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of Sulfonylimines with Trifluoro ACHTUNGTRENNUNG(allyl)borates and Allylstannanes: A
Combined Experimental and Theoretical Study
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Introduction

Palladium-catalyzed nucleophilic allylic substitution is an
important and versatile synthetic procedure for generating
new carbon–carbon and carbon–heteroatom bonds.[1,2] Al-
though application of nucleophiles in allylic substitution re-
actions is a well established area in palladium catalysis, em-
ployment of electrophilic reagents still receives a lot of cur-
rent interest.[3–18] It has been shown that palladium catalysts
can be employed for the electrophilic allylation of variety of

electrophiles, such as aldehydes and imines. Most of these
allylation reactions are based on catalytic formation of a bis-
ACHTUNGTRENNUNG(allyl)palladium intermediate, which subsequently reacts
with the electrophile (Scheme 1).[3–12] However, the diverse
reactivity of bis ACHTUNGTRENNUNG(allyl)palladium intermediates imposes sever-
al synthetic limitations on these processes. For example, the
control of the chemo- and regioselectivity of the catalytic
transformations may be difficult because of the isomeriza-
tion processes of the bis ACHTUNGTRENNUNG(allyl)palladium intermediates
(Scheme 1).[7–9,19–21]

Recently, however, we have reported[14–18] a new catalytic
application proceeding through a (mono)allylpalladium in-
termediate, which undergoes regioselective electrophilic al-
lylation of aldehydes and sulfonylimines (Scheme 2). In
these processes so-called palladium-pincer complexes[22–28]

(comprising terdentate ligands) were applied as catalysts. It
was shown that most of the limitations of the electrophilic
allylation reactions via bis ACHTUNGTRENNUNG(allyl)palladium intermediates
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(Scheme 1) can be avoided by using these catalysts. A wide
variety of palladium-pincer complexes[29–32] can be employed
in these transformations; however, phosphorous-based com-
plexes 1a–c produced the highest catalytic activity in the al-

lylation reaction. The pincer complex catalyzed transforma-
tions proceed with excellent regioselectivity, providing the
branched allylic isomer, while the stereochemistry of the al-
lylation is dependent on the applied electrophile.[14–17] Thus,
the reaction proceeds with anti selectivity for allylation of
aldehydes, while predominantly the syn diastereomer is
formed when using sulfonylimines as substrates (Scheme 2)
DFT modeling of the allylation of aldehyde electrophiles

revealed[15] that the role of the terdentate pincer ligand is to
render the allyl moiety nucleophilic by formation of an h1-
allylpalladium intermediate.[15] These studies also showed
that the reaction takes place at a single coordination site on
palladium, and the coupling to the aldehyde proceeds at the
g-carbon of the allyl moiety. Allylation of imines[5,33–38] is
usually a more challenging task than that of aldehydes, and
therefore it is desirable to develop new regio- and stereose-
lective synthetic solutions for this reaction. However, the
mechanism of the palladium-pincer complex catalyzed reac-
tion of allylic substrates with imines has not been investigat-
ed before, and thus the syn diastereoselectivity of the reac-
tion is not fully understood. Thus, we decided to explore the

synthetic scope of these pro-
cesses by employment of substi-
tuted allylstannanes and potas-
sium trifluoro ACHTUNGTRENNUNG(allyl)borates, as
well as to study the mechanism
of the pincer complex catalyzed
electrophilic allylation of sulfo-
nylimines. These studies involve
employment of various allylic
substrates (2–3) with different

steric bulk and imines (4a–d) comprising both electron-with-
drawing and -donating substituents. We have also studied
the formation of the active catalytic intermediate from po-
tassium trifluoro ACHTUNGTRENNUNG(allyl)borate and palladium-pincer complex
1a. Furthermore, we carried out DFT-modeling studies to
explore the mechanism of the allylation process of sulfonyl-
imines and to understand the syn selectivity of the reaction.
We have also analyzed the mechanistic differences between
the palladium-pincer complex catalyzed allylation of imines
and aldehydes.[14–17]

