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ABSTRACT: Controlling the selectivity in palladium-catalyzed telomerization of non-symmetric dienes represents a formi-
dable challenge since up to 12 isomers can be obtained, and a general method for selective synthesis is still lacking. We
select isoprene (2-methylbutadiene) as a representative and relevant example of non-symmetric diene. A combined exper-
imental-computational study on a large set of phosphine-modified palladium catalysts and reaction conditions aiming to
understand the factors governing the selectivity shows that it can be controlled by selecting the protic solvent pKa and by
the ligand. Atomistic and kinetic simulations reveal that the solvent switches the selectivity-determining step as function
of pKa, from C-C oxidative coupling at low pKa values (preference for telomer head-to-head) to protonation at high pKa
values (preference for telomer tail-to-tail). The selectivity towards tail-to-head telomer can be directed in moderately acidic
solvents by the selection of the appropriate ligand, which exerts a steric control of the protonation step. Thus, using Et, NH
as nucleophile, it was possible to synthesize 3 of the 4 main isomers in very high yields and selectivities and to provide a

complete mechanistic picture of Pd-catalyzed telomerization of non-symmetric dienes.

INTRODUCTION

The telomeriation of dienes, first disclosed by Smutny* and
Takahashi?in 1967, consists of the dimerization of a diene
catalyzed by a transition metal with subsequent addition
of'a nucleophile, such as an alcohol, an amine, an acid, and
water, to form highly valuable intermediates.>+5¢78 Buta-
diene is the most simple and widely studied substrate, and
its telomerization can afford three different products, with
the linear telomer presenting the most interesting proper-
ties (Scheme 1).3 Butadiene telomerization®*" is today an
industrial process key for 1-octene production."

The mechanism of butadiene telomerization>3'% in-
volves four different steps (Scheme 1): (1) reduction of Pd>*
precursor to Pd° and coordination of two butadienes (A),
(2) oxidative butadiene coupling (B), (3) protonation at the
C6-position (C), and (4) nucleophilic attack (D)(Scheme 1).
DFT calculations'®7 completed the mechanistic picture for
butadiene telomerization with methanol and trimethyla-
mine as the base, and proposed that protonation is fast and
Me,NH* species acts as a proton source,” although the en-
ergy cost of its formation was not evaluated.

Despite the interest in the telomerization of non-symmet-
ric dienes, this reaction has been infrequently used due to

regioselectivity issues. For isoprene, the simplest example
of non-symmetric diene and that provides an easy entry to
monoterpenes, the telomerization process can yield up to
12 isomers, making this process a formidable challenge. To
date, the mechanism of non-symmetric diene telomeriza-
tion has been scarcely studied,” despite of its crucial im-
portance for the development of selective catalysis. Beller
et al. proposed for isoprene a mechanism similar to buta-
diene (Scheme 1) but with four parallel catalytic cycles,
each providing one of the main linear telomers 1-4."® Nev-
ertheless, the factors determining the selectivity have not
been identified yet and remain unknown.

Scheme 2a summarizes the efforts made in palladium-cat-
alyzed telomerization of isoprene with Et,NH, aiming to
obtain the main telomers selectively. Thus, using [Pd(n3-
C;H,)COD]BF,/P(2,4,6-tri-OMe-Ph); as catalytic system a
selectivity of 96.6% in head-to-head telomer 2 was ob-
tained.” Excellent selectivities in tail-to-head (1) and tail-
to-tail (3) telomers were also reported, although the activ-
ities were very poor.>>* Selective formation of telomer 3
(81%) employing [Pd(C;H5)COD] BF,/P(OBu), as catalytic
system was also reported.>® Telomer head-to-tail (4), not



included in Scheme 2a, was always obtained with low se-
lectivity. These results illustrate the difficulty of obtaining
both high yield and high selectivity in isoprene telomeri-
zation, and in general in non-symmetric dienes telomeri-
zation, probably because factors controlling the selectivity
of the reaction have not been stablished.

