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β-C� H Allylation of Trialkylamines with Allenes Promoted by
Synergistic Borane/Palladium Catalysis
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Abstract: Functionalization of the C(sp3)� H bonds of
trialkylamines is challenging, especially for reactions at
positions other than the α position. Herein, we report a
method for β-C(sp3)� H allylation of trialkylamines. In
these reactions, which involve synergistic borane/palla-
dium catalysis, an enamine intermediate is first gener-
ated from the amine via α,β-dehydrogenation promoted
by B(C6F5)3 and a base, and then the enamine undergoes
palladium-catalyzed reaction with an allene to give the
allylation product. Because the hydride and the proton
resulting from the initial dehydrogenation are ultimately
shuttled to the product by B(C6F5)3 and the palladium
catalyst, respectively, these reactions show excellent
atom economy. The establishment of this method paves
the way for future studies of C� H functionalization of
trialkylamines by means of synergistic borane/transition-
metal catalysis.

Trialkylamine groups exist in a wide variety of drugs,
naturally occurring alkaloids, and agrochemicals (Figure 1a),
and their presence is usually essential for the activities of
these molecules.[1] Consequently, the development of meth-
ods for efficient synthesis of structurally diverse trialkyl-
amines is highly desirable. C� H functionalization is certainly
the most efficient and atom-economical approach for
generating structural analogs of existing molecules of
interest. However, despite the remarkable progress that has
been made on amine C� H functionalization reactions over
the past decades,[2] methods for C� H functionalization of
trialkylamines are underdeveloped. This situation may be
due in part to the tendency of electron-rich trialkylamines to
decompose in the presence of metal catalysts under
oxidative conditions.[3] Another possible explanation is the
ineffectiveness of trialkylamines as directing groups for
metal-catalyzed C� H activation: the bulk of the amines
disfavors metallacycle formation. Thus far, most of the
existing studies have been performed on the α� C� H bonds
by harnessing their innate high reactivity resulting from the
activation by the nitrogen atom.[4] Functionalizing C� H

bonds at more distant positions along the alkyl chain
remains a formidable challenge. The rare successes include
reactions that leverage steric effects to accomplish transi-
tion-metal-catalyzed borylation and oxidation reactions at
terminal carbons.[5] Moreover, installing a directing group
(e.g., an amide) to control the regioselectivity is also a viable
strategy.[6] It was not until 2019 that Gaunt and co-workers
first successfully used trialkylamines as directing groups for
palladium-catalyzed γ-C� H arylation reactions,[7] relying on
an amino acid ligand to facilitate C� H activation. Never-
theless, general strategies for β-selective C� H functionaliza-
tion of trialkylamines are lacking.[8]
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Figure 1. Development of a method for β-C� H allylation of trialkyl-
amines.
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Recently, the activity of B(C6F5)3 to abstract hydride
from α� C(sp3)� H of tertiary amines[9] to form an iminium
ion and [B(C6F5)3)� H]� as well as the subsequent deproto-
nation of the iminium ion by a base to form enamine has
enabled various B(C6F5)3-catalyzed C� H functionalization
reactions of tertiary amines at either the α or β
position.[10,11,12] In particular, β-selective reactions that pro-
ceed via enamines (Figure 1b) are attractive because they
offer site selectivity, which is rarely achievable with existing
methods. However, this strategy has some limitations. For
example, to inhibit the formation of amine-B(C6F5)3
adducts,[13] amines are often substituted by aryl groups to
decrease the basicity and increase the steric bulk,[10,11] which
inversely decreases the nucleophilicity of the enamine
intermediate. Although enamines generated from trialkyl-
amines are more nucleophilic, the reactions have to deal
with the low efficiency of generating the enamines. This
dilemma has limited the types of electrophiles that can be
used as reaction partners. To date, the compatible electro-
philes for β functionalization have been confined to silylium
ions (generated from hydrosilanes),[11a,d,e] a deuterium cation
(generated from acetone-d6),

[11b] electron-deficient
olefins,[11c,g] isatins,[11f] and 3H-indol-3-ones.[11h] Additionally,
(3+2) cycloaddition of gold-furyl 1,3-dipoles with the
enamines are feasible.[10h]

Because the properties of organometallic electrophiles,
which are generated from an organic precursor and a metal
catalyst, are much more tunable than those of conventional
organic electrophiles, we envisaged that organometallic
electrophiles with certain steric and electronic properties
might be suitable for borane-catalyzed β functionalization of
trialkylamines. Certainly, such reactions would require
synergistic catalysis by a borane and a transition metal. We
were particularly interested in Pd-π-allyl intermediates as
electrophiles because they have been shown to be powerful
tools for organic synthesis, and their properties can be
conveniently tuned by varying the palladium catalyst.[14]

Moreover, these intermediates are sufficiently electrophilic
to react with enamines.[15] However, a synergistic borane/
palladium catalytic system for amine functionalization has
not previously been reported.

