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Abstract: Intermolecular hydroaminoalkylation reactions
of propadiene with selected secondary amines take place
in the presence of a 2,6-bis(phenylamino)pyridinato titani-
um catalyst. The corresponding products, synthetically
useful allylamines, are formed in convincing yields and
with high selectivities. In addition, propadiene easily in-
serts into the titanium-carbon bond of a titanaaziridine.

Nitrogen-containing compounds like secondary amines are on
the forefront of pharmaceutical and agrochemical industries.!
The most established and widely used method to synthesize
amines is based on a two-step strategy, namely hydroformyla-
tion followed by reductive amination, starting from alkenes.”
Apart from the disadvantage that two transformations are nec-
essary to isolate the target amines, the hydroformylation step
is commonly catalyzed by late and increasingly rare and ex-
pensive transition metals like rhodium.” In recent years, the in-
termolecular hydroaminoalkylation of alkenes® enabled by
transition metals of groups 4™ and 5% has developed enor-
mously into an efficient one-step alternative with theoretically
100% atom economy.®® This reaction yields functionalized
amines by a C—C bond forming process in the a-position to an
amine nitrogen atom, employing alkenes and secondary
amines as starting materials. In this context, the titanium cata-
lyzed variant is particularly noteworthy, given that titanium is
the second most abundant transition metal in the Earth’s
crust.”’ Recent advances report both the successful use of in-
dustrially important small amines (e.g. dimethylamine)® and
ethylene® in this reaction and the performance of this reaction
under milder conditions and in significantly shorter reaction
times.'” Another highly desirable continuation in the field of
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hydroaminoalkylation reactions is the extension of the unsatu-
rated substrate scope to compounds beyond alkenes to gain
access to novel functionalized amine scaffolds. Herein, we
report the intermolecular hydroaminoalkylation of propadiene,
the simplest representative of the allene substance class, with
secondary amines to yield corresponding allylamines in high
chemoselectivities and yields. These allylamines themselves are
very important building blocks for the synthesis of manifold
natural products or pharmaceuticals, and the terminal double
bond offers a variety of possible subsequent transforma-
tions.' In this context, it should be noted that a few examples
of Rh/Ir-catalyzed hydroaminoalkylation reactions of substitut-
ed allenes with a tertiary 1,2,3,4-tetrahydroisoquinoline were
recently reported by the Breit group.''?

Previous work has demonstrated that the titanium-catalyzed
intermolecular hydroaminoalkylation of propadiene with N-
methylaniline (Scheme 1) did not lead to the formation of the
envisaged homocoupling products, for example, 1l [branched
(b)] or Il [linear (I)]. Instead, the aminocyclopentane deriva-
tive | was formed from N-methylaniline and two equivalents of
propadiene in low yields."® The formation of I is presumably
based on the generation of an allylic cation intermediate from
the initially formed allylamine product (I, =Ph, R*=H)
caused by the presence of the Lewis acidic titanium catalyst."”

As a starting point, the reaction between N-methylaniline
(1a) and propadiene (2, synthesized according to a literature
procedure™' and used as a solution in toluene, c=04

Previous work (ref. 13):
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Scheme 1. Previous results on intermolecular hydroaminoalkylation reactions
of propadiene with N-methylaniline,"* and targeted products Il and Il (this
work).
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molL™") was chosen as the benchmark reaction and a catalyst
screening was performed (Scheme 2, reaction conditions:
140°C, 30 min, 10 mol% catalyst, scale: 0.1 mmol, control by
GC analysis)."™ Due to propadiene’s boiling point of —34°C,
the reactions were performed in sealed ampoules (V=5 mL).
Unfortunately, the screening revealed that most of the investi-
gated catalyst systems did not convert the starting materials
into any products. The only active catalyst systems were found
to be the formamidinato titanium systems V*¥ and V1'% How-
ever, in these cases, only the already reported formation of the
aminocyclopentane derivative | could be verified. In this con-
text, it should also be mentioned that the use of fewer equiva-
lents of propadiene (2) did not inhibit the formation of I. A de-
tailed summary of this initial catalyst screening can be found
in the Supporting Information (Table S1).
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Scheme 2. Investigated intermolecular hydroaminoalkylation reaction be-
tween N-methylaniline (1a) and propadiene (2, top) and part of the investi-
gated catalyst systems IV-VI (bottom).