Scheme 1. Pd-Catalyzed butadiene telomerization and
proposed mechanism.
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In this context, the general understanding of the parame-
ters affecting the catalytic cycle and the search for efficient
catalytic systems providing linear telomers in good yield
and selectivity, are of high interest from both academic and
industrial perspectives. Here, we report that the selectivity
of isoprene telomerization is determined by both the sol-
vent and the ligand, which has allowed us to find Pd/lig-
and/solvent catalytic systems for isoprene telomerization
with Et,NH that provide telomers 1, 2 and 3 in high yields
and excellent selectivities (>90% ) (Scheme 2b).>> Atomis-
tic DFT calculations in combination with kinetic simula-
tions allowed for the first time the understanding of the
role of solvent and ligand and provided a complete mech-
anistic picture of this challenging reaction.

RESULTS AND DISCUSSION
Catalysis

Initially, we assessed the influence of different parameters
on the selectivity. First, we evaluated the effect of solvents
by systematically varying their acidity from 2,2,2-trifluoro-
ethanol (TFE) (pKa= 12.4) to tert-butanol (tBuOH)
(pKa=19.2) (see Table 1). The reactions of isoprene with
Et,NH were performed using Pd(OAc),/PPh; (P1), and
Pd/L (1:1.5) (see SI, Tables S1-S18, for reaction optimiza-
tion). Interestingly, the results showed a progressive shift
of selectivity from 1+2 to 3+4 upon going from TFE to
tBuOH, while the yield decreased concurrently. Specifi-
cally, the selectivity of the reaction progressively shifted
from telomer 2 (91%) to telomer 3 (80%) (Table 1, entries 1
and 6). In an aprotic solvent such as DMF, telomers 3 (76%)
and 4 (24%) were obtained, while telomers 1 and 2 were not
detected (Table 1, entry 7). Other aprotic-polar solvents
such as DMA and N-methyl-2-pyrrolidone were also tested
and provided similar results. Note that for telomers 1 and
2, protonation occurred at a substituted carbon, while for
telomers 3 and 4, protonation occurred at a non-substi-
tuted carbon (see below for rationalization). The solvent
effects were tested on other ligands driving the reaction in
TFE, MeOH and DMF. For simple disphosphines dppe (P5)
and dppp (P6), we observed the same general trend, that
is, excellent selectivities towards telomers 2 and 3 in TFE
and DMF solvents (up to 96% with dppp in both cases),
respectively, and the preference for telomer 1 in MeOH
(Table 1, entries 9-14). In addition, decreasing solvent acid-
ity (increasing pKa) decreased the reaction yield, and heat-
ing was required to obtain good yields in the presence of
DMF (Table 1, entries 8, 11 and 14).

The temperature mainly influenced the conversion and, to
a lesser extent, the selectivity. When the reaction in TFE
was heated at 50°C, selectivity to telomer 2 decreased,
while cooling to -10°C increased the selectivity of 2 to 97%,
although at the expense of the reaction rate. Conversely,
when the reaction was performed in DMF at 80°C, the yield
of telomer 3 increased strongly, while selectivity improved
slightly (Table 1, entry 8). The use of bulky amines mainly
influenced the reaction yield (Tables S7 and S10).



We also studied the influence of reaction parameters, such
as Pd precursor, Pd loading, HNEt2/isoprene ratio and
structure of amine, in both TFE and DMF as solvents (see
SI, Tables S3-S12). The main results can be summarized as
follows: 1) In the absence of ligands telomers were not
formed in any solvent. 2) In TFE: i) all palladium precursors
and phosphines tested provided high selectivity to 2 (84-
92%); ii) an increase of palladium loading increased per-
centage of monomeric byproducts resulting from the addi-
tion of HNEt2 to isoprene; iii) when the HNEt2/isoprene
ratio increased from 1 to 2.74 selectivity towards telomer 2
decreased from 91% to 36%, while increased the selectivity
towards 1 from 9% to 48%; iv) the use bulky secondary
amines provided excellent selectivity in telomer 2, but
yield decreased. 3) In DMF: i) the telomer 3 was the major

product with selectivities higher than 80% for a set of
mono- and diphosphines; ii) the excess of Et2NH had no
effect either on yield nor selectivity; iii) the use bulky sec-
ondary amines also provided excellent selectivities in te-
lomer 3, but also in this case, the yield decreased. 4) In an-
hydrous DMF, the reaction did not evolve.

