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Propargylamines: An Entry to B-Amino Ketones.

Vincenzo Marsicano,*® Antonio Arcadi,”® Massimiliano Aschi,"and Véronique Michelet™

The results of our investigations on Au-catalyzed regioselective hydration reaction of both alkyl- and aryl-substituted N-

propargyl phthalimides directed to the selective formation of the corresponding B-phthalimido ketones are described.

Experimental data, in particular the observed regioselectivity, has been qualitatively supported by Quantum-chemical

calculations carried out on model systems in the framework of Density Functional Theory (DFT) followed by quantum theory

of atoms in molecules (QTAIMS). Our results suggest that the electronic features of the initial adduct between the propargyl

triple bond and the Au(l) catalyst, in particular the character of the gold-triple bond interaction, are essential for the

observed regioselectivity. Other effects, such as the presence of the solvent and the formation of a H-bond between the

water molecule and the phthalimido moiety, although apparently irrelevent for the regioselectivity, have proved to be

kinetically and catalytically rather important.

Introduction

Propargylic amines are versatile building blocks in organic
synthesisl!] and catalytic activation of the C-C triple bond
represents a powerful tool to allow for their regioselective
functionalization. Especially, the regioselective hydration of
propargylamine derivatives by means of gold catalysis instead
of toxic mercury reagentsl provided alternative
straightforward and efficient methodologies to generate the
corresponding B-amino ketones with excellent regioselectivities
under mild conditions.3] The use of diphenylphosphinoyl and
tosyl groups as suitable directing groups in the starting
propargylamines allowed the access to the corresponding N-
protected B-amino ketones by means of regioselective gold(lll)-
catalyzed hydration reaction (Scheme 1, Eg. 1). In these
examples, the amine was functionalized by an aromatic at the
propargylic position and either an aryl or alkyl group at the
alkynyl position. While a large number of reports have focused
on the hydration of an internal general alkyne moiety, 5] only
limited examples have been reported on the hydration of alkyl
or unsubstituted propargylic amine. The group of Shi reported
a single example of regioselective hydration of an alkyl-
substituted propargylic amine containing an arysulfonyl group
on the nitrogen catalyzed by AuCIPPhs/ AgOTf, which gave a B-
amino ketone in good yield (Scheme 1, Eq. 2).[6] Considering the
ubiquitous structural feature of B-amino ketones in nitrogen-
containing pharmaceuticals and biologically active
compounds,78 and our long interest in gold-catalyzed
functionalization of alkynes,[910 we envisaged to reach such
motifs by hydration of unsubstituted propargylic amines. For
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this purpose, we have selected phthalimido group 11 as a useful
alternative protecting group to direct the regioselective atom
economy functionalization of non-symmetrical alkynes by
means of gold catalysis. We wish therefore to report therein the
results of our investigations on Au-catalyzed regioselective hydration
reaction of both alkyl- and aryl-substituted N-propargyl phthalimides
1 directed to the selective formation of the corresponding f-
phthalimido ketones 2 (Scheme 1, Eq. 3). Experimental data have
also been supported by quantum-chemical calculations carried out
on model systems in the framework of Density Functional Theory
(DFT), which suggested that the regioselectivity is mainly driven by
electronic effects.

Scheme 1. Regioselective Hydration of Propargylic Amines.
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Computational details

All the calculations were performed in the framework of density
functional theory (DFT) using the CAM-B3LYP functional 12 All the
structures were first optimized using the 6-31+G* basis set for all the
(light) atoms the Los Alamos National Laboratory Effective Core
Potential with a double-Z basis set (lanl2dz) for gold. (23] The same
level of theory was employed for calculating the frequencies and,
hence, the free energy correction at the temperature of interest (see
below) by evaluating for each structure the partition function in the
ideal-gas approximation using the geometries and the associated
frequencies and considering as a reference state the concentration
of 1.0 mole/liter. A larger basis set, 6-311+G*, was then utilized for
all the light atoms for performing single point calculations, atomic
charge estimations [24 and for calculating the excess free energy, i.e.,
the effect of the solvent (Acetonitrile at the temperature of 80°C),
using a mean-field approach according to the Polarizable Continuum
Model (PCM) 1251 as implemented in the Gaussian 09 software [16l,
Atomic charges were also calculated at the same level of theory, on
a selected number of species, using the Natural Bond Order analysis.
171 QTAIMS (quantum theory of atoms in molecules) analysis 18 was
finally carried out on the DFT “wavefunction” using the Multiwfn
package. (191 All the details of the quantum-chemical calculations and
QTAIMS analysis are reported in the Supplementary Information.

