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Abstract:

Experimental and theoretical mechanistic studies on the Cu(OTf),-catalyzed hydroamination reaction of
terminal allenes with secondary amines reveal that in-situ generated cationic Cu(]) is the catalytically active
species and explain the observed regio- and stereoselectivity for the unbranched £ product. Insight about the
structure of the relevant transition states allowed the generalization of this methodology to allenamides and
N-allenylcarbamates under unprecedentedly mild and functional group tolerant conditions. Chelation effect
by the amide oxygen in addition to electronic effects explain the high innate reactivity of this class of
substrates.

Keywords: hydroamination, copper, allenes, allenamides, mechanism.

1. Introduction

The development of synthetic protocols that employ easily available starting materials for the construction of
valuable compounds is a far-reaching goal of organic chemistry. In this perspective, hydroamination, i.e. the
reaction in which an R,N-H moiety is added across a carbon-carbon double or triple bond, is one of the most
desirable transformations to access amines. Indeed, it perfectly fits the requirements of green chemistry,
since it has complete atom economy and it does not require the preparation of reactive intermediates such as
organic halides or electrophilic nitrogen reagents.

Over the last two decades, an impressive number of protocols have been proposed for the
hydroamination of unsaturated compounds,' and most often late transition metals have been revealed the
most flexible platform to perform this transformation.'> "™'? In this context, expensive catalyst featuring
precious metals and designer ligands are being more and more frequently replaced by systems based on
cheaper metals,'" such as iron” and copper.®*

We recently reported an efficient protocol for the Cu-catalyzed regio- and stereoselective intermolecular
hydroamination of terminal allenes.’™> Our research efforts aim to gain mechanistic insight useful to support
the rational development of new synthetically valuable transformations. In this perspective, we undertook a
comprehensive mechanistic study of the aforementioned reaction, using a combined experimental and
theoretical approach.’

We present here the results of our work, that allowed to shed light on the actual nature of the
catalytically active species and to rationalize the observed regio- and stereoselectivity. Mechanistic
understanding allowed the extension of the methodology to a new class of substrates — allenamides — under
exceptionally mild conditions.
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2. Results and discussion

2.1 Nature of the catalytically active species
We selected the reaction of phenylallene with morpholine in the presence of Cu(OTf), under the conditions
previously described by some of us (Scheme 1) as a case of study.*"

[ j Cu(OT, 20 mol% _
dloxane (1 oMm)
MS
40equnv 80°C, 13h
(80%)

Scheme 1 — Cu(OTf),-catalyzed hydroamination of phenylallene.*’

We analyzed first the nature of the copper species actually present in the solution under catalytically
relevant conditions. Cu(OTf), is poorly soluble in dioxane, at the ratio used for the hydroamination reaction
(0.2 mmol per mL of solvent) very little of it dissolves at 80 °C (reaction temperature). When a large excess
of morpholine was added (20 equiv) at room temperature, this white solid acquired a deep blue color, but the
supernatant had only a slight blue tinge. On heating under argon atmosphere at 80 °C for 10 minutes or after
stirring at room temperature for 18 h all the solid dissolved to give a pale yellow, perfectly homogeneous
solution. No line broadening due to paramagnetic species was observed in the no-D 'H-NMR spectrum of
this mixture.”

We concluded that the Cu(Il) pre-catalyst employed is reduced to Cu(l) species in the reaction
environment, as it often happens in Cu-catalyzed coupling reactions in which amines are involved.® The
reducing agent involved in this process is the amine substrate. It is well-known, indeed, that secondary
amines can be oxidized to imines and amidines by Cu(Il) salts.” Anilines, which are also suitable substrates
for the hydroamination reaction under study, can also be oxidized by Cu(Il) to a complicated mixture of azo-
compounds and quinoid condensation products,'® also by the intermediacy of radical cations.'' The first
product of the reduction could be Cu(0), which is known to further react with Cu(OTf), to give Cu(I)."> The
main organic species that is produced by heating a mixture of Cu(OTf), with excess morpholine is, indeed,
N-formylmorpholine. Further details and a possible pathway for the formation of this compound are given in
the Supporting Information (section 1.1).

To further confirm that Cu(l) species are the actual catalyst of the reaction under study, several Cu(I)
sources were tried instead of Cu(OTf), (Table 1)."” It resulted that only Cu(l) salts featuring poorly-
coordinating anions (TfO", PFs) promote efficiently this reaction; interestingly, CuSQO, is completely inactive
and apparently it is not reduced under the reaction conditions.

