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Abstract

The telomerization of butadiene with methanol wagstigated in the presence of different palladium
catalysts modified either with triphenylphosphifiéP) or 1,3-dimesityl-imidazol-2-ylidene (IMes)
ligand. When pure butadiene was used as substrat®yderate selectivity for the Pd-TPP catalyst
toward the desired product 1-methoxy-2,7-octadidni®lode) of around 87 % was obtained, while
the IMes carbene ligand almost exclusively formelddde with 97.5 % selectivity. The selectivity
remained unchanged when the pure butadiene feedrepdaced by synthetic crackr@sCG), a
technical feed of 45 mol % butadiene and 55 mohegts (butenes and butanes). The TPP-modified
catalyst showed a lower reaction rate, which watbated to the expected dilution effect caused by
the inerts. Surprisingly, the IMes-modified catalghowed a higher rate with s¢€ompared to the
pure feed. By means of a model-based experimen#&dysis, kinetic rate equations could be derived.
The kinetic modeling supports the assumption thattivo catalyst systems follow different kinetic
rate equations. For the Pd-TPP catalyst, the mag&inetics were related to the Jolly mechanism. In
contrast, the Jolly mechanism had to be adaptethtoiPd-IMes catalyst as the impact of the base
seems to differ strongly from that for the Pd-TRiatyst. The Pd-IMes system was found to be zero
order in butadiene at moderate to high butadiemeadrations and first order in base while the
nucleophilicity of the base is influenced by thetinamol amount resulting in a negative reaction iorde
for methanol.
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1 Introduction

The telomerization of 1,3-dienes is an importaattien for the synthesis of a variety of bulk aimf
chemicals and pharmaceuticals [1]. In its genenathf it can be considered as a dimerization ofaBen
with simultaneous addition of a nucleophile [2, Bjdustrial applications using 1,3-butadiene as
feedstock have been reported by Kuraray Co. Ltdgusater [4] and Dow Chemical using methanol
as nucleophile, respectively [5]. The Dow proceskzes a TPP-modified Pd complex and yields
1-methoxy-2,7-octadiene (1-Mode), as main product with small amounts of 3-methoxi-2
octadiene (3-Mode), and traces of 1,3,7-octatrier®,and vinylcyclohexene}, being formed (see
Scheme 1). The 1-Mode is consecutively hydrogenaedthe resulting methyloctylethér,is split at
elevated temperature into 1-octebeand methanol, which is recycled back into thecess. In the
Kuraray process a TPPMS-modified palladium cataiystised that produces mainly octadien-1-ol,
which is then hydrogenated into 1-octanol, an irtgodrplasticizer alcohol.



The product composition of both processes can péiged by the mechanism postulated by P.W.
Jolly [6] in 1985, depicted in Scheme 2. The catafyrecursor, usually a Pdalt, is reduced into a
Pd complex,A, which consecutively exchanges its ligands, L, viiB-butadiene to form the active
species,B. The n2 bonded butadienes combine to form the C8 alkyl glery C, which, in the
presence of methanol, forms transition statéd he acidic proton of MeOH is transferred to carito
in the C8 chain to yield comple. In this complex the methoxy group is transfet@e@ither carbon
1 or 3. This transfer determines the selectivitwamd productsl and 2. Replacement of the
n?n?bonded C8 chain in compléxor F’ by two molecules of 1,3-butadiene yields the pobdnd
regenerates the active speciBs,The side product 1,3,7-octatrieBds formed from complex via
double bond migration to the terminal position, Idaled by B-hydride elimination.
Vinylcyclohexenet is the product of a Diels-Alder reaction of twolewules 1,3-butadiene.

Scheme 1: Telomerization of 1,3-butadiene with metth according to the Dow Chemical process and coise reactions
of the major product 1-methoxy-2,7-octadiene [5].

Scheme 2: Proposed reaction mechanism of telomienzalescribing the formation of major proddcand by-product2
and3 [6] and introduction of rate constagswvhich are required for kinetic modeling.

In recent years, N-heterocyclic carbene (NHC) ldgatave been used to modify the palladium
catalyst [7-9]. Compared to the traditional phosphinodified systems, higher chemo- and
regioselectivity and significantly higher activityave been reported.

To the best of our knowledge, all previously repdrtelomerization catalysts have been applied to
either pure 1,3-butadiene feedstock or a techuiibated feed [1, 10-16]. Here we present for thstfi
time a comparative study of both phosphine and Nhtlified palladium catalysts with pure and
mixed butadiene feed.

2 Experimental

2.1 Telomerization experiments

All experiments were carried out under inert atniesp. The catalyst and ligand precursors were
stored under inert atmosphere in a Plexiyl@ovebox (GS GLOVEBOX Systemtechnik GmbH,
Argon 4.6). At the start of the reaction, a defimadss of catalyst and ligand were transferred to a
Schlenk flask in the Glovebox and afterwards disswlin a defined mass of methanol. The methanol
solutions of catalyst and ligand, base, dibutyle{irgernal GC standard) and all other used sotvent
were handled and stored using Schlenk technigbi@st Imentioned otherwise, potassium methoxide
(KOMe) was used as base.

The batch experiments were carried out in a 258lagitelloy autoclave. The latter was equipped with
a four-blade gas entrainment stirrer, a pressungayaa pressure relief valve and a heating jadketd.
temperature in the vessel was measured with a twauple and controlled by a temperature regulator
(Horst GmbH, HT MC1) connected to the heating jackée autoclave was connected to an argon
cylinder as well as to a vacuum pump to ensurd gmrditions. All experiments were carried out in
the liquid phase. Check valves were implementealvtnd back flow of the reaction mixture into the
argon gas cylinder. For starting an experimenthamatl, base, catalyst and ligand solutions and all
other required solvents were filled in syringes aritbduced to the reaction vessel via a blind mag
top of the autoclave. This mixture was heated ugéction temperature under stirring. As soon as th
reaction temperature was reached, butadiene wasladdhe autoclave. For this, liquefied butadiene
was weighed into a ballast vessel by means of anCHBump with cooled pump head. The ballast
vessel was connected to the periphery of the aatecnd pressurized to the desired reaction peessur
using inert argon gas. As soon as the liquefiecadiahe entered the autoclave by opening the
respective valves, the reaction started. Samples tagen every 30 minutes via a sampling valve at



the bottom of the reaction vessel. After the firedction time the stirring was stopped, the autecla
was depressurized, opened and emptied. After cigahie autoclave, the latter was reassembled and
evacuated for at least 1 hour in preparation ohi experiment.