Results and discussion

At the outset of our investigation, the ready available N-
propargylphthalimide 1a [20! was selected as a model substrate
for the screening of catalysts and suitable conditions for the
synthesis of the B-phthalimido derivative 2a. The results are
summarized in Table 1. The previously reported conditions
NaAuClse2H,0 for the gold-catalyzed regioselective hydration
of the N-diphenylphosphinoyl)-/N-tosyl propargylic amines [3b]
allowed the formation of B-phthalimido ketone 2a at room
temperature, despite in low yield (Table 1, entry 1). The
formation of 2a occurred in 64% vyield in the presence of the
same catalyst in absolute ethanol at 80 °C. It should be noted
that only a single regioisomeric hydration product was isolated
along with the recovery of the starting material (12%) (Table 1,
entry 2). The use stoichiometric amount of the p-
toluenesulfonic acid in ethanol was also envisaged and failed to
give 2a in synthetic useful yield (Table 1, entry 3).[21] Pleasingly,
the activity of IPrAuNTf; catalyst resulted in the formation of 2a
under the same reaction conditions in 73% isolated yield (Table
1, entry 4).1221 Further investigation in order to find the more
efficient catalytic system showed that both the reaction
medium and the choice of the ligand L and anion X-in complexes
L-Au-X can play an effective role in the reaction outcome.[23]
Pure water (Table 1, entry 5) proved to be less suitable for the
formation of the hydration product. In further optimization on
gold catalysts, it was found that the complex IPrAuNTf, allowed
the formation of 2a in 86% yield in CH3CN/H,0 (10:1) as the best
reaction medium (Table 1, entry 6). Changing the counter anion
of this latter cationic gold(l) to BF4 resulted in a decreasing yield
of 2a to 60% yield (Table 1, entry 7). The starting alkyne 1a was
recovered unchanged when AgNTf, was used the catalyst (Table
1, entry 8). By switching to Ph3PAuNTf, (NTf, = bis(tri-
fluoromethanesulfonyl)imide) as the catalyst, the formation of
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a hydration product 2a occurred in lower yield (Tabde Ajientries
9-10). Conversely, the use of XPhosAu(C@g%Nj)%Eﬁg/QaﬁF@éfﬁ%é

very low yield under the same reaction conditions (Table 1,
entry 11).

Table 1. Optimization of the reaction condition of the hydration of the N-

propargylphthalimide 1a.
e
Cop
e}

Catalyst

6] ///
@QN Solvent, T (°C), Time
o)
1a

2a
Entry @ Catalyst Solvent T(°C)/ Yield (%) ©
Time (h) (Conv.) ¢
1 NaAuCls*2H,0 EtOH/H,0/DCM rt. /24 19 (20)
(4:1:1)
2 NaAuCls*2H,0 EtOH 80/19 64 (88)
3 p-TsOH EtOH 80/24 12 (15)
4 IPrAuNTf, EtOH 80/24 73
5 IPrAuNTf, H,0 80/ 24 43
6 IPrAuNTf, CH3CN/H,0 (10:1) 80/ 24 86
7 IPrAu(CH3;CN)BF, CH3CN/H,0 (10:1) 80/ 24 60
8 AgNTf, CH3CN/H,0 (10:1) 80/ 24 N.R.
9 PPh3;AuNTf, CH3CN/H,0 (10:1) 80/ 24 60
10 PPh3;AuNTf, CH3CN/H,0 (10:1) rt. /24 16
11 XPhosAu(CH3;CN)SbFg  CH3CN/H,0 (10:1) 80/ 24 17

aUnless otherwise stated, all reactions were performed with 0.191 mmol of 1a
and 5 mol% of catalyst in 3 mL of solvent. b Isolated yield. ¢ Conversion. NR = no
reaction.