Experimental Studies

We have recently shown that palladium-pincer complexes
are highly active catalysts in the coupling reaction of allyl-
stannanes with aldehydes and sulfonylimines.[14–16] The em-
ployed mild reaction conditions allowed for the presence of
many functional groups. This reaction is highly regioselec-
tive, as the branched homoallylic product is formed upon
employment of substituted allylic substrates. Interestingly,
the reaction of substituted allylstannanes with aldehydes
proceeds with anti selectivity, while the corresponding reac-
tion with imines affords the syn products. Subsequently, we
have demonstrated that potassium trifluoro ACHTUNGTRENNUNG(allyl)borate can
be used as allylating reagent in place of allylstannanes.[17]

Application of this reagent represents an important step for
broadening the synthetic scope of electrophilic allylation re-
actions, as functionalized trifluoro ACHTUNGTRENNUNG(allyl)borates are more
easily accessible[39,40] and more stable reagents than allyl-
stannanes. Another advantage is that substituted trifluoro-
ACHTUNGTRENNUNG(allyl)borates are less sensitive to cis–trans isomerization
than the corresponding allylstannanes. For example, crotyl
trifluoro ACHTUNGTRENNUNG(allyl)borates can be produced and stored as pure
Z[39] and E isomers,[39,40] whereas the crotyl stannanes readily
undergo isomerization affording a mixture of E/Z isomers.
Recently, we have reported[40] a new simple method for the
synthesis of functionalized trifluoro ACHTUNGTRENNUNG(allyl)borates, which
allows the study of the reactivity and selectivity of substitut-
ed allyl boronates, such as cinnamyl derivative 2b.
To investigate the stereoselectivity of the palladium-

pincer complex catalyzed allylation of sulfonylimines we
employed methyl and phenyl-substituted trifluoro-
ACHTUNGTRENNUNG(allyl)borates (2) and allylstannane (3) reagents (Scheme 3
and Table 1). The sulfonylimine reagents (4a–d) comprised
electron-withdrawing and -donating groups so that the sub-
stituent effects of the electrophile on the stereoselectivity of

Scheme 1. Electrophilic allylation via a bis ACHTUNGTRENNUNG(allyl)palladium intermediate.

Scheme 2. Palladium-pincer complex catalyzed electrophilic allylation.
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the process could be studied. The reactions of allyl boro-
nates 2a–b with sulfonylimines 4a–b were conducted in the
presence of 5 mol% of the catalyst 1a or 1d[41] (Scheme 3).
In these reactions, DMF was employed as the solvent as
both the catalysts and potassium trifluoro ACHTUNGTRENNUNG(allyl)borate salts
were readily soluble in this solvent. Previously, we have
shown[17] that pincer complex 1a[29] catalyses the reaction of
crotyl borate 2a[39] with imine 4a at 40 8C (in 48 h) affording
the branched allylic product 5a. However, by using this cat-
alyst (1a), the isolated yield was only 40% and the syn/anti
selectivity was low (65:35). We envisioned that the bisphos-
phite-based pincer complex 1d[41] would provide a higher re-
activity than 1a, because of the high p-acceptor ability[42,43]

of the pincer ligand. Indeed, by using 1d as the catalyst
(entry 1) the reaction can be conducted at 25 8C with in-
creased yield (60%); however, the stereoselectivity of the
reaction was poor (6:5). Employment of fluoro-substituted
imine 4b (entry 2) resulted in an even higher yield (80%) of
the corresponding product (5b), although with the same low
diastereomeric ratio (6:5). Potassium cinnamyl borate

(2b)[40] reacted readily with 4a in the presence of 1a
(entry 3) affording homoallylic amine 5c in 77% yield and
with 9:1 syn/anti selectivity. The high diastereoselectivity in
this reaction indicates the importance of the steric effects of
the allylic substituents on the stereoselectivity of the process
(compare entries 1 and 3).
We also compared the reactivity of allyl boronates and al-