All samples were analyzed with a Varian 3900 gasorolatograph (GC) equipped with either a
wall-coated open tubular fused silica column (FS-DPONA, 50 m x 0.2 mm; C-S
Chromatographie Service GmbH) or a column manufadtby Agilent Technologies (CP-Sil PONA
CB 50 m x 0.21 mm x 0.5 um). The injector tempamtwas set to 250 °C. Helium was used as
carrier gas with a flow rate of 1 miin™. The products were analyzed by a flame ionizatietector
(FID) with a temperature of 300 °C. Qualitative lgsas were performed using a Varian 450 GC
equipped with a Varian VF-5ms column (30 m x 0.2p and a Varian 220 MS (ion trap mass

spectrometer) with electron ionization.
Figure 1: Schematic flowsheet of the batch auteckatup manufactured at FAU in Erlangen.

2.2 Model-based experimental analysis

Model-based kinetic investigations of catalyticaté@ns constitute an essential part of fundamental
mechanistic studies [17, 18]. Such studies not @mtwide insight regarding the evolution of the
concentration of the reactants, but also allowafbetter understanding of the reaction mechanigin an
for the determination of reaction rate and equiililor constants. However, the analysis of experimenta
data in multistep catalytic reactions is often cbogped due to the complexity of the reaction tate;
therefore, simplified reaction kinetic models afe desired to represent concentration data. &@r s
complex reaction systems, dynamic parameter esimatoblems are often formulated to estimate
the unknown parameters in the rate models [19].sEheture of the reaction kinetic model embedded
in this parameter estimation problem is postulaisthg a priori knowledge on possible reaction
mechanisms. The model is fitted to experimentah dat adjusting the unknown model parameters
such that the deviation between the concentratipreslicted by the model and the measured
concentration data is minimized. This so-calledutiameous model identification is capable to handle
reaction systems of arbitrary complexity. Howevegn incorrect model structure is assumed (i.e. if
some of the kinetic laws are structurally wrong) earoneous overall model prediction is obtained an
the model error might be difficult to attribute ® particular model-part. To overcome these
well-known problems, Marquardt and co-workers sgte an alternative methodology, the so-called
incremental model identification (IMI for short) hich decomposes the model identification problem
in a sequence of properly chosen steps (see [2(R1grfor a tutorial overview). In this work, we
utilize the particular stepwise problem decompositstrategy proposed by Brenetlal.[22] and
adapt it to allow an analysis of the underlyingabatc reaction mechanism:

In a first step, the time-variant reaction fluxes the various species are estimated from the noisy
experimental concentration data. While the readiiax is often estimated by simple finite diffeen
approximations from concentration data measuremtigicent sampling points [17], the ill-posedness
of this inverse problem and the resulting amplifima of the errors present in the concentratiom @t
well-known [23]. Special care has to be taken, antipular, if only a limited number of error-prone
data points are available in each of the experimeht this work, we employ a filter-based
approach [23] to estimate the reaction fluxes, wrsaccessfully controls the amplification of the
measurement errors in the concentration data [P4@. individual reaction rates are then calculated
from the estimated reaction fluxes using the gdizeich inverse of the stoichiometry matrix.
Subsequently, the reaction rates and the conciemtrdata are correlated by nonlinear regression
using a set of candidate reaction rate model sirest The most suitable model structure is selented
a subsequent step from the list of candidates thhiganeans of Akaike weights [25], and graphically
evaluated by reaction progress kinetic analysig [17

In a second step, a parameter estimation problesatisip and solved for the most promising model
structure identified in the previous step. This watatistically sound parameter values and their



corresponding confidence intervals can be obtaifibtbughout this analysis, profound insight can be
accumulated which can be used to elucidate a geasilolerlying reaction mechanism.

3 Results and discussion

3.1 Parameter variation

The two literature-known ligands, triphenylphosghifTPP)7 and 1,3-dimesityl-imidazol-2-ylidene
(IMes), 9, see Scheme 3, were tested in the Pd-catalyzecheelzation reaction using Pd(acaep
catalyst precursor. The IMes liga@dvas generated in-situ from the IMes shality reaction with the
base KOCH

Scheme 3: Ligands used in the telomerization cdidiehe with methanol.

The two resulting palladium catalysts were expaseder identical conditions to two different feeds
each. The Pd:L ratio was kept at 1:4 for all experits, as this ratio was identified as optimum
common ratio for the four systems (for further dstsee ESI, Figure S1). KOMe was applied as base.
The conversions of pure 1,3-butadiene and syntledick-G (sCG, for short), a mixture of 45 mol %
1,3-butadiene and 55 mol % butenes and butanesstem@n in Figure 2. The conversion in all
experiments was related to the starting amount ®blitadiene. In addition, the converted moles of
1,3-butadiene are depicted as a function of readtiioe.

Figure 2: Conversion (left) and moles of convertathliene (right) for experiments with pure 1,3-bligae (solid symbols)
and diluted sCg (open symbols) catalyzed by TPP (triangles) andesMsquares) -modified palladium systems
(7 Pd-TPP+pure butadien® Pd-TPP+sCg ! Pd-IMes+pure butadiend,] Pd-IMes+sC@). In the right diagram, the
dashed line indicates the total amount of availhbi&adiene in pure butadiene feed, the solid lmcates the total amount
of available butadiene in sG@&ed.