Table 1 — Screening of Cu precatalysts for the hydroamination of phenylallene."

©/\\\ [O] _Cucat. 20 mol% W
+
N dloxane (1 M)
H

1 80°C, 18 h
a .

4.0 equiv

a a

Entry Cat. Unconverted 1a Yield (%)
1 Cu(OTf)2 - 80
2 Cu(OTH), 35 g
3 CuOTf - benzene - 59
4 Cu(NCMe) (OTD) - 78
5 Cu(NCMe) PF_ - 52
6 Cuso0, - 0
7 CuBr 15 11
8 CuBr - LiBr - 14
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2 Determined by 'H-NMR with 1,3,5-trimethoxybenzene as an internal standard.
® Reaction performed at room temperature after pre-activation of the catalyst for 5 min at 80 °C in the absence of allene.

It is well known that cationic Cu(l), and especially Cu(OTf), has a good affinity for unsaturated
compounds, such as olefins and arenes.'* Several studies have been reported on the complexation of allenes
with late-transition metals,"”> such as Rh,'® Pt,'” and Ag,'® but very little is known about Cu(I)/allene
complexes.'™ Thus, we studied this system by 'H NMR spectroscopy. The addition of Cu(NCMe),PF; to a
solution of allene in DMSO-d; causes an upfield shift of the allene proton resonances, as expected for a fast
complexation equilibrium on the NMR timescale. A fixed amount of Cu(NCMe),PFs was titrated with
increasing amounts of allenes. The chemical shifts so obtained fitted the equation expected for the formation
of a 1:1 complex and data treatment (see the Supporting Information, section 1.2 for the details) gave access
to its thermodynamic dissociation constant Kp and to the variation of the chemical shift upon coordination
Ad (Ad = dg — Jg, in which dg and Jr are respectively the chemical shift for the Cu-bound and the free,
uncoordinated allene). Data for representative allenes are summarized in Table 2.

Table 2 - 'H-NMR data for the formation of complexes between allenes and Cu(NCMe) 4PF¢ in DMSO-d; at 25 °C (see the
Supporting Information, section 1.2 for detailed data treatment).

Entry Allene Or(H% ® AS (H*) *P O (HY) ® AS (HY) *° Kp®
T
1 F’h/\/Hy 6.359 —0.047 £ 0.002 5.280 ~0.397£0.017 (37 £4) mM
1a H’
o
2 N/\/H”’ 7.020 —0.156 +0.003 5.558 —0.806 +0.013 (0.65 +0.13) mM
i
o T
3 5.293 ~0.398 +0.008 - - (4.9 +0.6) mM
1c

* Chemical shifts are given in ppm with reference to internal TMS. ® Asymptotic standard errors of the fitting procedure are given as
uncertainties.

As for the vast majority of metal-olefin complexes, coordination causes an upfield chemical shift (all
the AJ are negative). This is an indication that the metal-allene bond has an important z-backbonding
character in the framework of the Dewar-Chatt-Duncanson model, i.e. electron density is donated by the
metal center to the #* antibonding orbital of the unsaturated compound. The magnitude of this phenomenon
is enough to compensate the opposite effect induced by ligand-to-metal o-bonding.'**

In the presence of the amine nucleophile, displacement of the allene from copper could take place. In
order to have a rough estimate of this effect, a mixture of 1 and Cu(NCMe) ,PF4 in DMSO was titrated with
increasing amounts of morpholine (mp) and the displacement of the allene from the complex with Cu(I) was
followed by 'H NMR spectroscopy. Data treatment (see the Supporting Information, section 1.3 for the
details) allowed evaluating the thermodynamic constant K for the ligand substitution reaction (Scheme 2).
The values found (Ks = 19 for 1a and Ks = 0.63 for 1b) are such that under catalytically relevant conditions
(excess amine with respect to the catalytic amount of copper) there is competition between the two substrates
of the reaction for binding Cu(I)."”

3
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis

®Cu<mp>

R/\®Cu<mp>
0\) DMSO 25°C (

[1- Cu(mp).]*
Ks =19+7 forR = Ph (1a)

Kg =0.63 +0.06 for R = ﬂ (1b)
>

(0]

Scheme 2 — Displacement of coordinated allene from cationic Cu(I) by morpholine. Asymptotic standard errors of the fitting
procedure are given as uncertainties (see the Supporting Information, section 1.3 for complete data treatment).