lylstannanes. Interestingly, cinnamyl stannane 3 reacted
somewhat slower than its boronate analogue 2b (compare
entries 3 and 4). Similar to allyl boronate 2a (entries 1
and 2), allylstannane 3 also reacted faster with catalyst 1d
than with 1a (entries 5 and 6), without altering the diaster-
eoselectivity of the process. The reaction rates also depend
on the substituent effects of the applied imines. The parent
imine 4a and the fluoro-substituted derivative 4b react
faster than the methoxy derivative 4c (entries 5–7). The
regio- and stereoselectivity of the allylation is very similar
for allyl boronates and allylstannanes (compare entries 3
and 4). The presence of an electron-withdrawing fluorine in
the imine component did not affect the stereoselectivity of
the reaction (compare entries 5 and 6). On the other hand,
application of a methoxy substituent in imine 4c (entry 7)
improved the diastereoselectivity of the process (19:1).
We also investigated the importance of the steric bulk of

the sulfonyl group on the reactivity and selectivity of the re-
action. It was found that methane-sulfonylimine 4d is more
reactive than 4a and that the diastereoselectivity for forma-
tion of 5 f (19:1) is somewhat higher than for 5c (10:1). This
higher selectivity can probably be ascribed to the fact that a
lower reaction temperature was required to synthesize 5 f.

Stoichiometric Reaction with TrifluoroACHTUNGTRENNUNG(allyl)borate

We have previously shown[15] that the active allylating agent
in the coupling reaction of allylstannanes with aldehydes or
sulfonylimines is an h1-(mono)allylpalladium complex
formed from complex 1a. As shown above, allyl boronates
are promising alternative reagents for the allylation of
imines, and therefore we wanted to ensure that the active al-
lylating agent of the reaction is the same as with allylstan-
nanes. Thus, we studied the stoichiometric reaction of
trifluoro ACHTUNGTRENNUNG(allyl)borate (2c) with 1a in [D6]acetone
(Scheme 4). The 1H NMR spectrum of the process
(Figure 1) clearly shows the characteristic signals[15] of the a-
and g-protons of the h1-allyl moiety of 1e appearing at d=
2.30, 3.85, and 4.16 ppm, respectively (Figure 1).

Scheme 3. Stereoselective palladium-pincer complex catalyzed allylation
of sulfonylimines.

Table 1. Diastereoselective palladium-pincer complex catalyzed allyla-
tion of sulfonylimines

Entry Allyl Imine Cat. Conditions
[8C]/[h][a]

Solvent Product Yield
[%][b]

dr[c]

1 2a 4a 1d 25/48 DMF 5a 60 6:5
2 2a 4b 1d 25/48 DMF 5b 80 6:5
3 2b 4a 1a 20/17 DMF 5c 77 9:1
4 3 4a 1a 40/20 THF 5c 80 10:1
5 3 4a 1d 25/20 THF 5c 77 10:1
6 3 4b 1a 40/24 THF 5d 75 10:1
7 3 4c 1a 40/36 THF 5e 77 19:1
8 3 4d 1a 20/24 THF 5 f 80 19:1

[a] Reaction temperature/time. [b] Isolated yield. [c] Diastereomeric ratio
(syn/anti) determined by 1H NMR spectroscopy.

Scheme 4. Reaction studied by NMR spectroscopy.
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The 31P NMR spectrum of this reaction shows a sole sin-
glet at 148.5 ppm, indicating that both phosphorous atoms
are symmetrically coordinated to palladium in 1e
(Scheme 4). Considering the above we conclude that by
using either allyl boronate or allylstannane reagents, com-
plex 1e is the active intermediate in pincer complex cata-
lyzed allylation of imines with 1a.
There is, however, an interesting difference in formation

of 1e from allyl boronates or from allylstannanes. The reac-
tion of allyl boronate 2c and 1a was completed in about
15 min at 25 8C, involving a full conversion of 1a to 1e
(Scheme 4). On the other hand, the analogue reaction using
allylstannanes with 1a is an equilibrium process,[15] and
therefore 1a could be observed in the reaction mixture,
even in the presence of large excess of allylstannane.