Reaction conditions: 70 °C, 15 bar,eMtion = 140 ml, RyadieneNmeon = 0.5, MyutadiensNpg = 40000, Rig:Npg = 4,
NputadieneNbase= 400,  Ggo=0.15 mmoll? and  Guadiene.= 6.1 Mol for experiments with pure butadiene,
Cpa,0= 0.086 mmal? and Gadiene, = 3.4 Moll? for experiments with sGC

For pure 1,3-butadiene, the initial reaction rag@swvhigher for the Pd-TPP system compared to the
Pd-IMes one. However, after 1.5 h of reaction tiries reaction rate slowed down at about 70 %
conversion, probably caused by catalyst deactimatim addition, at low concentrations of
1,3 butadiene, the equilibrium could be shiftedrfrime active specie® toward the ligand substituted
Pd speciesA. This would lower the concentration of active pdilm centers in the system and slow
down the reaction rate. With the diluted sG€rd, the reaction started with a lower rate caegbo
pure butadiene. After 6 h and a conversion of #ective butadiene fraction of around 70 %, the
activity of the system decreased strongly. The toreaction rate for the Pd-TPP system is probably
due to this dilution effect.

In contrast, the Pd-IMes system yielded full cosian after 4.5 h for the pure 1,3-butadiene feed.
Compared to the explanation for the TPP ligand, ¢buld stem from the fact that the palladium is no
able to coordinate more than one bulky IMes ligand therefore the equilibrium between speéies
andB is in favor of the active speci@ Even more surprisingly, the conversion of the $Mheodified
palladium catalyst increased when diluted s@@d was used and full conversion was obtainellinvit

4 h. This behavior was reproduced several timestadrend has also been seen using a reactor with
a fivefold larger reaction volume.

By plotting the amount of converted 1,3-butadiemesus reaction time, the resulting rate for the
Pd-IMes catalyst is independent of the applied fieethe first hours. With the diluted feed, theerat
levels off after around 3.5 hours. The amount ofvested 1,3-butadiene is lower due to the lower



amount of 1,3-butadiene present in the diluted.fEedthe Pd-TPP catalyst the reaction rate witte pu
butadiene is higher than with sg€€bnfirming the assumed dilution effect.

As summarized in Table 1, the selectivity to theidel productl was significantly higher for the
IMes-modified catalyst system and seemed to bepienident of the applied feed. For TPP, the
selectivity tol differed slightly for the two feeds and was higf@rpure butadiene.

Compared to the TPP ligand, the IMes-modified systshowed a distinctively lower selectivity to
the byproduct2, 3 and vinylcyclohexenet, resulting in a highen:iso ratio. The formation of
byproducts with Pd-TPP was probably due to thedrigensitivity of the TPP system to an excess of
ligand due to its lower steric demand [9]. For TH&P system, the coordination of a second ligand is
facilitated leading to lower 1-Mode selectivityr@ported by Vollmulleet al.[10].

In order to investigate the origin of the highetiaty of the diluted feed, pure 1,3-butadiene was
combined with a) an inert solvent and b) a compboéthe sCG to mimic the dilution of butadiene

in sCG,. For these experiments hexane and toluene weldedpphich both should be chemically
inert in the telomerization of butadiene with metblalso-butene, one of the main components of the
sCGC, mixture, was tested as well. The results for boibdified catalysts are shown in Figure 3.
Additionally, n-butane and 1-butene were used as inert compowndbd IMes-modified palladium

catalyst showing similar results as thoseigorbutene (see ESI, Figure S2).

Figure 3: Conversion in Pd-TPP (left) and Pd-IMéght) catalyzed telomerization of pure 1,3-butadid, sCGC, (0) and
1,3-butadiene diluted with hexar®®,(toluene £) andiso-butene X).

Reaction conditions: 70 °C, 15 bar,;Mciion = 140 ml, NyutadieneNmeon = 0.5, NhutadieneNpg = 40000,
NLig:Npg = 4, NoutadiensNbase = 400, Gy o= 0.15 mmoll! and Guiadiene.o= 6.1 moll’! for experiment with
pure butadiene, g o= 0.086 mmol/! and Gutadiene, 0= 3.4 moll’* for experiments with sCgZdiluted
feeds.

For the Pd-TPP system, the highest activity wasiobd for pure 1,3-butadiene as substrate, all
diluted substrates showed reduced activity simidahe one for sCL No difference between an inert
solvent oriso-butene could be observed. The values for the thatgcto the main product, the
chemoselectivity as well as thdso ratios were nearly the same for hexane, tolueddésaxbutene as
additional solvent. The diluted systems showed rromincubation period of approx. 1 h, after which
the reaction proceeded with higher rate. With peeging reaction, the even lower substrate
concentration in the batch reactor caused theigct¥ all diluted systems to level off around 80 %
conversion after 6 h.

For the IMes-modified catalyst, the use of pureldygdiene feed resulted in the lowest reactiogsrat
again, while all other diluting solvents and theCg@ave higher reaction rates. Within the error
margin the effect of all diluting solvents on tleaction rate was identical and the rates wereahees
The inertsn-butane and 1-butene also behaved similasatutene (see ESI, Figure S2) and the inert
solvents toluene and hexane. This behavior indicthiat the Pd-IMes system is either deactivated by
too high concentrations of 1,3-butadiene or follosavgzero-order reaction kinetics with respect to
butadiene.

Interestingly, all other studied Pd-NHC catalysisoashowed higher activity for the diluted sCC
compared to pure 1,3-butadiene (see ESI, Figurem83F4). This indicates that the observed effect i
not limited to IMes-modified palladium complexesutbrepresents a rather general effect for
NHC ligands.

The influence of 1,3-butadiene concentration washér studied by varying the molar ratio of
methanol to 1,3-butadiene. As no additional in@livent was used, the molar ratios of all other
components were kept constant related to 1,3-beradiln consequence, the concentration of several
components changed. The goal was to see the icBueinthe reactant butadiene on the two different
catalyst systems at the same conditions. The sefitboth catalyst complexes with both feeds are
depicted in Figure 4.



Figure 4: Influence of the molar ratio of butadidnemethanol for the TPP (left) and the IMes (r)gimodified catalysts
with pure butadiene (top) and sg@®ottom) T 2:1,0 1:1,- 1:1.58 1:2,X 1:2.5= 1:3,; 1:5).

Reaction conditions: 70 °C, 15 bar, (Mcion= 140 ml, NyiagieneNpa = 40000, niginepg = 4,
Nputadiene Nbase = 400.