2.2 The catalytic cycle, and the origin of the selectivity
The reaction under study has the merit of being regio- and stereoselective, i.e. the unwanted geometric
isomer (Z)-2a is not formed in any detectable amount and 2a / 3a isomer ratio is 92:8 (Scheme 3).*"%°

P z E NRz

@/\ﬁy + RoNH LCUO) m WNRZ @M
%214,0 equiv ()2 NR: 2 3a

NR; = O\‘ not detected 2a:3a=92:8
e}

Scheme 3 — Regio- and stereoselectivity of the Cu-catalyzed hydroamination reaction.

In order to prove that the reaction is under kinetic control and that selectivity is not due to equilibration
towards the thermodynamically most stable product (2a), (£)-2a and 3a were synthesized independently and
heated under conditions that mimic the catalytic reaction. In both cases, no isomerization to 2a was detected
by "H NMR analysis of the reaction mixture (Scheme 4).'

o (" ONH
[] 0\) 4.0 equiv
N N Cu(OTf 20 mol%
_~ or N
Lo — X
3a

dioxane (1 M)
(2)-2a 80°C,18h not detected

Scheme 4 — Attempted isomerization of (£)-2a and 3a.

Having in hand reliable experimental information on the nature of the catalyst and its interaction with the
substrate, we undertook DFT calculations in order to get insight into the details of the mechanism and to
explain the observed selectivity. In the following, we will report Gibbs free energy values computed at 298 K
and 1 atm on the basis of harmonic frequencies.

The complexation of Cu(mp),” with phenylallene (1a) is predicted to involve a small variation of Gibbs
free energy and can involve either the £,y double bond (to give complex I1, AG = +1.7 kcal mol™) or the a8
one (to give complex iso-I1, AG = -0.5 kcal mol").** In contradistinction with the findings of Toste and
coworkers about a related gold-catalyzed hydroamination reaction involving hydrazide nucleophiles, no
stable metal-allyl cation complex could be found.” The reaction, thus, must take place by direct attack of the
secondary amine nucleophile on the copper-allene complex. An alkenyl-copper intermediate is so formed
and it gives the final hydroamination product after protodemetallation. Alkenyl-copper compounds are
generally stereochemically stable and undergo stereospecific cleavage of the C-Cu bond with retention of
configuration in the presence of proton sources. This is the case, for example, of the alkenylcopper reagents
formed by stereoselective carbocupration reactions and numerous examples of stereospecific hydrolysis have
been described.”® The stereoselectivity of the nucleophilic attack, thus, directly determines the final £ / Z
selectivity.
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For the attack of the incoming morpholine nucleophile on the [Cu(mp),] -phenylallene complex, two
idealized stereochemical approaches are conceivable with respect to the plane in which the C=CH, moiety
lies: 1) from the opposite side, i.e. in an antiperiplanar fashion; and 2) from the same side, i.e. a
synperiplanar approach. In either case the Ph group can rest in the same half-space as the Cu(mp),", giving
rise to the Z organocopper intermediate, or in the opposite one, generating thus the E alkenylcopper
compound. All four possible resulting transition state structures are schematically depicted in Figure 1. For
TS1a-b, d the computed geometries and Gibbs free energy of formation (AG, with respect to free
[Cu(mp),]", mp and 1a) are also reported. The hypothetical TS1¢ is too sterically congested and any attempt
of geometry optimization invariably leads to TS1a. The transition state TS1e for attack at the o position has
also be obtained (Figure 1). In the latter case, the [Cu(mp),]" moiety is bound to the allene through the a.f
double bond and attack of the incoming mp can only happen in an antiperiplanar fashion because of steric
hindrance.

TS1a TS1b
®
Cu(mp),
L_WH
H H

R pad

antiperiplanar attack, giving the » antiperiplanar attack, giving the »
Z organocopper intermediate AG = +17.0 kcal mol E organocopper intermediate AG = +20.8 keal mol

TS1d )/ o
on )|
(mp),Cy N
not stable H LiH
(sterically congested) g \H

synperiplanar attack, giving the synperiplanar attack, giving the o
Z organocopper intermediate E organocopper intermediate AG = +27.9 kcal mol

TS1e
®
Cu(mp),
H_ A
o
H-N ' :

attack at the o carbon

TS1c

AG = + 18.7 kcal mol”!

Figure 1 — Modes of nucleophilic attack on the allene / morpholine complex. Reported figures are computed Gibbs free energies at
298 K (AG) relative to non-interacting [ Cu(mp),]”, mp and 1a.

