for the kinetic model M2 with 95% confidence limits

cyclohexene hydrogenation [2], which confirms the good
intrinsic reactivity of the 22-23 olefinic linkage of
avermectins B, and By, spite of their large molecular size.
The heat of dissociation of the catalyst precursor was found
to be around 21 kJ mol ", and the values of (—AH) evidence
a favorable temperature effect on the formation of the
dihydrido-complex relative to the other complexes. The
activation energies of 78.94 and 82.78 kI mol™' were
obtained for the rate-determining steps, which are in good
agreement with those found for the homogeneous hydro-
genation of olefins catalyzed with rhodium complexes.

4. Conclusions

It was shown that the purification of commercial
avermectins and the in situ preconditioning of the reaction
medium following the developed experimental procedures
are important prerequisites for obtaining reliable data to
study the kinetics of the hydrogenation of avermectins B,
and B, catalyzed by RhCI(Ph;P); complexes. From the
observed dependence of the hydrogenation rates on the
catalyst, avermectins, and hydrogen concentrations, it was
possible to propose plausible reaction schemes based on the

K, (kmol m ™) (2.02+£0.12) x 107
K; (kmol ' m?) (1.74 £ 0.06) x 10?
K>, (kmol™' m®) (1.07 £ 0.02) x 107!
K>, (kmol ! m?) (1.05+£0.10) x 107!
ksy (kmol ' m3 s (3.60 £ 0.18) x 10°
kap (kmol ™' m*s™") (2.70 £ 0.20) x 10°

—AH, (kJ mol™ ) 21.08 + 0.03
—AH,; (k) mol™ ") 422 40.10
—AH,, (kJ mol™") 20.53 + 0.03
—AH,y, (kI mol™1) 20.88 & 0.01
Es, (kI mol™h) 78.94 + 0.14
Esp (kI mol™") 82.78 + 0.14
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main steps suggested by Wilkinson for simple olefin
hydrogenation. A statistical analysis of regression allowed
the indubitable exclusion of the kinetic model based on the
complete dissociation of the catalyst precursor, since
unacceptable SSQ and F,. values arose from its inadequacy
to describe the observed half-order reaction with respect to
the catalyst loading. However, it was possible to fit
reasonably well the experimental data considering mechan-
isms of reaction featuring no extensive simple (first) and
double (first and second) dissociation of the catalyst
precursor, and reaction pathway following the hydride
route with the olefin coordination step as rate-determining.
Although according to the SSQ values it was difficult to
distinguish between the models having simple and double
dissociation of the catalyst precursor, both models were
quite distinct from the statistical point of view. According to
the F . values, it was emphasized that the model with only
simple dissociation is statistically the best candidate since it
provides practically the same quality of description of our
experimental data with a smaller number of parameters.
Thus we conclude that this model proved to be the simplest
one for the description of the hydrogenation of avermectins
B,, and B;, to ivermectin in toluene solution, under
conditions of 298-328 K at 275.7 kN m ™2, using catalyst
loading in the range of 0.75-7.25 wt.% with respect to the
avermectins.
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Appendix A. Gas-liquid mass transfer effects

Gas-liquid mass transfer resistance values are generally
restricted to the particular stirred reactor configuration.
Moreover, the presence of the bisoleandrosyloxy substituent
attached to the C13 of the macrocycle lactone confers an
amphiphatic structure to the avermectins and, therefore,
some surface activity that could promote the formation of
the interface area. Consequently, the experimental determi-
nation of this resistance is desirable upon any estimation
based on correlations.

The experimental set-up is able to provide precise
experimental determination of the gas—liquid mass transfer
resistance from data of initial hydrogenation rates at different
catalyst loadings [7]. Since the reaction rate is half-order and
first-order with respect to the catalyst loading and substrate
concentration, respectively (see Figs. 4 and 5), and lower than
pseudo-first order with respect to the hydrogen concentration
(see Fig. 6), hydrogen transport and reaction rate equations can
be combined in a single rate equation as follows:

Hy 1 (+KE)S 1
RYy  kvay kO] [Rn%®
16000

0298 K
_ 0313K
< 12000 1 A328K
«
}_: 8000
2
s
O 4000 -

0 . .
0 20 40 60 80

Reciprocal of the square root
of the catalyst loading (kmol**m'*)

Fig. A.l. Determination of the gas-liquid resistance for the hydrogen
transfer at different temperatures. Hydrogen pressure of 275.7 kN m™2,
and stirring rate of 250 rpm.

Results for the estimation of the gas-liquid mass transfer resistance at the different catalyst loading and temperatures, avermectin concentration of
2.96 x 1072 kmol m >, hydrogen pressure of 275.7 kN m™2, and stirring rate of 250 rpm

[Rhlr (%) T (K) Ry (8) Initial R. (s) Minimum Ry/R. kan x 10% (s71) Maximum 1 — [Hy]/[H3] (%)
1.03 298 64.63 12326.00 190.72 1.54 0.52
2.05 298 64.63 8747.49 135.35 1.54 0.75
7.26 298 64.63 4645.79 71.88 1.54 1.36
0.76 313 4553 444597 96.65 2.19 1.01
2.05 313 4553 2709.06 59.50 2.19 1.72
2.53 313 45.53 2462.78 54.09 2.19 1.87
3.52 313 4553 2086.88 45.83 2.19 2.12
3.55 313 45.53 2054.48 45.12 2.19 2.03
7.26 313 45.53 1438.78 31.60 2.19 3.15
1.03 328 35.84 1285.79 35.87 2.79 2.70
2.05 328 35.84 912.49 25.46 2.79 3.80
7.26 328 35.84 484.63 13.52 2.79 6.82
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where kyay, is the gas-liquid overall mass transfer coeffi-
cient, and k an apparent rate constant. The first term is the
gas—liquid mass transfer resistance (Ry,), and the second term
is the initial chemical reaction resistance (R.). For hydro-
genation runs carried out at constant initial concentrations of
both substrate and hydrogen, a plot of [H3]/[RY] versus
1/[Rh] %’5 should be a straight line with an intercept of 1/kpay.

The experimental procedure guarantees the same initial
substrate and hydrogen concentrations, and the absence of
induction times. The initial reaction rates were determined
by fitting the substrate concentration versus time plots with
an exponential function, and calculating the slope at time
equal to zero. The values of the concentration of the
hydrogen dissolved in the reaction medium were calculated
based on the hydrogen solubility in toluene [11]. Thus, the
values of [H3]/[RY] were plotted against the reciprocal of the
square root of the catalyst loading. Fig. A.1 shows a good
straight line correlation at 298, 313, and 328 K. Table A.1
summarizes the values of R, and R, resistances. For our
experimental conditions, it was found that R. > 10Ry, i.e.
the chemical reaction resistance is prevalent. The values of
the gas—liquid overall mass transfer coefficient were found
to be 1.54 x 1072, 2.19 x 1072, and 2.79 x 10 >s™', at
298, 313, and 328 K, respectively. Therefore, the values of
the ratio between the highest initial reaction rate and the
maximum mass transfer rate of hydrogen, i.e.,
1 — [Hy]/[Hj], were found to be in the range of 0.005-
0.014, 0.010-0.031, and 0.027-0.068, at 298, 313, and
328 K, respectively. Thus, only the experimental data for the
initial step of the hydrogenation run carried out under the
most demanding conditions (catalyst loading of 7.26 wt.%,
at 328 K) are moderately affected by the gas absorption

resistance. However, this undesirable effect is practically
negligible in all other hydrogenation runs because the values
of 1 — [Hy|/[Hj] are less than 0.038.
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