Since all investigated catalyst systems either did not catalyze
the formation of one of the desired simple hydroaminoalkyla-
tion products (3b or 31) or initiated unwanted subsequent re-
actions, the hypothesis was put forward as to whether the use
of sterically more demanding secondary amine substrates
could suppress the formation of by-products. In this case, the
interaction between Lewis-acidic titanium species and the ni-
trogen center of the initially formed hydroaminoalkylation
products should be suppressed and as a consequence, forma-
tion of allylic cations which initiate the unwanted side reac-
tions should be avoided. For that purpose, N-benzylaniline
(1b) was tested in reactions with propadiene (2) under the
same reaction conditions and with the same scope of catalysts
(Table $2).%) Intriguingly, the use of the aminopyridinato based
catalyst IVa,”® which was inactive in the corresponding reac-
tion with N-methylaniline (1a), showed significant conversion
of N-benzylaniline (1b) and formation of the desired coupling
products 4b and 41 in a ratio of 93:7 (GC analysis, Figures S64
and S65) in favor of the branched product (Scheme 3). Note-
worthy, in the case of sterically more demanding catalys-
t IVb,“" there is no conversion of the starting material 1b (Fig-
ure S66). On the other hand, usage of the formamidinato
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Scheme 3. Intermolecular hydroaminoalkylation of propadiene (2) with N-
benzylaniline (1b) catalyzed by IVa.

based catalysts V and VI resulted in the conversion of 1b but
also in the formation of undesired by-products (Figures S67
and S68), so that catalyst system IVa proved to be best for this
transformation.

Subsequent optimization of the reaction conditions
(Table S3) showed that the best results are obtained in sealed
ampoules (V=5mL) with 10 mol% catalyst loading (IVa),
140°C, 4 h, and using 1.2 equivalents of propadiene (2, Fig-
ure 569).' Under these optimized reaction conditions, a mix-
ture of the allylamines 4b and 41 could be isolated in very
good yield of 92% and with a selectivity of 4b:41=93:7.'" Be-
cause all screening and optimization experiments were carried
out on a 0.1 mmol scale, an upscaled experiment (1 mmol) was
conducted to isolate larger amounts of the products for char-
acterization purposes. This experiment verified that both the
branched product 4b and the linear product 41 are formed
under the reaction conditions (Figures S3-S5) and that after
column chromatography, the pure major product 4b could be
isolated in 87 % yield (Figure S70). In this case, prior to chroma-
tography, the selectivity in favor of the branched isomer 4b
was determined by GC analysis to be 92:8 (Scheme 4).

To improve reproducibility, we also investigated the sensitivi-
ty of the synthesis of N-(2-methyl-1-phenylallyl)aniline (4b) to
operational variation in reaction conditions (Figure 1)."” The
reaction turned out to be highly sensitive towards oxygen and
moisture while light intensity, and scale have no influence on
the reaction. The temperature has only a slight influence on
the yield of the reaction.

Subsequently, the scope of N-benzyl anilines was investigat-
ed and the results are summarized in Scheme 4. During initial
experiments with substrates that contain para- and meta-sub-
stituents on the N-phenyl ring, it was found that chloro (13 b),
methyl (5b, 6b) and methoxy substitution (9b, 10b) is well
tolerated. Notably, ortho-substituted substrates did not show
any reactivity which can be explained by steric hindrance.”® In
addition, other pharmacologically promising substituents such
as trifluoromethyl (12b) or trifluoromethoxy groups (11b) are
also very well tolerated. The reaction was also successful in the
presence of bromo substituents (7b, 8b) which offer various
possibilities for further functionalization (e.g., Pd-catalyzed
cross coupling).”” Furthermore, we functionalized the N-benzyl

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 4. Ti-catalyzed synthesis of allylamines from propadiene (2) and N-
benzyl anilines. Reaction conditions: amine (1.0 mmol), propadiene (2,
¢=0.4 molL" in toluene, 3.0 mL, 1.20 mmol), IVa (0.10 mmol, 10 mol %),
140°C, 4 h, sealed ampoule. [a] The isolated product contained trace

amounts of the linear isomer.

Low T

Figure 1. Sensitivity assessment of the synthesis of N-(2-methyl-1-phenylally-
l)aniline (4b, c=concentration, T=temperature, /=light intensity).

substituent. One limitation here is that again, a reaction with
ortho-substituted substrates is not possible while meta- and
para-substituents are well tolerated and in all corresponding
cases, the products (14b-21b) were obtained in good to ex-
cellent yields. Notably, various pharmacologically interesting
substructures such as trifluoromethyl (18b) or fluoro (21b)
substituents could also be employed without any erosion in
yield. In all cases, the hydroaminoalkylation reaction took place
with very good to excellent regioselectivity in favour of the
branched product.

With a reliable set of conditions for the hydroaminoalkyla-
tion of propadiene (2) with N-benzyl anilines in hand, we won-
dered whether our protocol could also work with other amine
substrates (Scheme 5). For that reason, we initially explored
three benzylamines with sterically differently demanding N-
alkyl substituents which all reacted smoothly to give the de-
sired methyl- (22b), ethyl- (23b) and isopropyl-substituted
(24b) allylamine products in good yields (>67%) and with
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Scheme 5. Ti-catalyzed hydroaminoalkylation reactions of propadiene (2)
with N-alkyl benzylamines or N-alkyl anilines. Reaction conditions: amine
(1.0 mmol), propadiene (2, c=0.4 molL™" in toluene, 3.0 mL, 1.20 mmol), IVa
(0.10 mmol, 10 mol %), 140°C, 4 h or 16 h, sealed ampoule. [a] 4 h. [b] 16 h.