Assuming stereospecific protodemetallation with retention of configuration as the product-forming step,
TS1a leads to the formation of 2a, TS1b and TS1d provide (£)-2a and TS1e gives 3a. The computed free
energies of activation are in qualitative agreement with the fact that 2a is the major observed product that
prevails over 3a and that (Z)-2a is not observed at all by NMR analysis, since G(TSla)<
G(TS1e)<G(TS1b)<G(TS1d) with values of 17.0, 18.7, 20.8 and 27.9 kcal mol™ respectively. Indeed, the
free energy difference between TS1a and TS1e corresponds to a Boltzmann ratio (94:6 at 80 °C) which is of
the same order of magnitude of the observed 2a:1a ratio (92:8).

In order to get more qualitative insight into the reasons of the observed selectivity, distortion-interaction
(DI) analysis was performed.** The results are summarized in Table 3. The AG between the transition states
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TS1a-e and the parent complex [(1a)Cu(mp),] (I1) has been dissected into the contributions due to solvation
(AEgovation), thermal correction to Gibbs free energy (AEiemal), distortion of morpholine (AEy«(mp)) and of
the Cu-allene fragment (AEg(I1)) — the sum of which gives the total distortion contribution (AE4=
AEg«(mp) + AE4(I1)) — and interaction between the two fragments (AEy,). All the contributions are quite
homogeneous within the series, except for the lower distortion energy found for TS1a and the higher
distortion energy computed for TS1d. Moreover, the absolute value of the interaction energy is lower for
TS1d than for TS1b and TS1e. In summary, we can conclude that synperiplanar attack is not possible due to
stereoelectronic reasons and that the observed selectivity for the linear, £ product is largely distortion-
controlled.

Table 1 — Distortion-interaction analysis for TS1a-b and TS1d-e. All reported data are in kcal mol™.?

TSla TS1b TS1d TSle
G(TS)-G(I1) 153 19.1 26.2 17.0
AE o roation 34 35 2.9 35
AE permmal 11.8 12.1 143 13.9
AEg(mp) 0.2 0.3 0.6 0.5
AEy,(11) 124 20.7 24.6 17.7
AE i, (total) 12.6 21.0 25.2 18.2
AE,, “125 175 ~16.2 —18.6

? The DI analysis has been performed according to the following formulae: G(TS) — G(I1) = AEpation + AE hermal T AEgig(mp) +
AEi(I1) + AEy; AEgi (total) = AEgig(mp) + AEgg(I11).

The complete catalytic cycle for the pathway going through the TS1a was analyzed at the same level of
theory and the computed energy profile is reported in Figure 2. Complexation of phenylallene (1a) with
[Cu(mp),]’, giving the intermediate complex I1, is slightly endergonic (AG = +1.7 kcal mol™), as the
association with an extra molecule of morpholine in intermediate 12 (AG = +3.2 kcal mol™"). Addition of
morpholine on the Cu-activated allene takes place as described previously via TS1a (AG* = +12.1 kcal mol”
" in an antiperiplanar fashion giving the Z alkenylcopper intermediate I3 (AG = +6.7 kcal mol ') featuring a
protonated nitrogen atom. Proton transfer to a morpholine molecule (AG = +5.9 kcal mol ') allows the latter
to engage in almost barrierless stereo-conservative protodemetallation via TS2. This step is exergonic (AG =
-29.8 kcal mol™") and delivers the E product 2a in the conformation I5. This step makes the whole
transformation exergonic and it is the driving force of the process. Isomerization to the more stable
conformer I6 (AG = -1.8 kcal mol ") finally takes place.
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Figure 2 — Computed reaction path for the hydroamination of phenylallene (1a) with morpholine. Reported figures are computed
Gibbs free energies in kcal mol™ at 298 K.

Simple inspection of the structure of TS1a suggests that introduction of a substituent at the allene o
position should severely interfere with the reactivity, because of unfavorable steric hindrance with incoming
nucleophile, in a way akin to allylic 1,3-strain. On the other hand, introduction of a substituent on the y
carbon should not affect reactivity much. To test this hypothesis, the reactivity of allenes 1d and le was
examined. In accordance with the expected trend, the a,a-disubstituted allene 1d gave an isomeric mixture of
hydroamination products in 22% overall yield only under forcing conditions (reaction temperature: 100 °C),
while the a,y-disubstituted allene le gave the expected product (2e) in 52% vyield using the standard®
protocol (Figure 3).”*

o Ph
Cu(OTf); 20 mol% J\A
Ph& * [j Ph SN )\/\N/\
N
H
1d

Dioxane (1M), 100 °C
72h @21 O (g °©

4.0 equiv 12% 10%

o
Cu(OTf), 20 mol% /\)\
PR N * [ j Ph NN
N Dioxane (1M), 80 °C K/O
H 72h 2e

1e
4.0 equiv 52%

Figure 3 — Hydroamination of disubstitued allenes 1¢ and 1d. Reported yields were determined by 'H NMR spectroscopy of the
crude reaction mixture.”®