DFT Modeling of the Electrophilic Allylation of
Sulfonylimines

The above experimental studies clearly indicate that the
active intermediate of the allylation reaction is complex 1e,
formed from the allylating reagent (2 or 3) and 1a. A fur-
ther important step of the catalytic reaction is the transfer
of the allylic moiety from 1e to the imine substrate (4). As
shown above, by using substituted allylating reagents this re-
action proceeds with syn stereoselectivity. This selectivity is
in sharp contrast with the selectivity in the allylation of alde-
hydes occurring with predominant formation of the anti dia-
stereomer.[15] The different stereoselectivity indicates impor-
tant mechanistic differences in allylation of imines and alde-
hydes. To gain insight into the mechanism of the transfer of
the allyl moiety from palladium to sulfonylimines, we car-
ried out DFT calculations. The results of these calculations
were also compared to the DFT-modelling studies on the al-
lylation of aldehydes to analyze the mechanistic differences
between substitution of aldehyde and imine substrates.

Computational methods : All geometries were fully opti-
mized employing a Becke-type[44] three-parameter density
functional model B3PW91 with a double-z(DZ)+P basis
constructed from the LANL2DZ basis[45–47] by adding one
set of polarization functions to the heavy atoms (exponents:
C 0.630, N 0.864, O 1.154, P 0.340, S 0.410) and one set of

diffuse d-functions on palladium (exponent: 0.0628). Har-
monic frequencies have been calculated at the level of opti-
mization for all structures to characterize the calculated sta-
tionary points and to determine the zero-point energies.
Fully optimized transition-state structures 7a–i and 9a–b
(Figure 2) have been characterized by a single imaginary

frequency, while the rest of the optimized structures possess
only real frequencies. All calculations were carried out by
employing the Gaussian 03 program package.[48]

Reaction profile for the electrophilic allylation reaction :
The DFT calculations involved exploration of the possible
reaction paths for transferring the h1-allyl moiety from palla-
dium to the imine substrate. The most important part of
these studies is focused on exploration of the potential
energy surface (PES) in the vicinity of the transition-state
(TS) structure of the reaction. Subsequently, we have also
studied the factors influencing the diastereoselectivity of the
reaction. Because of computational limitations, we em-
ployed slightly simplified model systems of the experimen-
tally studied reactions of imine 4 with allylating reagents 2
or 3. Thus, we have approximated (Scheme 5) the phenyl
groups in palladium-pincer complex 1a with methyl groups
(1 f), and the tolyl group of 4a was approximated with a
phenyl group (4e).
It was found (Figures 2, 3, 4, 5 and Scheme 5) that the ini-

tial step of the allyl-transfer reaction is formation of an elec-
trostatic complex (6) from h1-palladium complex 1 f and
imine 4e. In this electrostatic complex (Figure 4), the closest
contact between 1 f and 4e is 2.49 M between the sulfonyl
group of 4e and one of the methyl groups in the side arms
of 1 f. Both phosphorous atoms in 6 are firmly coordinated
to palladium (P�Pd 2.30 M) and the allyl moiety is coordi-
nated in an h1-fashion (Ca

�Pd 2.158 M).

Figure 1. Truncated 1H NMR spectrum of 1e ; *=H2O/HDO.

Figure 2. Simplified Newman projections of the optimized transition
states (the pincer ligand is omitted for clarity), Bs=SO2Ph. The activa-
tion energies are given in kcalmol�1.
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The potential energy surface for the formation of the Cg
�

Cimine bond is rather complicated and we were able to locate
a total of nine discrete TS structures (7a–i, Figures 3 and 4).
The Newman projections along the forming new Cg�Cimine
bonds of the TS structures are given in Figure 2. The TSs
can be classified according to the relative position of the
palladium atom and the imine substrate with respect to the
C-C-C plane of the allyl moiety. Thus, in type A TSs (7a–d)
the palladium atom and the imine substrate 4e are located
on the opposite sides of the C-C-C plane of the allyl moiety,
while in type B TSs (7e–i) the palladium atom and 4e are
residing on the same side of this plane (Figure 3). There are
also two subclasses of the TS structures, depending on the
position of the central C�H bond of the allyl moiety. In
types A1 and B1 this C�H bond points to the right-hand
side, while in types A2 and B2 the C�H bond points to the
left-hand side.
We have obtained two different TS structures each for

type A1 (7a and 7c), type A2 (7b and 7d), and type B2 (7g
and 7h), while for type B1 three TS structures (7e, 7 f, and
7 i) were found. The activation energies obtained for type A
TSs (11.3–15.1 kcalmol�1) are invariably lower than for type
B TSs (18.5–22.7 kcalmol�1). This can be ascribed to the re-
pulsive steric interactions between imine 4e and the pincer
ligand in the type B TS structures. The developing Cg

