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ABSTRACT: Phosphinoamide-scaﬀolded heterobimetallic palladium−titanium complexes are highly eﬀective catalysts for allylic
aminations of allylic chlorides with hindered secondary amine
nucleophiles. Three titanium-containing ligands are shown to
assemble active catalysts in situ and enable catalysis at room
temperature. A variety of sterically bulky secondary amines are
eﬃciently allylated in high yields with as little as 1 mol % palladium
catalyst. Piperidine and pyrrolidine products are also eﬃciently
generated via intramolecular aminations with hindered amine
nucleophiles.

H

alkylamines,6 and aminations with sterically hindered secondary
amines have not been reported.
Nagashima and co-workers recently reported that heterobimetallic Pd−Ti complex 1 undergoes rapid addition of
diethylamine to the palladium-bound allyl ligand (Figure 1).7

eterobimetallic complexes represent a promising class of
catalysts for organic synthesis due to the potential of the
second metal “ligand” to tune the properties of the reactive
metal center in ways diﬃcult to achieve with organic supporting
ligands alone.1 Early/late transition metal binuclear complexes
are of particular interest in this area because of the ability of
electronically dissimilar metals to form strong dative
interactions that facilitate enhanced electronic communication.
Despite a recent resurgence in the design and synthesis of
heterobimetallic complexes that form dative metal−metal
bonds,2 relatively few catalytic processes have been developed
that capitalize on this type of interaction.1a Our laboratory is
interested in the potential of metal−metal interactions in
heterobimetallic complexes to provide uniquely active catalysts
and thus address current and signiﬁcant limitations in
transition-metal-catalyzed transformations.
Basic, N-alkyl substituted amines are important pharmacophores in bioactive molecules, and many naturally occurring
alkaloids contain sterically hindered amine functional groups.
Hindered amines in this class are notoriously challenging to
incorporate and manipulate in organic synthesis due to their
high basicity and low nucleophilicity, as well as their potential
to bind to and deactivate transition metal catalysts. Thus, a vast
majority of synthetic methods that generate C−N bonds,
including those that involve palladium catalysts, utilize electronwithdrawing amine protecting groups that mitigate these
undesired side eﬀects.3
The transition-metal-catalyzed allylic amination is a powerful
method for generating C−N bonds under mild conditions from
readily available allylic electrophiles.4 While various transition
metal catalysts have been developed that eﬃciently catalyze this
transformation, many of these aminations are limited to acidic
amines (e.g., phthalimides, urethanes, sulfonamides) or
electronically deactivated, weakly basic amines (e.g., benzyl,
aryl, propargylic amines).5 Few studies have focused on basic
© 2015 American Chemical Society

Figure 1. Allylic aminations with heterobimetallic complexes.

They postulated that formation of an electron-withdrawing
dative interaction between titanium and palladium in 1
accelerates the amine addition by making palladium more
electrophilic. We hypothesized that this electron-withdrawing
Pd−Ti interaction could be employed to generate exceptionally
active catalysts for allylic aminations that address a signiﬁcant
limitation in current methods by enabling eﬃcient catalysis
with hindered secondary amine nucleophiles. Herein we report
that Pd−Ti catalysts generated in situ from titanium-containing
ligand 2 are highly active in allylic amination reactions and
enable eﬃcient aminations of allylic chlorides with hindered
secondary amine nucleophiles (Figure 1). To the best of our
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% [Pd(methallyl)Cl]2 as a precatalyst and 1 mol % each of
silver triﬂate9 and titanium-containing ligand 2 provided the
desired amination product in 20 min at room temperature (eq
1). The equivalent rate of amination observed via this in situ