Experiments with pure butadiene:T 2:1:  Guadene= 9-3 Moll?, O 1:1:  Guadieneo= 7.9 moll, - 1:1.5:
Coutadiene,c= 6.6 MOLI™, 8 1:2: Gyutagiene o= 5.9 MoLI™, X 1:2.5: Gutagiene = 5.3 Mo, = 1:3: Gyutagiene. o= 4.6 moll, ; 1:3:
Chutadiene 6= 3.5 molli

Experiments with SCC T 2:1: Guadiene,i= 4.3 Molll', 0 1:1: Guadieneo= 4-1 Mo, - 1:1.5: Gutadiene o= 3.9 moll¥,
8 1:2: Gyutadiene,= 3.6 Mo, X 1:2.5: Guiadiene.c= 3.4 MOll, = 1:3: Gutagiene o= 3-2 MO, ; 1:3: Gyutadiene,= 1.4 moll™.

Within the range of methanol to 1,3-butadiene frbhto 1:3, no large difference in the performance
was observed for the phosphine-based catalyst.appécation of a large excess of methanol (1:5)
resulted in an activation phase of around 1.5 tm@s (see Figure 4, top left diagrapn, This was
probably caused by slower catalyst activation aduthé highly diluted catalyst. A negative influence
was obtained with a stoichiometric ratio of butagid¢o methanol of 2:1. Butadiene is known as a
catalyst inhibitor due to its chelating propertie&t the stoichiometric ratio, the butadiene
concentration is probably too high thereby blockimg catalyst in a chelating fashion.

With the diluted butadiene feed, the activity agbit at all ratios was lower compared to pure
butadiene for the Pd-TPP catalyst. InterestinglyGlesar trend was observed. An increase in the
methanol concentration caused an increase in gctRegarding the molecularity of the reaction, the
reaction would follow a second order in butadiend a first order in methanol. In consequence, the
negative influence of a lower reactants’ concemmawvould be weaker for a first order dependency
meaning that the reaction rate increases with asing concentration of methanol.

For the Pd-IMes catalyst in combination with putgddliene, a strong dependence on the butadiene to
methanol ratio was observed. The increase of tBébdtadiene concentration reflected by higher
butadiene to methanol ratios resulted in a fasaction. This behavior is in good agreement with
results reported for the telomerization of 1,3-pdiene using the same Pd-IMes catalyst complex at
70 °C [26]. Here, the authors observed no sigmfiazhange in final conversion with increasing
concentration of 1,3-pentadiene, but the initidcteon rates were increased with higher substrate
concentration.

The apparent contradiction between the dependemtiyenbutadiene concentration observed here and
the zero-order dependency on butadiene found iredinker experiments (see above) stems from the
fact that, at fixed butadiene to catalyst ratibg, amount of catalyst increased with increasing i@t
butadiene to methanol, as did also the amountsd.ba

With the diluted feed, an optimum ratio of 1:2 wésund. Due to the complexity of this
multi-parameter system the exact influence of d@adividual component could not be determined
independently in experiments, thus we applied aehbdsed experimental analysis to further shed
light on this complex system.

The obtained selectivities were independent ofihaied feed for both ligands. For the TPP-modified
catalyst, the regio- as well as the chemoselegtivitreased with increasing amount of methanol,
which is again in good agreement with the liter@f0].

With the Pd-IMes catalyst high selectivities of @798 % were achieved toward the main product.
The selectivities were not affected by the studiadations except at the stoichiometric ratio. Here
the formation of the main product 1-Mode decreaste@reas the selectivity toward 3-Mode and
octatriene increased.

All results discussed so far strongly hint at thet fthat Pd-catalyzed telomerization catalysisofed
fundamentally different reaction kinetics for thé®H and the IMes ligands. Therefore, a closer
examination of the observed kinetics for both l|dmodified catalysts was carried out by a
model-based experimental analysis.



3.2 Modeling results

3.2.1 TPP ligand
The first step of the applied model-based experiat@malysis is, as mentioned before, the calaniati
of the individual reaction rates from experimerdata. Although the stoichiometric matrix of the

reactions

Ro
Pd,.+2B- Pd, , (1)

R
2B+M+Pd, - P+ Pd, , (2
R

2B+Pd,_ — D+ Pd,, (3)

(with B for butadiene,M for methanol,P for the main-product 1-Model) for the side-product
3-Mode, Pdpre for the catalyst precursor anldd,,, for the activated catalyst) is regular [22], the

reaction rateRR, for catalyst activation cannot be deduced fromavailable measurements due to two

reasons not covered by the structural argumentrieigsidentifiability: (i) the catalyst activation
occurs in the first few minutes of the reaction,evéhonly few measured data points are available;
(i) the influence of this reaction on the 1,3-liieme concentration is quite low due to small gatal
concentrations. The experimental errors are doinigdahe concentration measurements, such — even
with a higher sampling rate — this reaction ratedg accessible from the data in the suggested
experimental setting. Consequently, it is assumetthe following, that the catalyst has already been
activated at the start of the reaction. Hence, dhmpetition between the first and the other two
reactions foB during the very first minutes of the reaction égtected.

Mechanistic cycles reported for similar reactiondiferature can serve as a good starting point for
deriving kinetic model candidates. For the telomeion reaction considered here, two different
catalytic cycles can be found in literature, thdélyJonechanism [6] and the dipalladium-bisally
mechanism [27, 28]. Assuming that the order of essdiction step corresponds strictly to the
stoichiometry and that the intermediates show gsi@sionary behavior, the model structures

Ko [M][B]?
R =[ Pdact]$pa]|:l:lvl:!| (4)
KoP2[B]?
R =[ Pdact]wp[a[]M] (5)
and
_ K™ [B]'[M]
R.l. [ Pda(:t] l+ K;O”y[B]Z + K;Olly[ B]4 (6)
K:olly M B 21 KS\]oIIy BZ
R, =[ Pdy] [M][B]"ax k™[ BF) 7)

1+ K6Jolly[B]2 + K%]olly[ B]4

can be derived for the dipalladium-bisally and dloly mechanism, respectively, using the procedure
reported in [29]. Note that the parameters in thase equations are complex nonlinear functions of



the reaction rate constariksof the elementary reactions postulated in theti@aanechanism (see
Scheme 1). Both model structures show a first-od#ggrendency of the reaction ratBs and R, of

the main and the side reactions respectively, @nditalyst concentration, but a more complex
dependency on the reactants’ concentrations.