We examined the geometry of the relevant transition state TS1a and compared them to Cu-allene parent
complex I1. A significant structural reorganization of the coordinated allene takes place before the formation
of the new C-N bond. This view is reinforced by the distortion-interaction analysis shown previously and
inspection of the geometric parameters of TS1a (Figure 2) shows that the C,-N distance is long (2.14 A) and
Cg is essentially already a sp® centre (<CoCpCy=138.8 °, <CuCyC)N = 174.5 °, <CuCyC,H = 170.0 °). This
way, positive charge is built at the y allenic carbon passing from the I1 to TS1a, as natural population
analysis®’ evidences (Figure 4).
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d &% NPA charge difference

% M — TS1a
1 A o 0027
oL y& 214A ¢y 0219
C,: +0.289
1.34 A ﬁ‘ '
TS1a

<C,CyC,=138.0° <CuCyC,N=174.5°
<CiC,N=1141°  <CuCyC,H=170.0°

Figure 4 — Selected geometric and parameters for TS1a. NPA charge difference between TS1a and I1 is also shown.

2.3 From mechanistic insights to methodology development

In order to extend the applicability of the reaction under study in milder conditions, we reasoned that
substitution at the a-carbon with a heteroatom having lone pairs could help to stabilize the transition state by
mesomeric effect, effectively delocalizing the positive charge developed at C,. With this aim in mind,
nitrogen substitution was the most obvious choice. Since N-allenylamines are unstable compounds and very
prone to polymerization,” we devoted our attention to allenamides, which are often an optimum compromise
between reactivity and stability.”’

We tested the reaction of N-allenyl-2-pyrrolidinone (1b) with morpholine under the previously reported
conditions® and we found, in agreement with our expectations, that the transformation can indeed proceed at
room temperature for this substrate (after pre-reduction of Cu(OTf), with morpholine for 10 min at 80 °C,
Table 4, entry 1). Reducing the excess of morpholine (entry 3) had a detrimental effect on the yields with this
catalyst. A screening performed using the Cu(l) catalyst Cu(NCMe),(OTf) (entries 4-9) revealed that the
reaction is most efficient in solvents of medium to low polarity (e.g. THF and benzene).** Finally, we found
that air-stable and commercially available Cu(NCMe),PF¢ promotes the reaction in almost quantitative yield
at room temperature with a comparatively low catalyst loading of 5 mol% in the presence of only 1.2 equiv
of secondary amine, provided that THF is used as a solvent (entry 13). These very mild conditions
complement a known method for the hydroamination of allenamides with primary anilines under gold
catalysis.’'

Table 4 — Optimization of the reaction conditions for the Cu-catalyzed hydroamination of allenamides.

o 0.
. [ ] _Cucat. xmol% NN
&N/\\\ N Solvent 1M) &/ N/\
H

1b n equiv
Entry Catalyst (mol%) Solvent mp (equiv) Time (h) Yield (%)*
1 Cu(OTf), (20) dioxane 4.0 1.5 g3°
2 Cu(OTf), (20) dioxane 2.0 1.5 82°
3 Cu(OTf), (20) dioxane 1.2 4 50
4 Cu(NCMe)4(OTY) (20) dioxane 1.2 4 54
5 Cu(NCMe)4(OTY) (20) CHCl4 1.2 2 49°
6 Cu(NCMe)4(OTY) (20) benzene 1.2 2 58
7 Cu(NCMe)4(OTY) (20) MeCN 1.2 5 45
8 Cu(NCMe)4(OTY) (20) MeOH 1.2 5 25
9 Cu(NCMe)4(OTY) (20) THF 1.2 1 53
10 Cu(NCMe),PF (20) dioxane 1.2 0.25 60
11 Cu(NCMe),PFq (10) dioxane 1.2 1.5 60
12 Cu(NCMe),PFs (5) dioxane 1.2 4 66
13 Cu(NCMe),PF, (5) THF 1.2 5 96 (90)°

8
ACS Paragon Plus Environment

Page 8 of 19



Page 9 of 19

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

ACS Catalysis

14 Cu(NCMe),PF, (2.5) THF 1.2 18 25

15 None THF 1.2 18 0

"Determined by 'H-NMR with 1,3,5-trimethoxybenzene as an internal standard. "Reaction performed at room temperature after pre-
activation of the catalyst for 10 min at 80 °C in the absence of allene. “20% of the branched product formed, that decomposed slowly
in the reaction mixture. “Isolated yield.