Herein, we report the accomplishment of such a
synergistic catalytic system, which has been utilized for a β-
C� H allylation reaction of trialkylamines with allenes (Fig-
ure 1c). In these reactions, a Pd-π-allyl intermediate is
generated in situ from Pd� H and an allene;[14b,d] B(C6F5)3
acts as a hydride shuttle; and the starting or product amine
(base), together with the palladium catalyst, acts as a proton
shuttle. The overall process resembles insertion of a C=C
bond of the allene into the β-C� H bond of the amine.

We commenced our study by testing reactions of trialkyl-
amine 1a with allene 2a to develop a synergistic catalytic
system (Table 1). We were pleased to discover that the
desired β-C� H allylation reaction was indeed feasible. After
extensive exploration of reaction conditions, we found that
reaction of 0.20 mmol of 1a with 0.30 mmol of 2a at 80 °C in
toluene containing 5 mol% of [Pd(allyl)Cl]2, 20 mol% of
P(p-CF3C6H4)3, and 10 mol% of B(C6F5)3 in a closed vial for
24 h gave the optimal yield of β-C� H allylation product 3a

(90%, entry 1). Under otherwise identical conditions, Pd-
(OAc)2 failed to promote the reaction with decomposition
of both substrates (entry 2). PdCl2(PPh3)2 and Pd(PPh3)4
were inactive, resulting in recovery of unreacted 1a (en-
tries 3 and 4).[16] Pd2(dba)3 was a viable catalyst, giving 3a in
83% yield (entry 5). Various phosphine ligands for the
palladium catalyst were also assessed. The monodentate
ligands PPh3 and P(p-MeOC6H4)3 and the bidentate ligand
Xantphos were completely inactive or almost so (entries 6, 7
and 10), but triarylphosphines bearing an electron-with-
drawing para or meta F atom were found to be active, giving
3a in 32% and 47% yields, respectively (entries 8 and 9).
That P(p-CF3C6H4)3 was the optimal ligand suggests that
electron-withdrawing groups on the phosphine ligand might
decrease the electron density of the Pd center, thereby
facilitating the nucleophilic addition of the enamine to the
Pd-π-allyl intermediate. Switching the Lewis acid catalyst
from B(C6F5)3 to B(2,4,6-F3C6H2)3, or B(3,5-(CF3)2C6H3)3
shut down the reaction (entries 11 and 12), even though the
two compounds are active for hydride abstraction in other
C� H functionalization reactions of amines.[10g] A reaction
temperature of 60 or 100 °C was less effective than 80 °C
(entries 13 and 14). Furthermore, control experiments
showed that the reaction did not proceed in the absence of
either B(C6F5)3 or [Pd(allyl)Cl]2 (data not shown), demon-
strating the necessity for synergy between the two catalysts.

With the optimal conditions in hand, we next examined
the scope of this method by carrying out reactions of various
tertiary amines 1 with 2a (Table 2, top). A broad range of
N,N-dibenzylphenethylamines with an electron-donating or
electron-withdrawing substituent or two substituents on the
benzene ring of the phenethyl group were tolerated, giving
the corresponding products (3a–3k) in 31–92% isolated
yields. When this benzene ring was replaced with a 3-thienyl,

Table 1: Study of reaction conditions.[a]

entry variation from optimal conditions yield (%)[b]

1 none 90
2 Pd(OAc)2 instead of [Pd(allyl)Cl]2 n.d.
3 PdCl2(PPh3)2 instead of [Pd(allyl)Cl]2 n.d.
4 Pd(PPh3)4 instead of [Pd(allyl)Cl]2 n.d.
5 Pd2(dba)3 instead of [Pd(allyl)Cl]2 83
6 PPh3 instead of P(p-CF3C6H4)3 n.d.
7 P(p-MeOC6H4)3 instead of P(p-CF3C6H4)3 <5
8 P(p-FC6H4)3 instead of P(p-CF3C6H4)3 32
9 P(m-FC6H4)3 instead of P(p-CF3C6H4)3 47
10 Xantphos instead of P(p-CF3C6H4)3 n.d.
11 B(2,4,6-F3C6H2)3 instead of B(C6F5)3 n.d.
12 B(3,5-(CF3)2C6H3)3 instead of B(C6F5)3 n.d.
13 60 °C instead of 80 °C 48
14 100 °C instead of 80 °C 78