�Cimine
bonds represent the major component of the transition vec-
tors of the reaction. Their lengths vary in a narrow range of
2.00–2.12 M. Notably, the palladium–nitrogen distances are
very long (3.9–5.9 M), even in type B TSs, in which coordi-

nation of the imine nitrogen to the palladium atom is al-
lowed by the geometry. This indicates that the nitrogen
atom of 4e does not interact with the central metal atom in
the TS of the reaction. On the contrary, in the TS structure
for allylation of the aldehyde substrate (Figure 5) the
oxygen atom of the aldehyde is clearly coordinated to palla-
dium.[15]

The lowest energy path for the allylation reaction of 4e
with 1 f (6!7a!10a, Figure 6) proceeds by TS 7a, requir-
ing a relatively low activation energy of 11.3 kcalmol-1. The
overall reaction is strongly exothermic by 26.5 kcalmol-1 re-
sulting in homoallylic amide coordinated palladium-pincer
complex 10a (Scheme 5).

The geometry of the TS structures : The calculated structure
of 7a reveals that the topology of the pincer complex is pre-
served (P�Pd 2.31 M and Caryl�Pd 2.035 M) in the TS indi-
cating that the allyl-transfer process requires a single coordi-
nation site on palladium. Comparing the structure of com-
plex 6 and TS structure 7a reveals some systematic changes
of the bond lengths on formation of the new Cg

�Cimine bond
(2.102 M). The Pd�Ca bond is elongated from 2.158 (6) to
2.220 M (7a), the Ca

�Cb bond is shortened from 1.474 to
1.418 M, and the former double bond between Cb and Cg is
also elongated from 1.357 to 1.403 M. These geometrical
changes indicate that formation of the new Cg

�Cimine bond,
cleavage of the Pd�C bond, and isomerization of the C�C
double bond takes place simultaneously. As pointed out
above, in 7a the imine nitrogen does not coordinate to pal-
ladium (Pd�N 5.167 M), despite of the fact that a negative
charge evolves on the nitrogen atom in the TS. A possible
explanation is that the sulfonyl moiety of the imine efficient-
ly delocalizes the negative charge on the nitrogen atom, and
therefore the driving force for a stabilizing palladium-nitro-
gen interaction is missing.
The alternative reactions by type A1 and A2 (7b–7d, Fig-

ures 2 and 4) TSs require 2.9–3.8 kcalmol�1 higher activation
energy than the process proceeding through 7a. The higher
activation energies are due to an increased steric repulsion
between the sulfonyl group of the imine and the pincer
ligand. The transition states 7e–7 i (Figures 2 and 4), which
are of type B1 and B2, are more sterically congested than
transition states of type A1 and A2, which is reflected by
the increased activation energies (18.5–22.7 kcalmol�1) for
these reaction pathways. Although the imine nitrogen and
palladium are located on the same side of the C-C-C plane
of the allyl moiety, there is no coordinative interaction be-
tween palladium and nitrogen (Pd�N 3.95–5.14 M), which is
again due to the efficient delocalization of the negative
charge on nitrogen into the sulfonyl group. The large distan-
ces between the oxygen atoms of the sulfonyl group and pal-
ladium (Pd�O=3.25–6.09 M) indicate that the palladium-
oxygen coordination is missing.

Study on the stereoselectivity of the allylation reaction : As
was shown in the experimental studies, cinnamyl derivatives
2b and 3 react with high syn diastereoselectivity with tosyl-

Scheme 5. Reactions studied by DFT calculations.