very good regioselectivity (>94:6). In this context, it should be
mentioned that these products could only be purified by distil-
lation. We then turned our attention towards N-alkyl anilines
and found that in these cases, the hydroaminoalkylation reac-
tions are significantly slower than with benzylamines. After the
typical reaction time of 4 h, GC analysis revealed that the con-
version of N-isobutylaniline, N-propylaniline, and N-ethylaniline
was unsatisfactory (Figures S71-5S73) and even after 16 h (Fig-
ures S74-576), only slightly better results were obtained. As a
consequence, the isopropyl-substituted product (27 b) could
not be isolated in pure form while the methyl- (25b) and the
ethyl-substituted product (26 b) were only be obtained in poor
yields of 18% and 23 %, respectively. Interestingly, 1,2,3,4-tetra-
hydroquinoline was found to give a mixture of the expected
branched product 28b and the linear product 281 in a surpris-
ingly low ratio of only 59:41. In this case, the combined yield
was 21%. Additional experiments performed with dialkyla-
mines like N-methylcyclohexylamine or N-ethylcyclohexylamine
were not successful due to poor conversion of the starting ma-
terials as well as the formation of a number of side products.

From a mechanistical point of view, the migratory insertion
of a C—C multiple bond of an unsaturated substrate into the
Ti—C bond of a titanaaziridine (formed by N—H and C—H activa-
tion of the secondary amine) is generally accepted to be the
C—C bond forming step of the hydroaminoalkylation reaction.
To get insights into the possibility of a migratory insertion re-
action of propadiene (2) into the Ti—C bond of a titanaaziri-
dine, the reaction of the model titanaaziridine 29 with 2 was
performed (Scheme 6), which smoothly gave access to the ex-
pected titanapyrrolidines 30 and 31 in 73% combined yield. Ti-
tanaaziridines of type 29 are known to lack any catalytic activi-
ty in hydroaminoalkylation reactions and are therefore perfect-
ly suited for the synthesis and characterization of stable five-
membered intermediates of the expected catalytic cycle.”'®
Due to similar solubility properties of 30 and 31 in polar and
non-polar solvents (e.g., n-hexane, tetrahydrofuran, benzene),

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 6. Migratory insertion of propadiene (2) into the Ti—C bond of tita-
naaziridine 29 giving the corresponding titanapyrrolidines 30 and 31.

30 and 31 could not be separated. However, results obtained
from multinuclear and 2D NMR spectroscopy unambiguously
allowed for the assignment of the connectivity (Figures S60-
S63). The NMR-studies also revealed that the titanapyrroli-
dines 30 and 31 are surprisingly formed in a ratio of 10:1 in
favor of 30 which corresponds to a linear hydroaminoalkyla-
tion product. This finding is in sharp contrast to the preferred
formation of the branched products in the catalytic hydroami-
noalkylation reactions described above. Unfortunately, at the
moment, we do not have a plausible explanation for the differ-
ent behavior of propadiene (2) in the catalytic and stoichio-
metric experiments. However, the reaction in Scheme 6 was
performed at room temperature, while the catalytic process
occurs at 140°C and as a consequence, it is possible that this
is a kinetic versus thermodynamic product issue. Furthermore,
titanaaziridine 29 is not an active hydroaminoalkylation catalyst
and the selectivity preferences for the insertion reaction may
differ from catalyst IVa. In this context, it should also be noted
that the insertion of 1-hexene into the Ti—C bond of an analo-
gous titanaaziridine has already been reported to give a titana-
pyrrolidine at room temperature that corresponds to a
branched hydroaminoalkylation product.'® Obviously, the reac-
tivity of allenes towards titanaaziridines differs dramatically
from the reactivity of alkenes. While on the one hand, this find-
ing can serve as an explanation for the fact that titanium-cata-
lyzed hydroaminoalkylation reactions of allenes are extremely
rare in the literature,"¥ on the other hand, it becomes clear
that a lot of additional, future studies with various allenes are
required to understand the differences between allenes and al-
kenes in hydroaminoalkylation chemistry. Noteworthy, at-
tempts to release the hydroaminoalkylation products from the
mixture of the titanapyrrolidines 30 and 31 by simple hydroly-
sis (wet CH,Cl,, rt, 1 h) or heating failed. This finding is again in
sharp contrast to a recent study with a titanapyrrolidine ob-
tained from 29 and ethylene from which the hydroaminoalky-
lation product could easily be released in the presence of wet
CH,CLL.P

In summary, successful intermolecular hydroaminoalkylation
reactions of propadiene with secondary amines giving access
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to allylamines could be achieved for the first time. While best
results were obtained with various N-aryl- and N-alkyl-substi-
tuted benzylamines using the aminopyridinato titanium cata-
lyst IVa, dialkylamines, N-alkyl anilines and especially N-methyl-
aniline turned out to be poor substrates. Additional studies
with substituted allenes which also undergo successful inter-
molecular hydroaminoalkylation reactions are presently under-
way in our laboratories. These results will be published in due
course.
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