[a] Unless otherwise noted, all reactions were performed with
0.20 mmol of 1a, 0.30 mmol of 2a, 10 mol% Pd (or 5 mol% Pd
dimer), 20 mol% phosphine ligand, and 10 mol% Lewis acid in
1.0 mL of solvent at 80 °C for 24 h. [b] NMR yields; n.d.=not detected.
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3-N-methylindolyl, or 2-naphthyl group or a methyl or an
ethyl group, the desired β-C� H allylation products (3 l–3p)

were still obtained in moderate to good yields. For further
investigation, the phenethyl group was retained while the

Table 2: Substrate scope.[a]

[a] Unless otherwise noted, all reactions were performed with 5 mol% [Pd(allyl)Cl]2, 20 mol% P(p-CF3C6H4)3, 10 mol% B(C6F5)3, 0.20 mmol of 1,
and 0.30 mmol of 2 in 1.0 mL of toluene at 80 °C for 24 h; isolated yields are provided. [b] [Pd(π-cinnamyl)Cl]2 instead of [Pd(allyl)Cl]2. [c] P(m-
FC6H4)3 instead of P(p-CF3C6H4)3. [d] 0.40 mmol of 2. [e] 60 °C. [f ] 100 °C. [g] 120 °C.
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other two groups on the nitrogen atom (R1 and R2 in 1)
were varied. These experiments revealed that the reaction
tolerated N-methyl-N-naphthyl, N-methyl-N-phenyl, N-
methyl-N-phenethyl,[17] N,N-dimethyl, and N-methyl-N-
benzyl groups (3q–3u). Using substrates with an N-methyl-
N-benzyl moiety, we then varied the alkyl group at R3 of 1.
A benzyl group and isopropyl, cyclohexyl, and cyclopentyl
groups, which are more hindered, gave moderate yields of
the corresponding products (3v–3y). N-methyl-N-benzyl
substrates bearing an ester, phenoxyl, alkyne, alkene,
halogen or amide substituent also underwent the reaction,
smoothly generating products 3z–3ee with retained func-
tional groups. Tripropylamine gave 3ff in 60% yield.
Notably, when R3 was not an aryl group, the reactions
generally required more forcing conditions (2 equiv. of 2a,
100 °C); the decrease in the acidity of the β hydrogen due to
the absence of the adjacent aryl group might have inhibited
enamine formation, thereby decreasing the reactivity. This
possibility was confirmed by the reaction of an amine
bearing a propyl group and a phenethyl group on the
nitrogen atom; allylation of this substrate occurred exclu-
sively at the benzylic position to give 3gg. We found that N-
ethyl-substituted amines (e.g., triethylamine) were unsuit-
able; reactions of these substrates tended to result in
elimination of the ethyl group, with the allyl group becoming
attached to the nitrogen atom (for a list of incompatible
amines, see the SI).

We next investigated the potential utility of this method
for late-stage C� H functionalization. Gratifyingly, alkyl-
amines derived from several natural products and pharma-
ceuticals (indicated in red in Table 2) underwent the desired
β-allylation reactions, affording 3hh–3qq, respectively, in
28–91% yields. These results demonstrate that this catalytic
system could selectively target the trialkylamine moieties of
structurally complex molecules regardless of other coordina-
tive functional groups.

Next, we explored the substrate scope with respect to
allene 2 by carrying out reactions with amine 1a (Table 2,
bottom). Aryl-substituted allenes bearing a fluorine (3rr) or
chlorine (3ss) atom or a trifluoromethyl (3 tt), methyl (3uu),
phenyl (3vv), or ester (3ww) group at the para position of
the benzene ring delivered the desired products in good to
high yields. Furthermore, meta-tolyl (3xx), meta-meth-
oxyphenyl (3yy), ortho-fluorophenyl (3zz), and 2-naphthyl-
substituted (3aaa) allenes were also compatible. Finally,
alkyl-substituted allenes (3bbb and 3ccc) were also reactive,
although they gave lower yields than the arylallenes.