Figure 3. The four different types of transition states investigated (the
pincer ligand is omitted for clarity). The plane of the allyl is defined by
Ca, Cb, and Cg.
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imine 4a (and other imines). Therefore, by using the above
results obtained for the allyl-transfer process we have stud-
ied the development of the stereoselectivity for transfer of
the phenyl-substituted analogue from 1g to imine 4e afford-
ing either the syn isomer 10b or anti isomer 10c (Scheme 5).
These studies have shown that the transfer of the cinnamyl
group is initiated by formation of electrostatic complex 8,
which is the phenyl-substituted analogue of 6. Similarly to 6,
in 8 the cinnamyl palladium complex 1g and imine 4e are
separated by 2.49 M. Formation of the syn product 10b pro-
ceeds by TS structure 9a, requiring 14.7 kcalmol�1 in activa-

tion energy. Except for the phenyl substituent, the TS struc-
ture 9a is very similar to 7a (see also the Newman projec-
tions in Figure 2), which is the lowest energy TS structure
for the allyl-transfer process. Surprisingly, the activation
energy of the cinnamyl substitution is only 3.4 kcalmol�1

higher than for the allylation reaction (Figure 6). Formation
of the anti isomer 10c proceeds through TS structure 9b,
which can be derived from 7b by phenyl substitution. The
activation barrier for formation of the anti isomer 10c is
18.0 kcalmol�1, which is 3.3 kcalmol�1 higher than the acti-
vation energy for formation of the syn isomer 10b. These re-

Figure 4. Selected geometries and transition states of the allylation reactions optimized at the B3PW91/LANL2DZ+P level of theory. Bond lengths are
given in M, energies in kcalmol�1, and the ZPV corrected energies in italics.
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sults, indicating that the formation of the syn diastereomer
requires lower activation energy than formation of the anti
diastereomer, are in agreement with our experimental re-
sults, which show a predominant formation of the syn
isomer in the allylation of sulfonylimines 4a–d with allyl-
stannanes and allyl boronates (Table 1 entries 3–8). The dif-
ference in the activation energy for formation of the syn
and anti products can be explained by the repulsive interac-
tion between the imine substituent and the pincer complex
in the corresponding TS. These repulsive interactions are
more extensive in 9b (giving the anti product) than in 9a
(giving the syn product). Considering the complexity of the
PES for the allyl-transfer process involving nine TS struc-
tures (7a–i), there are certainly further TS structures in the
PES of the cinnamyl-transfer process. These TS structures
can be derived from 7c–i by phenyl substitution. However,
as the activation energies of 7c–i are higher than those of
7a–b (and most of them are higher than that of 9a), we did
not attempt to localize these TS structures.
Formation of the syn (8!9a!10b) and the anti (8!

9b!10c) isomers is exothermic by 16.3 and 16.6 kcalmol�1,
respectively. As the anti product is slightly more stable (by
0.3 kcalmol�1 than the syn product, the high syn selectivity
of the cinnamyl-transfer process is obviously determined by
the activation energies, that is, the higher stability of TS 9a
compared to TS 9b.

Comparison of the transition-state structures for allylation
of imine and aldehyde electrophiles : As pointed out above,
the stereoselectivity of the pincer complex catalyzed allyla-
tion of aldehydes and imines is different. The most impor-
tant differences are found for allylic substrates with phenyl
or aryl substituents (such as 2b and 3). For example, tri-