We therefore selected IPrAuNTf, as the best catalyst in
CH3CN/H,O (10:1). The pivotal role of the protecting
phthalimido group in determining the reactivity and the
regiochemical reaction outcome was demonstrated by reacting
3-phenylprop-2-yn-1-amine 3. When compound 3 was
subjected to optimized conditions (Scheme 2, Eq 1), no desired
hydration was observed. The application of such transformation
was also demonstrated on a larger scale with a smaller amount
of catalyst. The hydration of 1a was conducted on 1 g scale in
the presence of 2 mol % of IPrAuNTf, at 80 °C in CH3CN/H,0
(10:1) for 48 h and afforded the desired ketone in 69% isolated
yield (Scheme 2, Eq 2).

Scheme 2. Control experiment and scale-up of the hydration of the N-
propargylphthalimide 1a.

(1)

IPrAuNTf; (5 mol%
H,N // % No reaction
3

CH3CN/H,0 (10:1)
80°C, 24 h

o o Ph
/ IPrAUNTY, (2 mol%) ﬂ
- N o

N CH3CN/H,0 (10:1)
80°C, 48 h
o) (o]
1a (1.00 g) 2a (0.735 g, 69%)
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We then decided to study the scope and limitations of this
catalytic system. To further extend the generality of the
hydration procedure, a variety of N-propargylphthalimides with
different R groups at the terminal alkynyl position were reacted
under the optimized conditions of entry 5 of Table 1 (Scheme
3). Our results showed that both alkyl- and aryl- or heteroaryl-
substituted N-propargylphthalimides 1a-i could efficiently
undergo hydration to give only the corresponding B-

ARTICLE

phthalimido ketones 2a-i. Both electron-donatingvsubstituemnts
(p-MeO-, p-HO- and p-Me) and eIectron-Rﬂhél%%?@%ﬂ%@l(Bﬁ%
p-COOMe, m-Br) on the aryl moiety were well tolerated.
Gratifyingly, compounds bearing a linear alkyl group at terminal
alkynyl position also gave the B-phthalimido ketones 2j-k in 63%
and 72% vyield, respectively. Additionally, the hydration of 1l
having an allyl group on the triple bond afforded the desired
product 2l in 74% vyield.

Scheme 3. Substrate scope of the Gold-catalyzed hydration of N-propargylphthalimides.
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[a] Unless otherwise stated, all reactions were performed with 0.140-0.180 mmoles of 1a-l in 3 mL of CH3CN/H20 (10:1). [b] Isolated yields.

We also got interested in further applications through the
deprotection of the protective group and also the competition with
other gold-catalyzed transformations such as hydroamination.[241 The
phthalimido-protected product 2a could be easily transformed into
the corresponding primary amine derivative 4a in the presence of
ethylenediamine in MeOH at room temperature (Scheme 4, Eq. 1).[25
Interestingly, the 2-aminophenyl substituted N-
propargylphthalimide 1m  underwent the gold-catalyzed
intramolecular hydroamination instead of the intermolecular
hydration to afford the 2-((1H-indol-2-yl)methyl)isoindoline-1,3-
dione 5min 52 % yield (Scheme 4, Eq. 2).

This journal is © The Royal Society of Chemistry 2020

Scheme 4. Applications.
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To investigate the mechanism of the reaction, we also studied the
reaction of the non-substituted N-propargylphthalimide 1n under
the standard reaction conditions. A lack of regioselectivity was
observed and the reaction afforded a mixture of 2nand 2n’ina 1:1.3
ratio in 60% vyield (Scheme 5, Eq. 1). Anticipating that this unusual
regioselectivity could be due to the protective group, we prepared
the N-tosyl protected compound 6.