Notably, the mass balance of all these reactions was
relatively good with respect to the amine, and those with
low yields were mainly due to the presence of unreacted
amine (e.g., the recovery yields of amines were 56%, 44%,
46%, and 39%, respectively, for reactions forming 3d, 3bb,
3qq, and 3ccc).

To further demonstrate the utility of this method, we
performed a gram-scale reaction of 1u with 2a, which gave a
93% yield of 3u (Figure 2, top). This product was then
transformed in several ways (Figure 2, bottom). For exam-
ple, removal of the benzyl group under acidic conditions
afforded corresponding secondary amine 4 in 82% yield,[18]

and in the presence a Pd/C (10 wt%) catalyst, hydro-
genation with H2 selectively reduced the C=C bond to give 5
in 66% yield without cleavage of the N� Bn bond. In
addition, a hydroboration/oxidation/oxidation sequence gen-
erated carbonyl compound 6 in 52% yield.

We performed a series of control experiments to study
the reaction mechanism (Figure 3). When 1a-α-d2 was
allowed to react with allene 2a under the standard
conditions, deuterium scrambling at the α carbons of all
three alkyl groups was observed in the formed product (3a-
d2) (Figure 3a). This result suggests that all three alkyl
groups underwent reversible B(C6F5)3-mediated α-hydride
abstraction and that the two types of iminium borohydrides
(formed by hydride abstraction either at the benzyl group or
at the phenethyl group) could intermolecularly exchange the
borohydride anion ([B(C6F5)3� H]� ). In addition, when 1a-α-
d6 with fully deuterated α carbons was subjected to the
reaction conditions, deuterium incorporation at all the α
carbons remained high in the product (3a-d6) (Figure 3b),
which again confirmed that hydride abstraction could occur
only at the α carbons and that [B(C6F5)3� H]– could add only
to the iminium ion. When β-deuterated amine 1a-β-d2 was
allowed to react with 2a under the standard conditions,
97% deuterium incorporation at the β carbon and 78%
deuterium incorporation at one of the olefin carbons were
observed in the formed product (3a’-d2) (Figure 3c). This
result indicates that deuterium transfer from the β carbon to
the allene occurred and that the scrambling at the olefin
carbon might have been resulted from proton donation by
residual H2O. Next, we performed two competition experi-
ments, between 1a-α-d6 and 1u and between 1a-β-d2 and 1u
(Figure 3d,e). Both reactions gave the corresponding prod-
ucts in high yields with H/D scrambling. These results
suggest that both B(C6F5)3-mediated hydride abstraction and
base-mediated proton removal were reversible and that the
hydride and the proton could transfer intermolecularly.

Additionally, when 1 equiv. of amine 1a was mixed with
1 equiv. of B(C6F5)3 in toluene-d8 at room temperature, an
equilibrium was quickly reached within 5 minutes (Fig-

Figure 2. Gram-scale reaction and transformations of the product.
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ure 3f); the resulting mixture contained 73% of free B-
(C6F5)3 and 27% of 1a-B(C6F5)3 adduct, which gave
distinctive sets of signals in the 19F NMR spectrum. When
5 equiv. of 1a was used in the same reaction, B(C6F5)3 was
all converted to the adduct. Furthermore, we were able to
observe the adduct in the mixture of a standard reaction.
These results suggest that the amine-B(C6F5)3 adduct is
highly likely a resting state of B(C6F5)3 in the allylation
reaction. In contrast, when 1 equiv. of 1a was mixed with
1 equiv. of the palladium catalyst, we did not observe the
formation of a 1a-palladium complex (Figure 3g); the
palladium catalyst and 1a remained free based on the 31P
NMR and 1H NMR analysis.

On the basis of the above-described experimental results
and existing literatures, we propose a reaction pathway
involving two interconnected catalytic cycles (Figure 3h).
First, the dissociation of amine-B(C6F5)3 adduct I releases

B(C6F5)3. And then, B(C6F5)3 abstracts a hydride from an
α� C(sp3)� H bond of amine 1 to afford iminium II and
[B(C6F5)3)� H]� . The iminium ion is then deprotonated by
the starting amine or the product amine to afford enamine
III and an ammonium ion. In the palladium cycle, proto-
nation of Pd(0) by the ammonium ion forms a Pd� H
species,[19] which subsequently inserts into allene 2 to
provide Pd-π-allyl intermediate V. Next, nucleophilic addi-
tion on V by enamine III generates iminium ion IV and
Pd(0). Finally, reduction of the iminium ion by [B-
(C6F5)3)� H]� gives the final product and releases B(C6F5)3.