In this context, we hypothesized that the selectivity of the
other two telomers 1(TH) and 4(HT) may result from lig-
and control. Consequently, we screened structurally differ-
ent ligands, including diphosphines (P4-P12), hemilabile
P,N and P,O ligands (P13, P16), electron-poor phosphines

(P22-P24) and sterically hindered monophosphines (P2,
P14, P15, P17-P21) (Table 2, see full selectivity data in Sup-

plementary Tables S11-S18).

Table 1. Solvent effect in the Pd(OAc),/ligand catalyzed telomerization of isoprene in the

presence of Et,NH.?

HNE,
Z P EN o~ +EtzNW + Et2Ns)\/\/\( + E‘ZNW
solvent 1, tail-to-head 2, head-to-head 3, tail-to-tail 4, head-to-tail
Entry Ligand Solvent Yield Telom. Ratio Ratio
(%) 1/2/3/4 142 /3+4
1 PPh, (P1) TFE 86 o9/91/0/0 100 : 0
2 PPh; (P1) MeOH 99 51/29/19 /1 80:20
3 PPh, (P1) EtOH 93 39/ 08/ 27/ 26 47:53
4 PPh; (P1) PrOH 46 24/04/36/36 28 :72
5 PPh; (P1) iPrOH 38 13/03/47/37 16 : 84
6 PPh, (P1) tBuOH 8 02/03/80/15 5:95
7 PPh; (P1) DMF 6 o/o0 /76/24 0 :100
8 PPh, (P1) DMF® 63 02/08/87/03 10 : 9O
9 dppe (Ps5) TFE 99 06/92/01/01 98:2
10 dppe (Ps5) MeOH 84 62/12/21/05 74 : 26
1 dppe (Ps5) DMFP 98 01/02/94/03 3:97
12 dppp (P6) TFE 83 03/96/01/0 99 :1
13 dppp (P6) MeOH 82 64 /16 /17/ 03 80:20
14 dppp (P6) DMF® 99 01/02/96 /01 2:97

2 Conditions: [Pd] (0.05 mmol), PPh3 (0.075 mmol), dppe and dppp (0.05 mmol), isoprene (10 mmol),
Et2NH (10 mmol), solvent (2 mL), r.t., 24 h. ® 80°C, Et3N (20 mmol).

The reaction was conducted at room temperature in a sol-
vent with an intermediate pKa, such as methanol, in which
telomer 1 had been preferably obtained (Table 1), and with
[Pd(n3-C;H;)(COD)]BF, as precursor.® Diphosphines, as
well as electron poor monophosphines, provided low
yields. In all cases, selectivities >50% to telomer 1 were ob-
tained. Interestingly, using ligand Pi4a, a 92% selectivity

to telomer 1 and 85% yield were obtained (Table 2). Exten-
sive screening of solvents and reaction conditions using
the [Pd(n3-C;H,)(COD)]BF,/P1g4a catalytic system always
afforded telomer 1 as the major product. However, this lig-
and also afforded up to a 97% of telomer 2 when the reac-
tion was performed in TFE.



Table 2. Screening of phosphine ligands in the Pd-catalysed telomerization of isoprene in MeOH. The yield of
telomere mixture and only the selectivity for telomer 1 are shown.