Scheme 5. Effect of Directing Group.

1)
/// IPrAUNTY, (5 mol%) ﬂ }
N CH3CN/H,0 (10:1)
80°C, 24 h, 60% yield
o

2n 2n'

TsHN /\\\ IPrAUNTf, (5 mol%) TSHN Y
CH3CN/H,0 (10:1) o
6 80°C, 24 h, 77% yield 7
3) HN N7
/\\\ IPrAUNTY, (5 mol%)
e E—
= ‘ CH3CN/H,0 (10:1)
~ 80°C, 24 h, 20% yield

8

Conversely, a total regioselectivity leading to the formation of only
the a-tosylamido ketone 7 occurred in 77% yield by starting from the
N-tosyl propargyl amine 6 (Scheme 5, Eq. 2). The N-phenyl propargyl
amine 8 underwent under the same reaction conditions a sequential
intramolecular hydroarylation/oxidation to give the quinoline 9
although in low yield (Scheme 5, Eq. 3).12¢!

Concerning the mechanistic aspect, some theoretical papers aimed
at understanding the mechanism of action of the gold catalyst in
protic solvents and under acidic conditions have appeared in the
literature.[2”] DFT calculations coupled with kinetic experiments
allowed to shed light on the mechanism of alkyne hydration, under
apolar, aprotic, and neutral conditions.[28! A variety of complexes and
plausible intermediates have been suggested to explain the
regioselective gold-catalyzed hydration of the N-
diphenylphosphinoyl)-/N-tosyl propargylic amines.3! Nonetheless,
we envisaged that further computational calculations should shed
the light on the key factors determining the regioselective outcome
of the gold catalyzed hydration of the N-protected propargylic
amines. Thus, we underwent a computational investigation aimed at
trying to provide a rationale for some of our experimental results. In
particular we decided to study the following model reactions in
acetonitrile at 80°C: (a) gold-catalyzed hydration of N-
propargylphthalimide 1a (with R, = phenyl); (b) gold-catalyzed
hydration of N-propargylphthalimide 1n (with R, = H) (c) gold-
catalyzed hydration of 4-methyl-N-(prop-2-yn-1-

4 | Organic & Biomolecular Chemistry, 2020, 00, 1-3
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yl)benzenesulfonamide 6; (d) gold-catalyzed hydrationief, Ait(propti2=
yn-1-yl)aniline 8; (e) gold-catalyzed hydration Bf S phenVIBroy 25 /H:
1-amine 3. Note that in all the systems we employed the complex of
Au(l) with 1,3-dimethyl-imidazol-4,5-2-ylidene, as simplified but still
realistic model of the IPrAuNTf, catalyst utilized in most of the
experiments. It is also important to remark that in all the subsequent
analyses we schematically indicate with R;-Au-X the initial adduct
between the propargyl triple bond and the R;-Au* species. Results of
reaction (a) are reported in Figure 1.