knowledge, transition-metal-catalyzed allylations of hindered
amine nucleophiles of this type have not been reported.
Our initial investigations into the potential of heterobimetallic complex 1 to enable allylic aminations with secondary
amines were performed using 2,2,6,6-tetramethylpiperidine (3)
and methallyl chloride (Table 1). To our delight, we found that
Table 1. Optimization Studies on Allylic Aminations with 3
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preparation method suggests that the active bimetallic catalyst
is assembled under the reaction conditions. In addition, 31P
NMR studies conﬁrmed the presence of bimetallic complex 1 in
the reaction mixture prior to allylic amination.10
Ligand 2 is easily synthesized using standard air-free Schlenk
techniques as previously reported,2f and we found 2 to be
rather stable in the solid state. Thus, aminations can be set up
on the benchtop without the use of a glovebox, as long as 2 is
stored under argon and the reaction solvents and reagents are
thoroughly dried. In control studies, we found that addition of
TiCl4 to the room temperature Pd-catalyzed reaction of
methallyl chloride and 3 with either phosphite ligand 8 or
phosphinoamine ligand 9 resulted in very low (∼20%, 24 h) or
no product formation, respectively (data not shown). In
addition, [Pd(methallyl)Cl]2 by itself, or with added AgOTf,
also failed to provide any of the amination product. These
results suggest that the titanium−phosphinoamide structure is
critical for generating an active catalyst and facilitating catalysis.
With the result that ligand 2 can assemble an active
palladium catalyst in situ, we next investigated the impact of the
titanium ligand structure on catalysis. To accomplish this, we
synthesized phosphinoamide−titanium complexes 12 and 13
(Figure 2). This is the ﬁrst reported synthesis of monophos-

% convb
100
N.R.
7
6
14
67
<5
11
<5
<5
<5
<5

a

Reactions performed using 1 mmol of methallyl chloride, 2.2 equiv of
3, and 0.05 mmol of the indicated allyl complex formed in situ (0.025
mmol [Pd(methallyl]Cl]2, 0.05 mmol of AgOTf, and either 0.05 mmol
of bisphosphine or 0.10 mmol of monophosphine) in CDCl3 (1 M)
for the indicated time. bDetermined by 1H NMR. cRun with 1 mol %
of preformed complex 1.

complex 1 enabled rapid formation of the desired amination
product 4a at room temperature in just 35 min (entry 1). To
demonstrate that the Pd−Ti heterobimetallic complex had
superior reactivity to traditional palladium catalysts, we next
performed the amination with a series of palladium complexes
lacking the titanium center. No allylation product was observed
with the bis(triphenylphosphine) complex at room temperature
(entry 2).8 Only when this reaction was heated for 24 h (90
°C) in a sealed tube was any of the desired product observed
(entry 3). Although electron-deﬁcient aryl phosphine 6 did not
improve conversion (entry 4), we found that modest
conversions could be obtained with phosphite ligands (entries
5 and 6). While full conversion to the allylation product could
be obtained in 24 h at 90 °C with the triphenylphosphite
complex, no reaction occurred at room temperature (data not
shown). Phosphinoamine palladium complexes lacking the
titanium atom (9) provided no conversion to product (entry
7). Other bis(phosphine) ligands also failed to provide eﬃcient
conversion in this system (entries 8−12).
Having established the exceptional reactivity of complex 1
with hindered amine nucleophiles, we next explored the
potential to assemble the active bimetallic catalyst in situ,
precluding the need to presynthesize and purify the
heterobimetallic complex. We found that addition of 0.5 mol

Figure 2. Novel titanium-containing ligands. Hydrogen atoms omitted
for clarity.

phinoamide and tris(phosphinoamide) titanium complexes,11
and we conﬁrmed their identity and structure via single crystal
X-ray analysis. Titanium phosphinoamide ligands of this type
have been shown to contain a dynamic Ti−P bond capable of
capturing a late transition metal and assembling a dative Ti−M
interaction.11 When [Pd(methallyl)Cl]2 and silver triﬂate were
added to ligand 12, the disappearance of the starting material
phosphorus peak (−11.0 ppm) and appearance of phosphorus
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peaks characteristic of a Pd−P interaction (−2.6 ppm) were
observed. Although our eﬀorts to characterize heterobimetallic
complexes with ligands 12 and 13 have not been successful to
date, these preliminary studies suggest the potential of these
titanium-containing ligands to assemble Pd−Ti catalysts in situ
and facilitate eﬃcient catalysis.
In the catalytic amination reaction between hindered amine 3
and methallyl chloride, we found that both ligands 12 and 13
enabled room temperature amine allylation (Scheme 1). This