[Pd]/L

)v/ NUM + NUW + NUM + NUW
Et,NH, MeOH

conditions® Tail-tohead (1) Head-tohead (2) Tail-to-tail (3) Head-to-tail (4)
PCy; P2
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n e
ipa CETT ey pen © ° 'Ol
n=2 P5 2 2 PPh, PPh, P(NEt,)P(NEty),
n=3 P6 P8 P9 P10 P11 P12
n=4 P7 “) ) (5% y., 52%) (25% y., 66%) (1% vy., 49%)

(26-69% y., 69-76%)

R
® PR ®
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NMe,
g
P14 b R=Ph

¢ R=tBu
P13 P14a P15

(83% y.,75%) (85% y., 92%) (3% y., 59%)

N\ 7\
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Meo©
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CF3 CFs FsC CFy
T, R _F
P
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O OMe
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MeO O OMe O O

P16 P17 P18
(68% y., 49%) (97% y., 58%) )

F F
FsC CF, CF,
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¢ (52% y., 63%) (1% y., 74%)

a Conditions: [Pd(n3-C3H5)(COD)]BF4 (0.05 mmol), ligand (0.05 mmol for diphosphines and 0.075 mmol for monophosphines),
isoprene (10 mmol), Et2NH (9.6 mmol); MeOH (2 mL), r.t., 24h. b 95% sel. for telomer 2 (see ref. 19).

Intermediate detection and synthesis.

In the catalytic study, it was observed that the solvent pKa
and ligands had a strong influence on both the activity and
the selectivity of the reaction. To shed light on the mecha-
nism we initially performed in operando 3P NMR experi-
ments using Pd(OAc),/PPh,/isoprene in TFE and DMF.
Under catalytic conditions a single signal was detected in
each solvent at 26.5 ppm (TFE) and 26.3 ppm (DMF), which
were initially attributed to intermediate complexes 8(HH)
and 8(TT), respectively (Scheme 3). To confirm the assign-
ment of these complexes, we performed the independent
synthesis of complexes 8, following the procedure reported
for butadiene (Scheme 3).324252¢ Thus, telomers 1-3, ob-
tained in the catalytic experiments, were first converted
into the corresponding alcohols 5-7 (Scheme S1),>” which
were then treated with Pd(dba), and triphenylphospho-
nium tetrafluoroborate, to obtain the corresponding com-
plexes 8(TH), 8(HH), and 8(TT), which were characterized
by single-crystal X-ray crystallography (Scheme 3, Figure
S3, Tables S22, S23). In the 3 complexes, a distorted square
planar geometry was observed where the 2,7-octadiene-1-
yl ligands were bonded to Pd through an ns-allylic frag-
ment (C6, C7, C8) and a chelating n*-olefin tail (C1, C2),

with distinct orientations. The Pd-P bond lengths were
very similar (ca. 2.32 A) Complex 8 (T-T) showed a trans-
cis-syn configuration while 8 (H-H) presented a 2-trans-
anti configuration. The large steric demand of the octadi-
enyl ligand is illustrated by the Ci-Pd-C8 angle close to

o

180°.

The 3P NMR data of complexes 8(HH) and 8(TT) were
fully coincident with those obtained under catalytic condi-
tions. Other possible reaction intermediates were also pre-
pared (see SI) but were not detected under catalytic condi-
tions.

In an additional experiment, complexes 8(TH), 8(HH) and
8(TT) were treated with Et,NH (2 equiv./Pd) at room tem-
perature for 30 minutes, and the corresponding telomers
1,2 and 3 were formed exclusively, confirming that the lin-
ear telomers were formed from the intermediates 8, with
retention of the regioselectivity. Complex 8(HH) was also
dissolved in DMF, which favors the formation of isomer
8(TT), heated to 60°C, and the evolution was monitored by
3P NMR, but not new signals appeared after 6 h, discarding
the interconversion between these isomers.



Scheme 3. Synthesis of complexes 8(TH), 8(HH),
8(TT), and their X-ray structure (BF, anions are omit-
ted for clarity, ellipsoids are drawn at 50% probabil-

ity).
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Computational characterization of the reaction
mechanism.