methyl cinnamyl stannane gives predominantly the anti dia-
stereomer with benzaldehyde[15] while the syn diastereomer
is formed in the reaction with sulfonylimine 4a (Table 1, en-
tries 4 and 5). The different stereoselectivity clearly indicates
the important mechanistic differences between these allyla-
tion processes. Considering the above and our previous
DFT-modeling results[15] the mechanistic differences can
easily be pointed out. In the TS structure of the allylation of
aldehyde (Figure 5) the negatively charged oxygen atom of
the aldehyde unit coordinates to palladium. This coordina-
tion leads to formation of a six-membered-ring TS with a
well-defined chair conformation. In case of allylation of the
imine substrate, the nitrogen atom of the sulfonylimine unit
does not coordinate to palladium as the negative charge is
efficiently delocalized to the sulfonyl group. Therefore, the
sulfonylimine substrate does not form a six-membered ring
TS with the allyl moiety and palladium. This has two impor-
tant consequences: (1) The imine substrate and palladium
are not necessarily located at the same side of the C-C-C
plane of the allyl moiety, as for allylation of aldehydes. In
fact, the TS structures in which the imine and palladium are
located on the opposite sides of the C-C-C plane of the allyl
moiety (type A TSs, Figure 3) have a lower energy than the
TS structures in which the substrate and the pincer ligand
are close to each other (type B TSs). (2) As the substrate
and the allyl moiety does not form a well-defined six-mem-
bered-ring TS, the number of the possible TS structures is
higher for the allylation of imines than for the allylation of
aldehydes. For the allylation of imines, the main factor de-
termining the stereoselectivity of the process is the steric in-
teractions between the oxygen atoms of the sulfonyl group
and the pincer ligand leading to syn diastereoselectivity. On
the other hand, for the allylation of aldehydes the stereose-
lectivity is determined by the steric interaction between the
aryl substituent of the aldehyde and the substituent (R) of
the allyl moiety in the six-membered TS structure favoring
anti diastereoselectivity.

Concluding Remarks

Highly regio- and stereoselective pincer complex catalyzed
allylation of sulfonylimines was achieved by employment of
trifluoro ACHTUNGTRENNUNG(cinnamyl)borate and trimethyl cinnamyl stannane.
The reaction provides the branched homoallylic products
with high (up to 19:1) syn selectivity. On the other hand, the
stereoselectivity is poor when the corresponding crotyl de-
rivatives are used as the allyl precursor. Bisphosphite pincer
complex 1d displays somewhat higher catalytic activity than
complex 1a ; however, the diastereoselectivity of the catalyt-
ic reaction with 1a and 1d is about the same. Stoichiometric
reactions of trifluoro ACHTUNGTRENNUNG(allyl)borate and pincer complex 1a
showed that the reactive allylating agent is an h1-allylpalla-
dium intermediate (1e). DFT-modeling studies show that
the transfer of the allyl moiety from palladium to the imine
proceeds through an acyclic TS, in which the negatively
charged nitrogen atom of the imine component does not co-

Figure 5. Transition state for palladium-pincer complex catalyzed allyla-
tion of sulfonylimine (a) and aldehyde (b) electrophiles.

Figure 6. PES of the palladium-pincer complex catalyzed allylation reac-
tion.
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ordinate to palladium. In the TS structure of the allylation
reaction, the steric interactions between the imine substrate
and the pincer complex disfavor the formation of the anti di-
astereomer, and therefore predominantly the syn product is
formed.

Experimental Section

The experimental and computational details of this study in addition to
characterization of the products 5a–f are given in the Supporting Infor-
mation. This section gives only the general procedures of the pincer com-
plex catalyzed allylation reactions.

General procedure A

Palladium-pincer complex catalyzed allylation of sulfonylimines with po-
tassium trifluoro ACHTUNGTRENNUNG(allyl)borates : The corresponding sulfonylimine
(0.20 mmol), catalyst 1a or 1d (0.010 mmol), potassium trifluoroborate
2a or 2b (0.24 mmol), and 4 M molecular sieves (50 mg) were dissolved
in DMF (0.50 mL). Subsequently, the reaction mixture was stirred for the
allotted time and at the temperature given in Table 1; thereafter, the re-
action mixture was poured into H2O (2 mL) and extracted with EtOAc
(5O2 mL). After evaporation of the solvent, the crude product was puri-
fied by silica-gel chromatography.

General Procedure B

Palladium-pincer complex catalyzed allylation of sulfonylimines with tri-
methyl cinnamyl stannane : The corresponding sulfonylimine (0.20 mmol),
catalyst 1a or 1d (0.010 mmol), and 4 M molecular sieves (50 mg) were
dissolved in THF (0.50 mL) followed by addition of trimethyl cinnamyl
stannane 3 (68 mg, 0.24 mmol). Thereafter, the reaction mixture was stir-
red for the allotted time and at the temperature given in Table 1. After
evaporation of the solvent, the crude product was purified by silica-gel
chromatography.
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