With this efficient catalyst system in hand, we explored the scope of the reaction by varying the allene
partner (Scheme 5). A variety of allenamides, featuring aromatic or aliphatic substituents are viable
substrates for this reaction. If N-aryl-N-allenyl amides are employed, both electron-releasing and electron-
withdrawing groups are tolerated (compounds 2f-i). In addition to allenamides, N-allenylcarbamates react
smoothly under the optimized conditions (compounds 2n-0). Importantly, Evans oxazolidinone derivative 20
was obtained in good yield. Given that as for all other examples the £ double bond isomer was obtained with
complete selectivity, 20 could be an interesting substrate for diastereoselective reactions involving the
enamide moiety.’

o
Cu(NCMe)4(PFg) 5 mol%
RNN . [ j ( )a(PFe) b R\N/\/\N/\
7 N THF (1 M), rit,, 18 h 7 Lo

1 1.2 equiv 2

o) J{O o
E/fN \ N 2f G = OMe (77%) /U\ 2N
. T\_\ N ™

29 G = H (97%) B o
@ N” 2h G = Br (80%)
2b (90%) 3 & g 2i G = CF3 (51%)? 2j (64%)

o o
\ - BZ\N/\/\N/\
AR
N N/\ ~ AR K/O
Ph Lo © N N
0 o
2Kk (78%) 21 (63%)? 2m (21%)?

6]
A
BOC. N\~ (L/N \
Eh '\Q) ;’Bn\—\N
)

2n (62%) 20 (73%) g
#Reaction time: 72 h.

Scheme 5 — Cu-catalyzed hydroamination of various allenamides and N-allenylcarbamates with morpholine.

The scope with respect to the amine was also investigated (Scheme 6). A variety of secondary amines
are suitable substrates, including sterically open-chain aliphatic amines and sterically hindered ones (2s, 2aa)
that are not very reactive under the conditions we described previously for the hydroamination of simple
allenes.”’ These mild reaction conditions also tolerate several functional groups, such as bromo (2h) and iodo
(2u) substituents, unprotected OH groups (2t) and boronic esters (2v), which can be employed in subsequent
transformations. Importantly, a pharmaceutically relevant pyridine ring does not hamper reactivity (2v).
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Q 0
Cu(NCMe)4(PFg) 5 mol%
N + R!' R2 X -R
& ™~ N THF (1 M), rt, 18 h N N
R2
1d 1.2 equiv 2
C /\/\ Q &/ /\/\N C /\/\N
2p n =1 (88%)
2:2 =2 (76°/Z) o 78% 2s (75%)
o)
a0, %5“@
2t (69 %) 2u (78 %) )KQ\
0
e S /\/\
e S-S by
N N Beg
N~ 2w R'=R?=Pr (84%) 2aa R'=Me R?=c-hexyl (87%)
2v (99 %) 2x R'=Et R?=Bu (85%) 2ab R'=R?=Bu (81%)

2y R'=Me R?=Bu (78%) 2ac R'=R?=hexyl (94%)
2z R'=R?=allyl (72%)

Scheme 6 — Cu-catalyzed hydroamination of N-allenyl-2-pyrrolidinone with different amines.

The enamide moiety is a valuable platform for further transformations. For instance, the 1-aminoethyl-
(1,2,3,4)-tetrahydroisoquinoline and 1-aminoethyl-(1,2,3,4)-tetrahydro-9H-f-carboline skeletons should be
accessible by Pictet-Spengler type cyclization of suitable allenamide hydroamination products. These
structural motifs occur in a variety of biologically active molecules, such as the marine alkaloids Tarennine™
and Keramamine C** and some experimental APIs* (Figure 5). As a proof of concept, we prepared O- and
N-protected P-3374 (6), a drug candidate that has been investigated as a treatment for vascular ailments.’
The complete synthetic sequence starting from commercially available homoveratrylamine 4 is reported in
Scheme 7. Allenamide 1k was prepared according to a standard sequence™ *® by N-propargylation of N-
acetyl-homoveratrylamine and -BuOK-catalyzed isomerization. Hydroamination with morpholine using our
optimized conditions and subsequent TFA-mediated electrophilic cyclization afforded the required
tetrahydroisoquinoline 6 in overall 31% yield over five steps.