A drawback of such mechanistically motivated matalctures is that they are often not identifiable.
The identifiability of a model refers to the questiwhether the model parameters of a given model
structure can be determined uniquely from the aféél set of (perfect) experimental data. The
mechanistic models are shown not to be identifialsimg the procedure reported in [30] and the
parameter identifiability test presented in [31jnc® no additional measurements are possible,
identifiability can only be restored by model retioie. The identifiable reduced models

R =[Pd,] K[ M][§ ()
R, =[Pd,] K™ [H° (9

and
R =[pa, ] [BL V]
"1k B)?
o 2
R, =[Pd,] K[ M][H (1)
were derived for the dipalladium and the Jolly haatisms, respectively. These model structures will
be used in the subsequent IMI. For comparison,lseeansider the empirical model

Ri — KiEmp[ B] KzE'"p[ M]Kfmp[ Pq\ct]Kfmp (12)
R, = KE™[ B [M] [ Pd, ] (13)

where the reaction orders are treated as modeingdeas. The parameters of this model can also be
shown to be non-identifiable.

(10)

Table 2 shows the results of the IMI for the TRiatid. The models for the reduced Jolly and the
reduced dipalladium mechanisms result in Akaikegives which are at least an order of magnitude
higher than those of the other three models. Heoroe of these models will most likely qualify ag th
best model in the sense of Akaike’s Informationté&@ion (AIC). This is consistent with the finding
that only the mechanistically motivated, reduceddet® are identifiable. Hence, the lower Akaike
weights of empirical and non-reduced models caexXmained by the presence of (additional) non-
identifiable parameters.

To allow a graphical inspection by reaction progrkisetic analysis [17] of the two favorable models
identified by IMI, the rates for the main reactionsre normalized to provide new functions, which

only depend on one substrate concentration. Forettheced Jolly mechanism, the rd®e of the main

reaction is normalized by the catalyst and the amath concentrations to provide a new function
depending only on butadiene concentration:

R _ KiJouy[az _
[Pdact][ M] 1+ KzJolly[B]z f; ([ B]) (14)



Likewise, the rate R for the reduced dipalladium mechanism is normeliz®y the catalyst

concentration and by the square of the butadieneestration to provide a new function depending
only on the methanol concentration:

R opafp]—
W_Kl [M]=g,([M]). (15)

Figure 5: Normalized measured reaction rates aentificd rate equations (line) for TPP ligand; reeld Jolly mechanism
(left); reduced dipalladium mechanism (right). 8aiymbols refer to experiments with pure 1,3-bwadj open symbols to
experiments with sCC

Reaction conditions: 70 °C, 15 bar, e¥ion= 140 Ml, ByudiensNpa = 40000, RMigiNpg= 4, NyutadieneNbase = 400,
NputadieneNmethano= (Black = 1:2, red = 1:3, green = 1:1, blue = 13, pink = 1:2.5).

An evaluation of the validity of the model struaarfor the reduced Jolly and dipalladium
mechanisms is possible, if the normalized reactairs are plotted as a function of butadiene or
methanol, respectively. This graphical inspecttenmned as reaction progress kinetic analysis [i$7],
shown in Figure 5. Different experiments show a Imiietter match with the reduced Jolly mechanism
on the left than with the reduced dipalladium medism on the right. Hence, this graphical analysis
confirms the ranking results of the IMI. Still, thermalized reaction rates do not align completety
the reduced Jolly mechanism (Figure 5, left). Teeiaions can be explained by the neglected catalys
activation reaction and by experimental errors. ifutaneous parameter estimation has been
performed for the more promising reduced Jolly namitm to obtain statistically sound parameter
values and to calculate their corresponding confideintervals. The parameter estimation is
constrained by a dynamic model for the batch erpenis consisting of the following mass balance
equations:

d[Pd,.| )
dt
for the Pd-precursor concentration,

(16)

d[Pd,] _
T R (7)

for the active catalyst concentration,

d[ B]

? = _ZRL - ZRZ (18)
for the butadiene concentration,

d[M]

—dt = —R_ (19)

for the methanol concentration,

ﬂ = Rl (20)
dt

for the 1-Mode concentration,

alo g (21)
dt



for the dimer concentration and

R, = K,[B]’[ Pd,] (22)
as rate equation for catalyst activation and

1 pg 1K [BF[M]
R =| Pdact]m (10)
R, =[Pd] K™ [ M][ & (11)

as rate equations for product formation accordiniip¢ reduced Jolly mechanism.

For the catalyst activation, the equilibrium betwepeciesA andB was neglected as a consideration
in the model did not show an improvement of thelfitaddition, the interaction with the ligand het
step of catalyst activation was not taken into aotas the ligand was present in excess in the
experiments. In general, the catalyst activatiaceeds very fast for both catalyst systems (see ESI
Figure Sb5).

The resulting parameter estimates and their comfieléntervals are shown in

Table 3. The uncertainties represented by the dendie intervals are less than 10 % of the nominal
parameter values, except in case of paramiterAs discussed before, a reliable estimation of thi

parameter is difficult, since the reaction ratdha catalyst activation cannot be suitably accebsed
the available measurements. For the main readti@nmodel exhibits second-order in butadiene and
first-order in methanol at moderate to low butadi@oncentrations. This is in agreement with the
slow reaction progress towards the end of the i@gotspecially for the experiments with sCEee
Figure 6.

Figure 6: Results of simultaneous parameter estmddir the TPP ligand with the model for reducellyJnechanism.
Solid symbols and lines refer to experiments withepl,3-butadiene, open symbols and dashed linesperiments with
sCG.

Reaction conditions: 70 °C, 15 bar, e¥ion= 140 Ml, ByudiensNpa = 40000, RMigiNpg= 4, NyutadieneNbase = 400,
NputadieneNmethanol= (Dlack = 1:2, red = 1:3, green = 1:1, blue = 1.8, pink = 1:2.5).

At very high butadiene concentrations, the expoﬂnsiﬁ;o”y[B]2 is much larger than 1 meaning that

the reaction only depends on the methanol condemnira this range of butadiene concentration. This
aligns with the approximately linear butadiene emngtion (zero-order dependency) in the first hour
of the reaction for all experiments. The dependaentyhe methanol concentration in the first hour of
the reaction means that the addition of methanothim protonation step from speci€sto D
respectivelyE is rate limiting. This assumption is in accordanegh a DFT calculation by
Jabriet al [32]. They proposed the protonation of spec@sto specieskE via intermediate
specied to be the rate determining step when working ghtpH, in our case with the base
KOMe.