Kinetic studies of the standard reaction between 1a and
2a indicated a first-order dependence on B(C6F5)3 concen-
tration, a first-order dependence on the palladium catalyst
concentration at low concentrations,[20] a zero-order depend-
ence on the allene concentration, and a � 0.49-order depend-
ence on the amine concentration[21] (see the SI), suggesting

Figure 3. Mechanistic experiments and proposed mechanism.
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that the protonation of Pd(0) by the ammonium ion to form
Pd� H species may be involved in the rate-limiting step[19e]

and that coordination of the amine to B(C6F5)3 might have
inhibited the catalytic activity of B(C6F5)3. In addition, when
amine 1a was treated with catalytic amounts of B(C6F5)3
(10 mol%) and the palladium catalyst (10 mol%) for
2 hours under the standard conditions without the addition
of the allene, the corresponding enamine intermediate was
formed in only 3% NMR yield. Therefore, the reaction of
the enamine with the Pd-π-allyl intermediate is highly
efficient.

In conclusion, we have developed the first method for β-
C� H allylation of trialkylamines. This method demonstrates
advantages of using a synergistic borane/transition-metal
catalytic system for amine C� H functionalization, including
no requirement of a directing group for controlling the
regioselectivity, readily tunable organometallic electrophiles,
and potential compatibility of other electrophiles. Currently,
we are exploring other electrophiles generated in situ from
transition-metal catalysts, as well as an enantioselective
variant using a chiral catalyst.

Acknowledgements

We thank National Key R&D Program of China (no.
2021YFA1500200), National Natural Science Foundation of
China (nos. 22371141, 22221002, 22188101), Natural Science
Foundation of Tianjin (no. 20JCJQJC00030), Haihe Labo-
ratory of Sustainable Chemical Transformations (no.
ZYTS202101), Frontiers Science Center for New Organic
Matter at Nankai University (no. 63181206), and Tencent
Foundation for financial support.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the supplementary material of this article.

Keywords: Allylation · Boron · C� H Functionalization ·
Palladium · Trialkylamine

[1] a) S. D. Roughley, A. M. Jordan, J. Med. Chem. 2011, 54,
3451–3479; b) P. Kittakoop, C. Mahidol, S. Ruchirawat, Curr.
Top. Med. Chem. 2014, 14, 239–252; c) E. Vitaku, D. T. Smith,
J. T. Njardarson, J. Med. Chem. 2014, 57, 10257–10274; d) A.
Trowbridge, S. M. Walton, M. J. Gaunt, Chem. Rev. 2020, 120,
2613–2692.

[2] a) K. R. Campos, Chem. Soc. Rev. 2007, 36, 1069–1084;
b) E. A. Mitchell, A. Peschiulli, N. Lefevre, L. Meerpoel,
B. U. W. Maes, Chem. Eur. J. 2012, 18, 10092–10142; c) M. C.
Haibach, D. Seidel, Angew. Chem. Int. Ed. 2014, 53, 5010–
5036; d) J. He, M. Wasa, K. S. L. Chan, Q. Shao, J.-Q. Yu,

Chem. Rev. 2017, 117, 8754–8786; e) S. Dutta, B. Li, D. R. L.
Rickertsen, D. A. Valles, D. Seidel, SynOpen 2021, 5, 173–228.

[3] K. Ouyang, W. Hao, W.-X. Zhang, Z. Xi, Chem. Rev. 2015,
115, 12045–12090.

[4] a) Z. Li, C.-J. Li, J. Am. Chem. Soc. 2004, 126, 11810–11811;
b) N. Yoshikai, A. Mieczkowski, A. Matsumoto, L. Ilies, E.
Nakamura, J. Am. Chem. Soc. 2010, 132, 5568–5569; c) A.
McNally, C. K. Prier, D. W. C. MacMillan, Science 2011, 334,
1114–1117; d) J. He, L. G. Hamann, H. M. L. Davies, R. E. J.
Beckwith, Nat. Commun. 2015, 6, 5943; e) S. M. Thullen, T.
Rovis, J. Am. Chem. Soc. 2017, 139, 15504–15508; f) Y. Shen, I.
Funez-Ardoiz, F. Schoenebeck, T. Rovis, J. Am. Chem. Soc.
2021, 143, 18952–18959.