NH
@x/Q A
N
i

i Tarennine
Keramamine C

S
) N

o
HO
HO
o
P-3374

NK2 receptor
Vasodilator antagonist

Figure 5 — Natural products and experimental APIs containing the 1-aminoethyl-(1,2,3,4)-tetrahydroisoquinoline and 1-aminoethyl-
(1,2,3,4)-tetrahydro-9H-$-carboline skeleton.”
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Scheme 7 - Synthesis of O- and N-protected P-3374. Conditions: i) Ac,O, A (98%); ii) 1- BuLi, THF, -18 °C, 2- propargyl bromide
1.5 equiv, -18 °C to r.t., overnight (76%); iii) -BuOK 20 mol%, THF, r.t., 1 min (73%); iv) morpholine 1.2 equiv, Cu(NCMe),PF¢ 5
mol%, THF, r.t., 72 h (63%); v) TFA 5.0 equiv, CHCl;, r.t., 5 h (90%).

2.4 Mechanistic insight into the hydroamination of allenamides

Having established an efficient protocol for the hydroamination of allenamides under very mild conditions,
we went back to mechanistic studies to gain insight into the details of this reaction and make comparisons
with the reaction of carbon-only allenes we studied previously.

We have already shown (Table 1, entry 2) that N-allenyl-2-pyrrolidinone (1b), as a representative
allenamide, has greater affinity for cationic copper than phenylallene (1a). The transition states
corresponding to the antiperiplanar attack of the amine nucleophile that we have established previously for
the hydroamination of phenylallene have been located at the DFT level of theory (Figure 6). The carbonyl
oxygen of the enamide moiety plays an important role in the energetics of these transition states. Transition
state TS3b in which the amide oxygen coordinates copper (O-Cu distance: 2.22 A) while the nucleophilic
attack of morpholine takes place is 3.9 kcal mol’ more stable than its conformer TS3a, for which this
interaction is not possible. This oxygen atom can also engage in a hydrogen-bond with the incoming amine
(O-H distance: 1.95 A), provided that the attack of morpholine is such that the product is the £ vinylcopper
intermediate (TS3c). This transition state is predicted to be almost as stable as TS3a, but significantly less
than TS3b and it would lead to the Z enamide, which is not observed experimentally. TS3d, which in the end
also gives the Z enamide after synperiplanar attack is decidedly more endergonic than all the others are.

TS3a TS3b 222 A
® /Of@\/
Cu(mp)s O; Cu(mp), 4
N T H N L H
H 'H H iH :
H’Nﬂ ’ H’N\L
0 G‘Q" LO 33
AG = +18.2 keal mol! AG = +14.3 keal mol”
TS3c
® TS3d )/o
Gu(mp) 8 OH, j
H H (mp)ch",\‘
= H—
(N 'H SN #
o Y N H
P H ﬂ =0
1.95A 0
<OHN =152.8 °

AE,pe = + 18.1 keal mol”!

AE,pe = +26.3 keal mol”!

Figure 6 — Transition states for the attack of mp on Cu-coordinated allenamide 1b. Reported figures are computed Gibbs free
energies in kcal mol ™ at 298 K with respect to non-interacting [Cu(mp),]*, mp and 1b.
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The overwhelming stability of TS3b with respect to all transition states accounts for the complete £
stereoselectivity of the transformation. This transition state, indeed, leads to a Z alkenylcopper intermediate,
which after stereospecific hydrolysis gives the £ enamide. The whole reaction pathway passing through
TS3b has been studied computationally (Figure 7, top). The picture is similar to that reported for the
hydroamination of phenyllallene (1a, Figure 2), but the energetics are different because of the different
electronic properties of the allenamide and the ability to coordinate Cu(I) through the amide oxygen.
Complexation of the [Cu(mp),]” moiety with 1b to give is exergonic (AG= —6.6 kcal mol™) and gives
intermediate 17, which can associate with a further molecule of morpholine, yielding I8 (AG = +1.1 kcal mol’
". Addition of mp to the double bond takes place via TS3b (AG* = +19.8 kcal mol™) and gives the N-
protonated alkenylcopper intermediate 19 (AG = +16.5 kcal mol™). Deprotonation of 19 by an external mp
molecule leading to 10 is favorable (AG = -3.0 kcal mol™). The morpholinium ion carries out the exergonic
(AG = —27.3 kcal mol™), essentially barrierless (AG* = +0.6 kcal mol™), stereoconservative proto-
decupration via TS4, which results in I11. Dissociation from copper and conversion of the intermediate 112
so formed to a more stable rotamer 113 deliver the final product 2b and regenerate the catalyst.