Since the parameters of the rate equations foddg mechanism K, —K;*"Y) consist of the

products of the rate constants of the elementartian stepsk, — k)

o = Kkl )
ko



KZJonyzkzks_,_ﬁ_,_ kzk3k4+ k K _,_ﬁ, (24)
Kk, ke Kkl kkk K

Kélolly — k2 k4k5 , (25)
Ksks kg
o = Kl (26)
Ko Kg
Jolly — k4
= Tk @
Kgolly:kzl(sk8+l%l'<a+ kkk_ ‘%K+k4’ (28)
ksk, Kk Kk kk
K Joly — k2k4k5 +ﬁ> ’ (29)

Tk K

the results of the identifiability analysis canaalse utilized to elucidate the rate determiningyste
Here, KJ*, K and KV are not identifiable and can be eliminated withimiluencing the

model behavior. If these parameters are not influrgnthe reaction rate, they seem to be not inwblve
in the rate determining step. This means thatepacement of thg?n? bonded C8 chain in complex

F or F' by two molecules of 1,3-butadiene and the butadimupling in the formation of octatriene
with the rate constants, and k; are not rate limiting. In consequence, the stépsashanol bonding

and protonation as well as the nucleophilic at@esgcribed byk, andk, are rate determining. These
results are also in accordance with the DFT studhlighed by Jabet al [32].

3.2.2 IMes ligand

The systematic identification approach presentevalhas also been applied to the catalysis with the
IMes ligand. Since the amount of side-product ig/\&mall in this case, the rate for the side reacti

is set to zero for all model candidates and IMbpésformed for the rate equation of the main reactio
only.

Table 4 shows the results of the IMI for the IM&gmhd. Here, the unidentifiable, empirical model
yields the highest Akaike weight, while the Akaikeights for all models resulting from mechanistic
considerations are at least an order of magnitager. In contrast to the TPP catalyzed reactiom, th
penalization of the (additional) non-identifiablearameters of the empirical model is more than
compensated by the better match with the experaheata. This is consistent with graphical findings
from reaction progress kinetic analysis [17] shoinFigure 7, which reveals that neither the
normalized reaction rates for the reduced Jollylhmatsm nor for the reduced dipalladium mechanism
fall on top of each other. It consequently can bectuded that the reaction with the IMes-modified
catalyst does not follow the kinetic mechanism ole for the TPP ligand. Therefore, a completely
different dependency on the concentrations of tivelved components has been derived and studied
in further experiments.



Figure 7: Normalized measured reaction rates aentified rate equations (line) for IMes ligand; wedd Jolly mechanism
(left); reduced dipalladium mechanism (right). 8aiymbols refer to experiments with pure 1,3-bwadj open symbols to
experiments with sCC Reaction conditions: 70 °C, 15 bar,edion= 140 ml, RytadieneNps = 40000, Mig:Npg= 4,
NputadieneNbase= 400, MytadieneNmethano= (black = 1:2, red = 1:3, green = 1:1, blue = 1.3, pink = 1:2.5).

The presented experiments with the catalyst usimgiMes ligand give some hints for model
development. The reaction resembles an overall@eter dependency of the reactants and seems to
be strongly dependent on either the catalyst orbtee concentration. To further investigate these
effects, additional experiments were carried ouie Wariation of different components, namely
butadiene, base and methanol were conducted byngatlye amount of the studied component and
keeping everything else constant by using hexarigedis solvent. In addition, the base strength was

varied. The experimental results are depicted guife 8.

Figure 8: Influence of the concentration of basm,(tleft), the base strength (top, right), the emiation of butadiene
(bottom, left) and the concentration of methandtidm, right) on the telomerization reaction usthg IMes-modified Pd
catalyst.

Base variation= 23.10 mmdI*, X 18.55 mmdI*, - 14.36 mmdI?, 8 9.24 mmalli*, 7 4.77 mmolli;

Base strengthie KOMe, X NEt, — 10xNEg, 8 no base,

Butadiene variation:7( 7.85 moll* (NyytadiensNveon =1:1),8 5.23 moll* (1:1.5),~ 3.91 moll* (1:2),X 3.14 moll* (1:2.5),
= 2.61 moll* (1:3);

Methanol variation: F 4.85 moll* (NyutadieneNmeon =1:1), X 7.23 mol* (1:1.5), - 9.61 moll* (1:2),

8 11.99 mol* (1:2.5),7 14.46 mal* (1:3).

Reaction conditions:

Base variation: 70 °C, 15 bar, Viction = 140 ml, NutadiensNmeon = 0.5, MNyutadieneNpg = 40000,
Nimes:Npg = 4

Base strength: 70 °C, 15 bar, ;Mction = 140 ml, nyiadieneNmeon = 0.5, NoutadieneNpa = 40000,
Nimes:Npd = 4, NputadieneNbase = 400, Gutadiene.0= 6.1 moll*

Butadiene variation: 70 °C, 15 bar, ;Mction = 140 ml, Myeon = 1.1 mol, g = 0.028 mmol, Nyes
0.111 mmol, Rome = 2.58 mmol, solvent: hexane

Methanol variation: 70 °C, 15 bar, Yaction = 140 ml, nyytadiene= 0.68 mol, g = 0.017 mmol, fes
0.068 mmol, pome = 1.6 mmol, solvent: hexane.

By variation of the base concentration, a strofiigi@mce on the reaction rate was observed resegblin
a first-order dependency in the base concentralibis. strong influence was already discussed in the
literature [13]. Furthermore, the variation of these strength showed that the Pd-IMes catalystsseem
to be only efficiently activated by a strong bagehsas KOMe. The use of no base, N& well as the
10-fold amount of NEtexhibited no to only very low (2.5%) conversioriues. An increase of the
reaction time from 6 to 18 hours resulted in a @swn value of 6 %. This observation is in
contradiction to the behavior of the Pd-TPP catdlfigs further details see ESI, Figure S6). Hehe, t
highest activity was obtained with KOMe, but theeusf NE§ resulted in only slightly lower
conversion values. The experiment without base shdow slight activation phase but afterwards
reached comparable high activities to the experisn@ith KOMe and NEt

A change of the butadiene concentration did notvsao effect on the reaction rate meaning that the
telomerization reaction with the IMes-modified dg$a is of zeroth order in the butadiene
concentration.