The starting R;-Au-X adduct, indicated with Al in the Figure 1, turned
out to be in the singlet magnetic state, as indeed in all the cases
addressed in this study, revealing much more stable than the triplet
one. The reaction was initiated by the water addition either on the a
or B propargyl position of the substrate through the transition
structures TSAa and TSAB. Our results indicated that this initial step,
the only plausibly responsible of the reaction regioselectivity, was
characterized by a very different free energy barriers with the B-
addition appearing therefore as, by far, the kinetically more
favoured. Such a difference was also observed in the gas-phase
calculations, i.e. in the absence of the solvent effect, hence
suggesting that its origins should be related to intrinsic, i.e. electronic
or steric, effects. The presence and hence the possible involvement
of A1 cyclization product in the whole mechanism 29 was discarded
because of the positive free energy (AG° of +40 kloule/mole at 80°C,
at the same level of theory) associated with the related reaction. A
further interesting aspect to remark was the presence, in the
intermediate complexes A2 and A3, of a sharp H-bond between the
water molecule and the phthalimido moiety actually producing a
zwitterionic species in both the cases. This feature appeared as
kinetically relevant. As a matter of fact, such a proton was then
transferred, through TSA1 or TSA2 (showing the same free energy
barrier), to the propargyl position to irreversibly produce the
protonated form of the final product, i.e. the B-phthalimido ketone.
Therefore, the H-bond with phthalimido-group appeared a key
catalytic event for the whole process even though, apparently, it did
not play any relevant role in the observed regioselectivity hence
requiring a more in-depth analysis (see below). A slightly different
scenario was observed (see Figure 2) when the phenyl group was
substituted by a H-atom (reaction (b)). In this case we observed a
similar (although not identical, see below) initial Ri-Au-X complex
and, most importantly, the same mechanism characterized by the
similar shuttling role of the phthalimido-group. However, the relative
height of the two barriers turns out to be lower and also reversed
with respect to reaction (a). This finding, in nice qualitative
agreement with experimental results, suggests for this reaction a
reduced regioselectivity. It is important to note that in this case the
formation of a cyclized product from the R1-Au-X complex also
showed a positive formation free energy AG°® (+18 kloule/mole)
which again makes this species not mechanistically relevant.[29]

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Free energy (kJoule/mole) diagram at 80°C in acetonitrile for the gold-catalyzed hydration of N-propargylpthalimide (1a with R = phenyl).
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Figure 3. Free energy diagrams at 80°C in acetonitrile (kJoule/mole) for the reaction gold-catalyzed hydration of 4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide.

In the case of 4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide 6
(reaction (c), Figure 3) we found a free energy profile qualitatively
resembling the previous case. Interestingly, also in this case, the
presence of the shuttling effect appeared as crucial for the whole
reaction kinetic and thermodynamic outcome. The catalytic role of
the basic group acting as a proton-shuttle in the hydration
mechanism was even reinforced by the outcome of the next step of
our computational investigation concerning the hydration of N-
(prop-2-yn-1-yl)aniline 8 (reaction (d)). For this substrate, we located
a stable R1-Au-X initial adduct with the same previously observed
initial complex features, but we could not find any low-energy TS
concerning the water addition to the propargyl group. On the other
hand, we could easily find a TS connecting the initial substrate to the
cyclic structure according to the following route described in Figure
4,

=99

Figure 4. Free energy diagrams at 80°C in acetonitrile (klJoule/mole) for the
cyclization gold-catalyzed reaction of of N-(prop-2-yn-1-yl)aniline

hydration of the 3-phenylprop-2-yn-1-amine, experimentally found
to be completely inefficient.

E2

“ Hy o
HE~ Y

A]u

Ry

Figure 5. Free energy diagrams at 80°C in acetonitrile (kJoule/mole) for gold-
catalyzed hydration reaction of of 3-phenylprop-2-yn-1-amine.

However, in this system, and differently from the previous reported
examples, we also located a very stable N-Au complex,3% which
revealed 15 kJ/mole more stable than the R1-Au-X complex but
unable of generating a kinetically accessible hydration route. This
finding turned out to be crucial in the final example concerning the

6 | Organic & Biomolecular Chemistry, 2020, 00, 1-3

As a matter of the fact, the analysis of the free-energy diagram
reported in Figure 5 actually indicated that hydration reaction could
be considered as kinetically feasible through a relatively low-energy-
barrier a-addition and the stabilizing effect of the basic NH, group in
the intermediate E2. However, for this system, the Au-N-complex, for
which we could not locate any low-energy route for hydration
reaction, revealed 75 kloule/mole more stable than the Ri-Au-X

This journal is © The Royal Society of Chemistry 20xx
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complex at 80°Cin acetonitrile. It isimportant to note that the reason
for the above huge free energy difference was found to be entirely
due to non-intrinsic electronic effects and, in particular, to the higher
polarity of Au-N-complex whose dipole moment, 4.0 Debye, was
exactly twice the dipole moment of m-complex. Therefore, the
presence of any solvent, in particular polar solvents, unavoidably
stabilized for electrostatic effects the more polar species essentially
resulting in a hydration inhibition. Results so far illustrated, although
able of showing the importance of the presence of moieties able to