To understand the factors controlling the selectivity in the
palladium-catalyzed telomerization of isoprene with
amines, we carried out a systematic DFT study under dif-
ferent solvent conditions and performed kinetic simula-
tions.”® Based on previous mechanistic studies on butadi-
ene telomerization,*"7 and in the characterization of cata-
lytic intermediates described above, we proposed for the
isoprene telomerisation with Et.NH catalyzed by Pd/PPh,
(P1), a catalytic cycle consisting of four main steps as illus-
trated by Figure 1: (1) isoprene coordination and oxidative
coupling to form the allyl-alkyl intermediate Bp,, (2) proto-
nation of Bp, to yield the cationic allyl-alkene species Cp,,
(3) nucleophilic amine attack and reductive elimination
giving Pd(o) complex DHp,, and (4) hydrogen abstraction
to yield Dp,. Figure 1 also shows the computed free-energy
values for the four paths yielding the four telomers in TFE
and tBuOH solvents.

Among the possible bi- and tricoordinated Pd(o) pre-cata-
lyst species, the Pd(PPh;), complex turned out to be the
most favorable energetically. From Pd(PPh;),, the reaction
is initiated by replacing one phosphine ligand and coordi-
nating two isoprene units to the Pd(o) centre, yielding the
Ap, structure. The carbon-carbon oxidative coupling in Ap,
results in a m3,n3-diallyl-Pd(Il) intermediate that rear-
ranges to the more stable n',n3-diallyl-Pd(II) complex Bp,
via barrierless isomerization.”7 Palladium complexes with
nY,n3-diallyl ligands have been experimentally isolated and
characterized as a potential intermediate in Pd-catalyzed
reactions with butadiene.? Note that the n'- and n3-allyl
moieties can be formed from either the tail or the head
sides of the original isoprene substrate, allowing us to dis-
tinguish between the TH and HT paths (Figure S7).
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Figure 1. Computed catalytic cycle for the telomerization of
isoprene with Et,NH catalysed by the Pd/PPh, (P1) system, de-
picting path HH. Relative free-energy for TH (1 row, red),
HH (2" row, black), TT (3" row, green) and HT (4" row, blue)
in TFE and in tBuOH (shown in parenthesis).

The protonation of the intermediate Bp, gives the observed
cationic Pd(II) intermediate Cp,. Direct protonation by the
secondary amine Et,NH via external attack or via previous
coordination to palladium can be discarded because of the
high energy associated with the processes (> 40 kcal-mol-
1). Alternatively, as previous DFT studies on butadiene
isomerization suggests,” the Et,NH,* species, resulting
from deprotonation of the acidic hydrogens of the solvents,
can act as a proton source (Figure 1). We selected the two
alcohol solvents with the most extreme acidity, TFE and
tBuOH. The free energy cost associated with the deproto-
nation process (AG = 2.1 and 114 kcal-mol”, respectively)
was estimated using the experimental pKa values (Table
S24). Thus, the calculation of the overall free-energy bar-
rier for protonation can be divided into three additive steps
avoiding the calculation of charge separation processes: (1)
the free energy cost for deprotonation derived from exper-
imental pKa values, (2) the entropic term associated with
the formation of the hydrogen-bonded adduct between
Et,NH.,* and Bp, assuming that the hydrogen bonds are
similar to those set with the solvent, and consequently, the
associated enthalpy can be set to zero, and (3) the free en-
ergy cost for the hydrogen transfer from the hydrogen-
bonded adduct. Note that the protonation barrier depends
strongly on the acidity of the solvent; the higher the pKa is,
the larger the energy barrier (1.4 Kcal/mol per pKa unit),
resulting in the same increase for all isomeric paths. This
reaction step is clearly exergonic, leading to the low-energy
intermediate Cp, in full agreement to analogous experi-
mentally characterized complexes 8.