[5] a) J. D. Lawrence, M. Takahashi, C. Bae, J. F. Hartwig, J. Am.
Chem. Soc. 2004, 126, 15334–15335; b) Q. Li, C. W. Liskey,
J. F. Hartwig, J. Am. Chem. Soc. 2014, 136, 8755–8765; c) M.
Lee, M. S. Sanford, J. Am. Chem. Soc. 2015, 137, 12796–12799.

[6] a) J. J. Topczewski, P. J. Cabrera, N. I. Saper, M. S. Sanford,
Nature 2016, 531, 220–224; b) P. J. Cabrera, M. Lee, M. S.
Sanford, J. Am. Chem. Soc. 2018, 140, 5599–5606.

[7] a) J. Rodrigalvarez, M. Nappi, H. Azuma, N. J. Flodén, M. E.
Burns, M. J. Gaunt, Nat. Chem. 2020, 12, 76–81; b) J.
Rodrigalvarez, L. A. Reeve, J. Miró, M. J. Gaunt, J. Am.
Chem. Soc. 2022, 144, 3939–3948.

[8] For a rare example, see: B. Sundararaju, M. Achard, G. V. M.
Sharma, C. Bruneau, J. Am. Chem. Soc. 2011, 133, 10340–
10343.

[9] N. Millot, C. C. Santini, B. Fenet, J. M. Basset, Eur. J. Inorg.
Chem. 2002, 3328–3335.

[10] For examples of α functionalization reactions, see: a) G.-Q.
Chen, G. Kehr, C. G. Daniliuc, M. Bursch, S. Grimme, G.
Erker, Chem. Eur. J. 2017, 23, 4723–4729; b) M. Shang, J. Z.
Chan, M. Cao, Y. Chang, Q. Wang, B. Cook, S. Torker, M.
Wasa, J. Am. Chem. Soc. 2018, 140, 10593–10601; c) A. F. G.
Maier, S. Tussing, H. Zhu, G. Wicker, P. Tzvetkova, U. Flörke,
C. G. Daniliuc, S. Grimme, J. Paradies, Chem. Eur. J. 2018, 24,
16287–16291; d) J.-J. Tian, N.-N. Zeng, N. Liu, X.-S. Tu, X.-C.
Wang, ACS Catal. 2019, 9, 295–300; e) J. Z. Chan, A. Yesilci-
men, M. Cao, Y. Zhang, B. Zhang, M. Wasa, J. Am. Chem.
Soc. 2020, 142, 16493–16505; f) S. S. Basak, A. Alvarez-
Montoya, L. Winfrey, R. L. Melen, L. C. Morrill, A. P. Pulis,
ACS Catal. 2020, 10, 4835–4840; g) Z.-Y. Zhang, J. Ren, M.
Zhang, X.-F. Xu, X.-C. Wang, Chin. J. Chem. 2021, 39, 1641–
1645; h) J.-J. Tian, W. Sun, R.-R. Li, G.-X. Tian, X.-C. Wang,
Angew. Chem. Int. Ed. 2022, 61, e202208427; i) I. Klose, G. D.
Mauro, D. Kaldre, N. Maulide, Nat. Chem. 2022, 14, 1306–
1310.

[11] For examples of β functionalization reactions, see: a) J. Zhang,
S. Park, S. Chang, J. Am. Chem. Soc. 2018, 140, 13209–13213;
b) Y. Chang, A. Yesilcimen, M. Cao, Y. Zhang, B. Zhang, J. Z.
Chan, M. Wasa, J. Am. Chem. Soc. 2019, 141, 14570–14575;
c) R. Li, Y. Chen, K. Jiang, F. Wang, C. Lu, J. Nie, Z. Chen, G.
Yang, Y.-C. Chen, Y. Zhao, C. Ma, Chem. Commun. 2019, 55,
1217–1220; d) J. Zhang, S. Chang, J. Am. Chem. Soc. 2020, 142,
12585–12590; e) H. Fang, K. Xie, S. Kemper, M. Oestreich,
Angew. Chem. Int. Ed. 2021, 60, 8542–8546; f) Y. Chen, H. L.
Wan, Y. Huang, S. Liu, F. Wang, C. Lu, J. Nie, Z. Chen, G.
Yang, C. Ma, Org. Lett. 2020, 22, 7797–7803; g) Y. Chang, M.
Cao, J. Z. Chan, C. Zhao, Y. Wang, R. Yang, M. Wasa, J. Am.
Chem. Soc. 2021, 143, 2441–2455; h) C.-P. Zou, T. Ma, X.-X.
Qiao, X.-X. Wu, G. Li, Y. He, X.-J. Zhao, Org. Biomol. Chem.
2023, 21, 4393–4397.