029H

0.03
Au 0.46
00 ,@ %01 a 0.45 0,12
N0 g,

Organic & Biomotecular Chemistry

establish a H-bond with the entering water, do not\sheddight.or
the possible origin of the observed régibseéléesh/itgO M5
purpose we decided to carry out a comparative investigation,
making use of both Natural Bond Order QTAIMS analysis, of the
main electronic features of the initial Ri-Au-X adduct and the
hydration TSs previously described. In Figure 6 we report a
concise description of the final outcome whose details can be
found in the Supplementary Information.

H

-0.29
g % Au®0 46
ﬁ 0.30 R1
030 R, @

-0.29 H

R HzN

Figure 6. Schematic picture of the NBO charges (in atomic units) for the Ri-Au-X atoms mainly involved in the hydration process (see Figures 1-5). The presence or the
absence of a dotted line between gold atom and the alkyne carbon atoms indicates the presence or the absence of an interaction as emerged from QTAIMS analysis.

It is important to initially focus our attention on the results of
QTAIMS analysis on the hydration TSs for which we have
systematically observed : (i) a sharp increase (order of 10-15%), with
respect to the initial adduct, of the distance between Gold(l) and the
carbon atom undergoing water addition: (ii) a scarce covalent
character of the water-carbon interaction clearly indicating an early
character of all the TSs. This information suggests that most of the
observed mechanistic features should rely on the actual electronic
features of the R;-Au-X adducts in part schematically reported in the
Figure 6. Gold(l) atom, beyond a non-covalent (order of 6-10
kJoule/mole) and probably kinetically irrelevant interaction with the
oxygen atom of the phthalimido or benzensulfonamide group, was
systematically found to interact, through a transit interaction (18]
(order of 50-60 kJoule/mole) only with the Cg atom and only with the
C, atom in the lack and in the presence of the phenyl substituent,
respectively (see also Figure 6). As a consequence the carbon atom
not interacting with gold(l), and also characterized by a weak positive
charge, turns out to be (i) more electrophilic toward water and (ii)
more inclined to suffer the increase of the distance from Gold(l)
observed upon water addition. For this reason, such a carbon atom
always shows the kinetically more accessible hydration site
generating the observed regioselectivity. It is also interesting to note
that, for some not emerged reason, in the case of N-(prop-2-yn-1-
yl)aniline none of the carbon atoms shows a net positive charge.
Although these electronic/electrostatic effects cannot explain more
conclusive evidences concerning the physico-chemical nature of the
observed activation free-energy differences, in some cases are very
high (Figure 5) and in some other cases less pronounced (Figures 2
and 3), we feel that they are particularly significant and certainly
deserve further investigation in the future.

This journal is © The Royal Society of Chemistry 2020

Conclusions

In conclusion, we have therefore extended the methodology of
the gold-catalyzed reactions by studying the hydration process
of N-propargylphthalimides. After optimization of the reaction
conditions, we found that the commercially available IPrAuNTf,
was effective to promote regioselective hydration of protected
propargylic amines, regardless of the substituents of the alkynyl
moiety. Both alkyl- and aryl- or heteroaryl-substituted N-
propargylphthalimides could efficiently be transformed to B-
amino ketones. The results of the computational investigation
carried out on five model systems were found in satisfactory
agreement with the experimental findings. Electronic effects
appeared as the most relevant ones for the reaction
mechanism. In particular, the combination of intrinsic electronic
features — such as the electrophilicity of carbon atoms
presented in the initial substrate or the electronic density
distribution in the water addition TS — or external electronic
features such as the solvent effect seemed to play a relevant
role in the reaction outcome. The presence in the substrate of
moieties able to establish a H-bond with the entering water
appeared as kinetically relevant for the irreversibility of the
formation of the final product. Further studies will focus on
other applications of N-propargylphthalimides such as the
combination of hydration with other atom economical
processes.
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