Once the Pd complex is activated via protonation
(Cr1), there is an external nucleophilic attack by
Et:NH at the w-allyl moiety to form the observed
linear telomer with moderate free energy barriers.
Then, the resulting quaternary amine in DHp1 is
deprotonated by the conjugated base of the solvent
(alkoxide) present in the medium to yield the prod-
uct coordinated to the Pd(0) centre and regenerate

the solvent (Figure 1). In this case, the analysis of
deprotonation of DHp, by non-solvated alkoxide molecule

indicates a barrierless process. Importantly, from Cp1
intermediates, the forward barriers to give the final
product are significantly lower in energy than
those in the reverse reaction to give Bpi, further

supporting the irreversibility of protonation.

The overall catalytic cycle depicted in Figure 1 reveals two
different kinetic scenarios (I and II) for acidic TFE and non-
acidic tBuOH solvents. In TFE, the protonation step is fast
and irreversible, making oxidative addition the selectivity-
determining step (kinetic scenario I). Accordingly, assum-
ing a Boltzmann distribution of the relative energies of
transition states for oxidative addition, for TS1p,, the pre-
dicted isomer distribution is 4%, 91%, 1%, and 4% for te-
lomers 1, 2, 3 and 4, respectively, in excellent agreement
with the experimental values (Table 1, entry 1). The kinetic
modelling using the energy parameters of Figure 1 gives the
same isomer distribution, indicating that the high concen-
tration of solvent as reactant speeds up the protonation
step, in a scenario in which the transition states (TSzp,)
have very close energy to those for C-C coupling (TS1p,).

For the low acidic tBuOH solvent, the free-energy cost as-
sociated with its deprotonation process rises, resulting in a
higher-laying transition states for protonation (TSzp,).
Therefore, we might have a different kinetic scenario, slow
protonation and reversible oxidative coupling (kinetic sce-
nario II), in which protonation is the selectivity-determin-
ing step. In this case, the calculated isomer distribution
from the relative free-energies of TS2p, (0.4%, 2%, 83% and
15% for telomers 1, 2, 3 and 4), respectively, also fits very
well with the experimental results (Table 1, entry 6). An-
other consequence of reducing solvent acidity is the in-
crease in the overall free-energy barrier by ~6.5 kcal-mol-,
which agrees with the observed decrease in reaction rate
from TFE to tBuOH.

Origin of the solvent control of selectivity.

The decrease in solvent acidity causes a continuous shift in
the selectivity-determining step from oxidative addition to
protonation, therefore, the features of both steps need to
be analyzed separately to understand the origin of the se-
lectivity. In the acidic solvent TFE (kinetic scenario I), the
preferred path HH proceeds via coordination of two iso-
prenes to Pd through the tail moieties, adopting an alter-
nate conformation that avoids steric repulsion between the

two methyl groups (Figure 2) in the corresponding transi-
tion state TS1p,. The other possible coordination modes in-
volve the isoprene interaction with Pd through one tail and
one head moieties (TH and HT paths) and through both
head moieties (TT path). The energy analysis of the differ-
ent paths in oxidative addition (Figures 1 and 2) indicates
that bringing the substituted alkene fragment (head) to the
coordination sphere of palladium has a negative impact on
the stability of the Ap, and TS1p, species because of the in-
crease of steric hindrance.

THIHT (+1.9)

/

/\\’.;/ /7

-
F'|

TT(+2.6)

Figure 2. Molecular structures of the transition states for oxi-
dative coupling of the two isoprenes (TS1p,) and relative free-
energies in kcal-mol-.