For the methanol variation, the observed behavias wompletely different. The reaction rate
decreased with increasing methanol meaning thathanet shows a negative effect on the
telomerization reaction. One possible reason fig thight be that the nucleophilicity of the base
changes with changing methanol concentration. Ththoxide anion of the base will possibly be a
much better nucleophile at lower concentrationhef protic solvent methanol. An alternative is that
there is an equilibrium between bound methoxidelanehd methanol, either through displacement of
bound methoxide by methanol or by protonation otirltb methoxide by methanol (these are



kinetically indistinguishable). If only the methae complex can carry the mechanistic cycle, this
would also give a first-order dependency on basksatlependency on methanol of order -1.

In order to distinguish between these possibilitteee experiments were carried out, where the rati
of base to methanol was kept constant. Comparddet@revious experiments with varying base to
methanol ratio, the reaction rates were increasgdviere not the same. Again, the experiment with
the largest amount of methanol showed the lowesttien rate. This means that the negative effect of
methanol is stronger than the positive effect eflthse. This might be caused by a non-linearithef
dependency of the nucleophilicity on the ratio ifatic to protic solvents, but would not be coresist
with the explanation based on an equilibrium betwieeund methanol/methoxide as the rates should
remain the same if both concentrations were inegtay the same fraction.

The utilized model-based experimental analysistesfsadoes not allow to consider reaction steps
which occur outside the catalytic cycle. Thus, #spects and dependencies worked out in the
experiments have to be incorporated directly iht ¢atalytic cycle, see Scheme 4. It is known from
DFT calculations for the Pd-TPP catalyst [32] tthet addition of a strong base accelerates the rate
determining step, the nucleophilic attack at comfile Based on our experimental data, we conclude
that the Pd-IMes catalyst requires the presentieedbase to proceed the reaction. The bound methoxy
is not strong enough to attack the allyl-groupnrirdgramolecular fashion, but rather activates gaig

of the carbon chain for intermolecular attack byther methoxide under release of the bound
methoxide. Thus, without a strong base, the remacatiould stop at this point. In addition, methanol
was shown to have negative influence. To accounthis, we considered the nucleophilicity of the
base to be represented in the adapted mechaniaruastion of the protic methanol.

Scheme 4: Adapted Jolly mechanism for the IMes-fiexticatalyst.

With this formal modification of the Jolly mechamisa kinetic model could be derived applying the
procedure described for the TPP ligand. The regutate equations

[Pd] (K™ [E]'[ KO
1+ KzadJolly[B]z[M][Ko] + KsadJoIIy[ B]Z[ Kq + K4adJoIIy[ qZ[ |\/|] + KsadJon)[ qZ_'_ KGadJoII[ Kq

Ri =
(30)

for the adapted Jolly mechanism and the reducedtifthble model

~ Kladaouy[ B]2 [ KO]

R‘" - [ PdaCt] 1+ KZ\dJOIIy[ B]2 [ M] + KeadJoIIy[ KO]
incorporate the dependency on the base concemiréfi®). They are subsequently utilized for an
additional IMI.

Table 5 shows the results of IMI for the IMes liganith the models derived from the adapted Jolly
mechanism. Based on the Akaike weights, the neweatemodels outperform the empirical model.
This once more encourages the derivation of mestieally motivated models for catalytic reactions.
The reduced model derived from the adapted Jollghaweism, the parameters of which are all
identifiable, shows the highest Akaike weight. Aagjnical analysis by reaction progress analysis for
this rate equation is not possible, since the r@actates cannot be normalized to result in a fonct
depending only on one reactant concentration. Tads underlines the advantages of the analytical
approach of IMI over the graphical approach followiey reaction progress analysis. Again, a
simultaneous parameter estimation with the dynanadel for the batch experiments presented above

(31)



is executed with the following rate equations foe reduced model derived from the adapted Jolly
mechanism:

R = K[ B[ P | 32
KladJouy[ B]2 [ KO]
1+ K:\dJoIIy[ B]2 [ |\/|] + K6ad.]olly[ KO] ’

R =[Pd,] (33)

The confidence intervals of the estimated pararsethown in Table 6 together with their nominal
values are less than 9 % of the nominal value, @xice K, as expected according to the analysis

above. At high to moderate butadiene concentratitres model gives a zero-order dependency in
butadiene, a first-order dependency in base arebative influence of methanol (see Figure 9). Only
at very high base concentrations, the reactiondspendent of the base concentration. At the end of
the reaction, when the butadiene concentratiorows the Pd-IMes catalyzed telomerization is of
second-order in butadiene.

Figure 9: Results of the simultaneous parametemastin for the IMes ligand with the reduced modelthe adapted Jolly
mechanism. Solid symbols and lines refer to expami with pure 1,3-butadiene, open symbols and edhdines to
experiments with sCC Reaction conditions: 70 °C, 15 bar,edion= 140 ml, RytadieneNps = 40000, Mig:Npg= 4,
NputadieneNbase= 400, MytadieneNmethano= (black = 1:2, red = 1:3, green = 1:1, blue = 1.3, pink = 1:2.5).