Table 2. Substrate Scope with Hindered Amines

Scheme 1. Aminations with Titanium-Containing Ligands

result is particularly important because no monometallic
catalysts tested to date have enabled room temperature
catalysis in this system, conﬁrming the unique potential of
metal-containing ligands to enable catalysis with hindered
amines. We believe, as was proposed by Nagashima,7 that
formation of a dative Pd−Ti interaction generates a more
electrophilic palladium center, thus accelerating the rate of
turnover-limiting reductive amine addition to the Pd-bound
allyl. Both 12 and 13 provided slightly less reactive catalysts
than 2, and we are currently seeking to characterize discrete
bimetallic complexes with these ligands to understand further
how the strength of the Ti−Pd interaction and the dynamics of
heterobimetallic catalyst formation eﬀect catalysis in this
reaction.
A general method to employ sterically hindered amine
nucleophiles in allylic amination reactions would be a valuable
tool for organic synthesis. Therefore, we next explored the
scope of our bimetallic catalytic system with respect to the
amine and allylic chloride reaction partners (Table 2). A variety
of sterically hindered secondary amines readily undergo allylic
substitution in less than 10 min in most cases (entries 1−6).
Even bis(trimethylsilyl)amine undergoes allylation, but at
slightly longer reaction times (4.5 h, entry 6). Only highly
hindered tert-amyl-tert-butylamine failed to react in our system
(entry 7). A variety of allylic electrophiles were also tolerated in
the reaction, including crotyl, cinnamyl, and allyl chlorides
(entries 8−10). Allyl acetates and carbonates, on the other
hand (entries 11 and 12), provided only modest conversions,
presumably due to decomposition of the Pd−Ti catalyst due to
formation of Lewis basic acetate or alkoxide ions. In addition,
only the linear product is observed when nonsymmetrical allyl
chlorides are employed (entries 8 and 9), even when an internal
chloride is used (entry 13). In all cases tested, similar rates and
yields were obtained using either preformed bimetallic complex
1 or our in situ catalyst preparation protocol.
Due to the importance of piperidine and pyrrolidine
structures in natural products and pharmaceuticals, we next
investigated the ability of hindered amine nucleophiles to
undergo intramolecular cyclization to generate cyclic products
(Figure 3). Hindered substrates of this type have previously
been shown to require forcing conditions and in certain cases
(R = tBu) to fail altogether.12 Under our standard optimized
conditions with 3 mol % catalyst, we found that intramolecular
amination occurred rapidly at room temperature to generate
the desired heterocycles in high yield over two steps from the

a

Reactions run with 1 mmol of allyl chloride, 2.2 mmol of amine, and
0.01 mmol of 1 (or 0.005 mmol of [Pd(methallyl)Cl]2, 0.01 mmol of
2, and 0.01 mmol of AgOTf) in CDCl3 or CH2Cl2 (1 M) for 10 min at
room temperature. bIsolated yields. cRun for 20 min. dRun for 4.5 h.
e
Internal standard yield. fLinear product only. g5:1 trans/cis. h1.3:1
trans/cis. c-hex = cyclohexyl.

corresponding alcohols (Figure 3). Both 5-membered (14) and
6-membered (15) heterocycles can be eﬃciently formed with
this method. In addition, morpholine heterocycles (16) are also
readily generated via our protocol. As with the intermolecular
amination reactions, similar rates and yields were observed with
catalyst 1 or the in situ generated catalyst.
In conclusion, we have established that Pd−Ti heterobimetallic complexes are eﬃcient catalysts for allylic aminations
and for the ﬁrst time enable catalysis with hindered secondary
amine nucleophiles at room temperature. In addition, a variety
of titanium-containing ligand structures were shown to enable
room temperature catalysis with hindered amines, presumably
via in situ formation of an electron-withdrawing M−M dative
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Figure 3. Intramolecular aminations for heterocycle synthesis.

interaction. These catalysts are eﬃcient for a range of hindered
amine nucleophiles, including for the formation of pyrrolidines
and piperidines via intramolecular aminations. These results
conﬁrm the potential of bimetallic complexes to enable catalysis
that is currently unachievable with monometallic catalysts and
suggest that heterobimetallic complexes could ﬁnd application
more broadly in organic synthesis. Continuing eﬀorts in our
laboratory are aimed at understanding and quantifying the
catalytic potential of the M−M interaction in these complexes
and the ability of this interaction to expand reactivity in a
variety of transition-metal-catalyzed processes.
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