For the low acidity solvent tBuOH (kinetic scenario II), we
analysed the intermediate Bp,, which must be protonated
at the alkene, y-carbon of the n'-c-allyl moiety, to yield the
intermediate Cp,. Following Markovnikov’s rule for the ad-
dition to non-symmetric alkenes, protonation is favored at
the less substituted carbon, as displayed by the TT (3) and
HT (4) paths, which show lower free-energy barriers than
the TH (1) and HH (2) isomers (Figure 3). Accordingly, the
analysis of charge distribution in Bp, demonstrates that Cy
is more negatively charged for isomers TT (3) and HT (4).
Finally, we attribute the preference of the TT path over the
HT path to the steric factors associated with the different
substitution pattern of the n3-n-allyl moiety, as manifested
in their relative energies in the Bp, intermediate.

The control of selectivity by the solvent is illustrated in Fig-
ure 4, which displays the evolution of isomer distribution
as a function of the pKa values derived from kinetic mod-
elling. Note that pKa values are very sensitive to the media
in which they are determined. In this case, using the aver-
age values between the tabulated pKa values in aqueous
media and their values for autoprotolysis, we found an ex-
cellent fitting of the kinetic model to the experimental se-
lectivity, particularly the percentage of evolution from 1+2
to 3+4 (Figure 4 and SI for detailed discussion on pKa val-
ues). The simulations show that increasing the pKa value,



reduces the percentage of isomer 2 exponentially, while the

percentage of isomer 3 increases exponentially.

TH (AG*=23.6)

a(Cy)=0.00

HH (AGt =22.5)

q(Cy)=-0.01

HT (AG* =20.8)

TT (AG*=21.0)

Pd
PhsP”

a(Cy) =-0.44

q(Cy)=-0.50

Figure 3. Electrostatic based atomic charges (a.u.) for the y
carbon of the n'-c-allyl moiety of the Bp, intermediate and
free-energy barriers (AG?) for the protonation step in tBuOH
solvent in kcal-mol-~.
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Figure 4. Microkinetic modelling of the percentage evolution
for each isomer, top, and of the percentage evolution for (1+2)
and (3+4), bottom, as a function of the solvent pKa. Dots and
dotted lines correspond to experimental values, while solid
lines correspond to simulated values.

Isomers 1and 4 follow a bell-shaped distribution with max-
imums at intermediate pKa values. At intermediate pKa
values, the selectivity is not governed by a single step, oxi-
dative coupling (TS1p,) or protonation (TS2p,), but the
slowest reaction step depends on the isomer, leading to a

more complex kinetic scenario. Thus, our simulations for 3
and 4 are able to reproduce the shape and the position of

100%
Telomers's selectivity (DMF)
80% f——

TT(3)

60% -
40% -

20% +——m

0%

-log[H,0]

Figure 5. Microkinetic modelling of the percentage evolution
for each isomer as a function of the amount of water impuri-
ties in DMF solvent. Initial simulated conditions: Pd(PPh,),
(0.075 mmol), isoprene (10 mmol), Et,NH (10 mmol), solvent
(2 mL), 25°C, 24 h.

the evolution curve but not the quantitative proportions of
the two isomers.

Another striking observation is that aprotic solvents such
as DMF provide 3 as a major isomer with a low yield, even
when the acid-base equilibrium between the solvent and
the amine is not possible. Here we propose that water im-
purities of the solvent catalyze the reaction by generating
Et,NH.* species in a similar way as TFE and tBuOH.> Fig-
ure 5 plots the simulated variation in isomer distribution
as a function of water content obtained by kinetic model-
ling using the energy parameters from the DFT calcula-
tions (Figure Sg). At low water concentration (< 10 M), we
reproduced 3 as a major isomer; and in this case, we note
that including diffusion energy barrier in the kinetic model
would also predict isomer 3 for larger amount of water.
More interestingly however, the percentage evolution of
the isomers as a function of protic solvent content is anal-
ogous to that as a function of solvent pKa (compare Figures
4 and 5). Additional experiments reducing systematically
TFE amount confirm the shift of selectivity from 2 to 3 and
the reduction of catalytic activity (see Table Sig), in full
agreement with the proposed kinetic model.

Origin of ligand control of selectivity.