4 Conclusions

In the present work we have tested literature-kngahadium catalysts for the telomerization of
1,3-butadiene with methanol. Two types of ligartdphenylphosphine (TPP) and IMes were used to
prepare the catalyst complex in-situ before thessate was added. The TPP-modified complex
exhibited high initial activity, but levelled offfter 70 % conversion while the IMes-modified comple
converted 100 % within the same period of time. ifiddally, the selectivity toward the desired
product 1-Model was higher when using the IMes ligand. For thst fiime, we compared the effect
of a diluted 1,3-butadiene feed on both catalystesys with that of pure butadiene. While the
TPP-modified catalyst showed lower activity duestiostrate dilution, the IMes system surprisingly
showed a higher activity. This behavior could bgreduced by using inert solvents and non-reactive
compounds of the sGQeed. In addition, the importance of the base sla®wvn for the Pd-IMes
catalyst which does not proceed the reaction witlaostrong base. In addition, a strong dependence
on the base concentration was found. The kinetfterdnces between the two ligands under
investigation could be worked out by means of mdidaled experimental analysis. We could show
that neither of them follows the dipalladium meakan The reaction kinetics of the Pd-TPP based
catalyst were based on the Jolly mechanism showisgcond-order dependency on butadiene and a
first-order dependency on methanol at moderateowo Butadiene concentrations and a zero-order
dependency on butadiene with a first-order deperyden methanol at high butadiene concentrations.
For the Pd-IMes catalyst, the reaction kineticsedasn the classical Jolly mechanism did not fit the
experimental data. Based on the experimental oagens, the Jolly mechanism was adapted in the
step where nucleophilic attack occurs in ordemtdude the impact and necessity of the base for the
IMes-based catalyst. With this formally modified echanism, the experimental data were reproduced
well, showing a zero-order dependency on butadi¢meoderate to high butadiene concentrations and
a first-order dependency on base while the nucliéoipy of the base is influenced by the methanol
amount resulting in a negative order for methanol.

The thorough model identification procedure emptbye this work also demonstrates that the
derivation of mechanistically motivated models fmatalytic reactions should be preferred over



blindly relying on postulated empirical models. thermore, this study shows that kinetic reaction
progress analysis is a valuable tool, but is cjelmited in case of complex reaction mechanisms.
Still, it can be a valuable tool also in these saéé& is combined with thorough model identifimat
methodologies. In this sense, the procedures fociddting mechanisms in complex chemical
reactions and reaction kinetic modeling descrilmetthis work are of a more general nature and should
be considered to better understand and optimizr gttalytic reaction systems.

For the underlying study, a DFT calculation of #uapted Jolly mechanism might further support the
assumed mechanism for the Pd-IMes catalyst. Intiaddioperando spectroscopy might help to
provide additional information for a deeper, phgsathemical look inside the mechanism of possible
superposition of the reaction kinetics, catalysivaton and deactivation processes.
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Table 1: Telomerization results obtained for twed®e and two different palladium catalysts after 6 h
reaction time.

Feed Ligand X/% Y /% Y,/% Y3/% S /% S./% niso TON

1,3-butadiene TPP 95.7 83.2 8.2 3.9 87 95.5 10.2 38311
sCG TPP 76.2 64.4 6.5 4.9 84.5 93.1 9.9 30562
1,3-butadiene IMes 99.1 96.7 1.7 0.4 97.6 99.4 55,5 39676
sCG IMes  99.9 97.3 1.6 0.4 97.5 99.1 59.7 39925

Definition of abbreviations: X = conversion, Y =efd, S = selectivity, TON = turnover number.

Table 2: Results of incremental model identificationthe TPP ligand.
rate equations Akaike weights

K1J0||y[B]2[ M]
+ KzJolly[B]2 + Ka\]olly[ B]4
Kiolly [ M ][B] 2(1+ K5Jolly [ B]Z)
1+ Kéb”y[B]z + K%]olly[ B]4
0.015

Jolly mechanism R =[ Pd,]
1

R, =[ Pd]

K™ [B]'[M]

reduced Jolly mechanism R =[Pd,] 1 Kjouy[B]z
2

R, =[Pd,,] K[ M][ &

0.814



Dipa 2
dipalladium mechanisi®, = Pdm]m

1+ K™ [M]
[pq, ] [E]
RZ_ ct 1+Kfipa[M]
0.02
. . . _ Dipa 2
reduced dipalladium mechanism R —[ Pdact] K [ M][ Iﬂ
i 2
R, =[Pd,] k™[ H
0.15
empirical R1 - KiEmp[ B]szp[ M]K3 mp[ Pddct]KA mp
KGEmp K7Emp KsEmp
R = K™[B" [M]" [Pdy]
0.001
Table 3: Parameter values and confidence intefealBPP ligand after simultaneous correction step.
parameter estimated value 95% confidence interval
K, 0.75 0.23
KW 66.1 1.6
KoY 0.03  0.002
KoY 319 03
Table 4: Results of incremental model identificationthe IMes ligand.
rate equations Akaike weights
KJO”y B 2 M
Jolly mechanism R =[Pd,] ! [2 ['{M] .
1+ K;Olly [ B] + K;O”y[ B]
0.019
KJoIIy B 2 M
reduced Jolly mechanism R =[ Pdact]%
1+ K, [B]
0.054
ke [Mm][B]
dipalladium mechanism =[pPd | +—Lt -1
p Rl [ dact] 1+K2D|pa[M]
<0.001
reduced dipalladium mechanism R =[ Pd,] K[ M][ §°
<0.001
emplrlcal Rl = KlEmp[ B]szp[ M]K3 ""P[ PCLCt]KA mp
0.926
Table 5: Results of incremental model identificationIMes ligand with models derived from the adaptmechanism.
rate equations Akaike weights
K" [B]"[M]

Jolly mechanism R :[ Pdact] 1+ KJO||y[B]2 + KJoIIy[ B]4
2 3

<0.001



K™ [B]'[M]

reduced Jolly mechanism =P
y Rl [ dact] 1+ Ké]ony [ B]2
<0.001
ke [Mm][B]
dipalladium mechanism =[pPd | +—t -1
p Rl [ dact] 1+K2D|pa[M]
<0.001
reduced dipalladium mechanism R =[Pd,] K[ M][ Iﬂz
<0.001
empirical R1 — KlEmp[ B]szp[ M]K3 mp[ cht]KA mp
0.001
adapted Jolly mechanism
adJo 2
R =[Pd,] S UL 0.048
ct :
1+ K2 B]* [M][KO] +...
. KladJouy[ B]2 [ KO]
reduced adapted Jolly mechanism R =[ Pd] — L
1+ KB [M] + K™ KO]
0.951
Table 6: Parameter values and confidence intefoathe IMes ligand after simultaneous correctitaps
parameter estimated value 95% confidence interval
K, 620 >1000
K ol 50.3e6 4le4
K ol 19.3 1.6

K 2o 3417 292