[12] For a review, see: S. Basak, L. Winfrey, B. A. Kustiana, R. L.
Melen, L. C. Morrill, A. P. Pulis, Chem. Soc. Rev. 2021, 50,
3720–3737.

[13] T. Voss, T. Mahdi, E. Otten, R. Fröhlich, G. Kehr, D. W.
Stephan, G. Erker, Organometallics 2012, 31, 2367–2378.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2024, 63, e202317610 (6 of 7) © 2023 Wiley-VCH GmbH

 15213773, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202317610 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [24/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/jm200187y
https://doi.org/10.1021/jm200187y
https://doi.org/10.1021/jm501100b
https://doi.org/10.1021/acs.chemrev.9b00462
https://doi.org/10.1021/acs.chemrev.9b00462
https://doi.org/10.1039/B607547A
https://doi.org/10.1002/chem.201201539
https://doi.org/10.1002/anie.201306489
https://doi.org/10.1002/anie.201306489
https://doi.org/10.1021/acs.chemrev.6b00622
https://doi.org/10.1021/acs.chemrev.5b00386
https://doi.org/10.1021/acs.chemrev.5b00386
https://doi.org/10.1021/ja0460763
https://doi.org/10.1021/ja100651t
https://doi.org/10.1126/science.1213920
https://doi.org/10.1126/science.1213920
https://doi.org/10.1021/jacs.7b09252
https://doi.org/10.1021/jacs.1c07144
https://doi.org/10.1021/jacs.1c07144
https://doi.org/10.1021/ja044933x
https://doi.org/10.1021/ja044933x
https://doi.org/10.1021/ja503676d
https://doi.org/10.1021/jacs.5b09099
https://doi.org/10.1038/nature16957
https://doi.org/10.1021/jacs.8b02142
https://doi.org/10.1038/s41557-019-0393-8
https://doi.org/10.1021/jacs.1c11921
https://doi.org/10.1021/jacs.1c11921
https://doi.org/10.1021/ja203875d
https://doi.org/10.1021/ja203875d
https://doi.org/10.1002/1099-0682(200212)2002:12%3C3328::AID-EJIC3328%3E3.0.CO;2-P
https://doi.org/10.1002/1099-0682(200212)2002:12%3C3328::AID-EJIC3328%3E3.0.CO;2-P
https://doi.org/10.1002/chem.201700477
https://doi.org/10.1021/jacs.8b06699
https://doi.org/10.1002/chem.201804777
https://doi.org/10.1002/chem.201804777
https://doi.org/10.1021/acscatal.8b04485
https://doi.org/10.1021/jacs.0c08599
https://doi.org/10.1021/jacs.0c08599
https://doi.org/10.1021/acscatal.0c01141
https://doi.org/10.1002/cjoc.202100056
https://doi.org/10.1002/cjoc.202100056
https://doi.org/10.1038/s41557-022-00991-4
https://doi.org/10.1038/s41557-022-00991-4
https://doi.org/10.1021/jacs.8b08733
https://doi.org/10.1021/jacs.9b08662
https://doi.org/10.1039/C8CC09215J
https://doi.org/10.1039/C8CC09215J
https://doi.org/10.1021/jacs.0c05241
https://doi.org/10.1021/jacs.0c05241
https://doi.org/10.1002/anie.202016664
https://doi.org/10.1021/acs.orglett.0c02600
https://doi.org/10.1021/jacs.0c13200
https://doi.org/10.1021/jacs.0c13200
https://doi.org/10.1039/D3OB00481C
https://doi.org/10.1039/D3OB00481C
https://doi.org/10.1039/D0CS00531B
https://doi.org/10.1039/D0CS00531B
https://doi.org/10.1021/om300017u


[14] a) B. M. Trost, M. L. Crawley, Chem. Rev. 2003, 103, 2921–
2943; b) R. Blieck, M. Taillefer, F. Monnier, Chem. Rev. 2020,
120, 13545–13598; c) O. Pàmies, J. Margalef, S. Cañellas, J.
James, E. Judge, P. J. Guiry, C. Moberg, J. E. Bäckvall, A.
Pfaltz, M. A. Pericàs, M. Diéguez, Chem. Rev. 2021, 121, 4373–
4505; d) X. Huo, G. Li, X. Wang, W. Zhang, Angew. Chem.
Int. Ed. 2022, 61, e202210086.