Experimental ligand screening in methanol (Table 2, Ta-
bles S11-S18) has shown that using the sterically hindered
monophosphine Pi4a, the reaction can be directed to-
wards isomer 1. Interestingly, the same catalytic system
gives isomer 2 as the major product in TFE, while the se-
lectivity towards 1 is somewhat reduced in tBuOH (see Ta-
ble S17). We computed the full catalytic cycle for the
Pd/P14a catalyst (Figure Si0), and Figure 6 shows the mo-
lecular structures of the transition states for the key proto-
nation step (TS2p,,). From the PPh, to P14a ligand, proto-
nation at the substituted y-carbon through TH (1) path be-



comes energetically preferred, indicating that the selectiv-
ity in the protonation step is not electronically but steri-
cally controlled.

(\[_j, }
HT (+2,0)

TT(+1,0)

Figure 6. Molecular structures of the transition states for pro-
tonation (TS2p,,) by the Pd/P14a catalyst and relative free-en-
ergies in kcal-mol™.

The conformation of the Pi4a ligand places the mesityl
substituent of the imidazole ring over the metal centre
(Figures 6 and Su), hindering one coordination site and
blocking ligand rotation around the Pd-phosphine bond,
which provides more rigid Pd-ligand scaffold. Thus, in the
TT (3) and HT (4) paths, the methyl substituent at the B-
carbon of the n'-c-allyl moiety suffers a repulsive steric in-
teraction with one cyclohexyl substituent of the phosphine
ligand, while in the HH (2) path, the alternated confor-
mation of the two methyl substituents results in a destabi-
lizing interaction between the methyl of the n-allyl moiety
and the mesityl group of the phosphine (Figures 6 and Su).
The calculated isomer distributions from the relative free-
energies of TS2p,, (0.0, +2.3, +1.0, 2.0 kcal mol™ in Figure 6)
were 81%, 2%, 14% and 3% for 1, 2, 3 and 4, respectively,
while those from TS1p,, (+3.1, 0.0, +8.5 and +3.1 kcal mol™ in
Figure S12) were 0.5%, 99%, 0% and 0.5%, respectively.
Thus, in low-acidity tBuOH solvent (76% of 1), the selec-
tivity is governed by the protonation step (TS2p,,) favour-
ing isomer 1, while in high-acidity TFE solvent (93% of 2) it
is governed by oxidative C-C coupling (TS1p,,). For MeOH
solvent (92% of 1), we propose that protonation is still the
selectivity-determining step but the TS2p,, species become
closer in energy to TSipy,, in which the TT (3) path is steri-
cally blocked (relative free-energy of +8.5 kcal mol”), in-
creasing the proportion of 1 at the expense of 3.

CONCLUSION

A combined experimental and computational study
showed that solvent and ligand are both responsible for
controlling the selectivity in the isoprene telomerization
catalyzed by palladium complexes. The solvent control oc-

curs as a function of its pKa, which is responsible of a con-
tinuous shift of the selectivity-determining step. For acidic
solvents (TFE), the protonation step is fast and irreversible
(kinetic scenario I), and the selectivity is governed by the
C-C oxidative coupling. Under these conditions, the cata-
lyst favours the least sterically demanding HH path (te-
lomer 2), which minimizes substrate-substrate and ligand-
substrate repulsive interactions. As solvent acidity de-
creases (e.g. tBuOH), the protonation step becomes slower
and more influential in the selectivity (kinetic scenario II),
favoring the formation of telomer 3 (TT), which is more
easily protonated at the non-substituted carbon of the
ny,n3-diallyl. The ligand P14a directs the selectivity towards
the telomer 1 (TH) in moderately acidic solvents though
the steric control of the protonation step via the mesityl
substituent of the imidazole ring, which generates a more
hindered and rigid metal-ligand scaffold. As a consequence
of this study, telomers 1-3 were obtained in high yields and
selectivities >90% using palladium catalysts.
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