[15] a) S. Mukherjee, B. List, J. Am. Chem. Soc. 2007, 129, 11336–
11337; b) X. Zhao, D. Liu, H. Guo, Y. Liu, W. Zhang, J. Am.
Chem. Soc. 2011, 133, 19354–19357; c) X. Huo, G. Yang, D.
Liu, Y. Liu, I. D. Gridnev, W. Zhang, Angew. Chem. Int. Ed.
2014, 53, 6776–6780; d) H. Zhou, Y. Wang, L. Zhang, M. Cai,
S. Luo, J. Am. Chem. Soc. 2017, 139, 3631–3634; e) Y. Wang, J.
Chai, C. You, J. Zhang, X. Mi, L. Zhang, S. Luo, J. Am. Chem.
Soc. 2020, 142, 3184–3195.

[16] The lack of reactivity of PdCl2(PPh3)2 and Pd(PPh3)4 may be
due to inability of P(p-CF3C6H4)3 to replace PPh3 from the Pd
center because of its weaker Lewis basicity.

[17] In the reaction forming 3s, a diastereomeric mixture of a
diallylation product was also formed in 26% yield (NMR), and
amine 1s was recovered in 22% yield.

[18] Deposition number 2295351 contains the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

[19] a) N. J. Adamson, K. C. E. Wilbur, S. J. Malcolmson, J. Am.
Chem. Soc. 2018, 140, 2761–2764; b) Y.-L. Su, L.-L. Li, X.-L.
Zhou, Z.-Y. Dai, P.-S. Wang, L.-Z. Gong, Org. Lett. 2018, 20,
2403–2406; c) S. Park, N. J. Adamson, S. J. Malcolmson, Chem.
Sci. 2019, 10, 5176–5182; d) N. J. Adamson, S. Park, P. Zhou,
A. L. Nguyen, S. J. Malcolmson, Org. Lett. 2020, 22, 2032–2037;
e) H. Wang, R. Zhang, Q. Zhang, W. Zi, J. Am. Chem. Soc.
2021, 143, 10948–10962.

[20] When the concentration of the palladium catalyst increases to
a certain degree, the rate stops increasing with even higher
concentrations (see the SI). At this point, the rate might have
been limited by the ammonium ion (H� Base+), whose amount
is dictated by the amount of B(C6F5)3 used. In other words, the
ammonium ion becomes saturated with the palladium catalyst.

[21] It is difficult to explain � 0.49-order of amine 1a because the
amine is involved in multiple steps until the rate-limiting step.
In order to get more information, the reaction of amine 1u
with 2a was also looked at; the kinetic study indicated a � 0.16-
order dependence on the concentration of amine 1u. There-
fore, the rate order is also influenced by the specific amine.

Manuscript received: November 19, 2023
Accepted manuscript online: December 14, 2023
Version of record online: December 27, 2023

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2024, 63, e202317610 (7 of 7) © 2023 Wiley-VCH GmbH

 15213773, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202317610 by Shandong U

niversity L
ibrary, W

iley O
nline L

ibrary on [24/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1021/cr020027w
https://doi.org/10.1021/cr020027w
https://doi.org/10.1021/acs.chemrev.0c00803
https://doi.org/10.1021/acs.chemrev.0c00803
https://doi.org/10.1021/acs.chemrev.0c00736
https://doi.org/10.1021/acs.chemrev.0c00736
https://doi.org/10.1021/ja074678r
https://doi.org/10.1021/ja074678r
https://doi.org/10.1021/ja209373k
https://doi.org/10.1021/ja209373k
https://doi.org/10.1002/anie.201403410
https://doi.org/10.1002/anie.201403410
https://doi.org/10.1021/jacs.7b00437
https://doi.org/10.1021/jacs.9b13026
https://doi.org/10.1021/jacs.9b13026
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202317610
http://www.ccdc.cam.ac.uk/structures
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1021/jacs.7b13300
https://doi.org/10.1021/jacs.7b13300
https://doi.org/10.1021/acs.orglett.8b00740
https://doi.org/10.1021/acs.orglett.8b00740
https://doi.org/10.1039/C9SC00633H
https://doi.org/10.1039/C9SC00633H
https://doi.org/10.1021/acs.orglett.0c00412
https://doi.org/10.1021/jacs.1c02220
https://doi.org/10.1021/jacs.1c02220

	β-C−H Allylation of Trialkylamines with Allenes Promoted by Synergistic Borane/Palladium Catalysis
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