The main geometrical features of TS3b are very similar to that of TS1a (see Figure 7, bottom), the main
differences being that the forming C-N bond is shorter (2.00 A, i.e. the transition state is more product-like)
and that less positive charge is accumulated on the y allenic carbon (NBO charge difference for I7 - TS3b
is +0.267, i.e. about 10% less than for I1 - TSla). It is worth noting that the forming C-N bond lies
approximately in the same plane as the C,=Cg moiety, so that overlap between the n system encompassing C,
and Cg and the o orbital associated with the forming bond is poor, compatibly with relatively modest charge
stabilization observed.

-0_® ¥
N Cu(mp), /:’H(mp) rT|1p/mp p
w | O e |G
N N
TS3b mp N _ Cu(mp)z =0
< H ->»
"H

ii 1:0 TS4 §)§

[Cu(mp)2]*
+1b

6.6 N"Qe m|
N
&
4 "
A -« NPA charge difference

@° qaa T TS3H
4 ~—poon Co 0022
) < . — ° — °
it b Cp: -0.248 <C,C4C, = 132.3° <CUCKCN = 179.1
i C,: +0.267 <C,CN=1162° <CuCyC,H=1795°

Figure 7 — Computed reaction pathway for the Cu-catalyzed hydroamination of N-allenyl-2-pyrrolidinone (1b) with morpholine.
Reported numbers are computed relative Gibbs free energies in kcal mol" at 298 K. Selected geometric parameters for TS3b and
NPA charge difference between TS3b and 17 are also reported.
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In order to confirm the theoretical predictions, the kinetics of the reaction were studied experimentally
(Figure 8).” The disappearance of the "H-NMR resonance of H, of the starting material 1b and the
appearance of the signal for Hy of the product 2b could be easily monitored. The kinetics fitted first-order
equations when mp was used in excess and apparent first-order rate constants k,,, could then be obtained
(Figure 8A). The reaction is first order with respect to the allenamide substrate 1b and first order with respect
to the catalyst (Figure 8C), so at a fixed excess of mp:

d[2b] -
T = kapp[lb] kapp =k [Cu ]

The formation of dimeric or higher-order polymetallic species is thus not to be expected. The
dependence of pseudo-first order rate constants k,p,, on the concentration of mp is more complex (Figure 8B).
At low concentrations (< 0.75 M), k,,, increases with the concentration of mp, until it reaches a maximum
around [mp] = 0.75 M. At higher concentrations, k,,, decreases slightly with [mp]. This bell-shaped curve
can be interpreted qualitatively by considering that the reaction should be first-order with respect to mp,
assuming an outer-sphere attack of the nucleophile in agreement with DFT calculations. However, mp
displaces the allene from the catalyst, thus inhibiting the reaction. The fact that the curve in Figure 8B is not
a simple hyperbolic rise to a maximum, as expected if morpholine behaved as a typical competitive inhibitor,
suggests that mp intervenes also in a different way in the equilibria involving the catalyst. For instance, the
decrease of the observed rate at high [mp] is consistent with the formation of higher-coordinated copper
species.”®

A B C
50 0.02 0.02
o
o~ or . . 0015 - . 0015 i
:o' 30 L £ =
£ B b e 3 | | B | )
£ s B o = oot = o001 .
~ 20 First-order fit R & 2
£ < 0005 |- 1 < o005 - 1
Yoo . B (]
. [} 0 Il Il Il Il Il Il Il 0 Il Il Il Il Il Il Il
0 L L L L L L : : 0 02040608 1 121416 0 2 4 6 8 1012 14 16
0 20 40 60 80 100 120 140 160 180 4 4
[mp]/ (mol L) [Cu*]/ (mmol L'1)

t/ min
Figure 8 — Kinetics of the reaction between N-allenyl-2-pyrrolidinone (1b, 50 mM in dioxane) at 25 °C catalyzed by
Cu(NCMe),PF;, as followed by 'H-NMR spectroscopy, under different conditions: A) With mp (20 equiv) and 20 mol% catalyst
loading. The concentration of starting material 1b and product 2b are reported, together with first-order rate equation fitting. B) With
varying amounts of mp and 20 mol% catalyst loading. The dependence of the apparent first-order rate constant on [mp] is shown. C)
With mp (12.5 equiv) and varying amounts of catalyst. The apparent first-order rate constant is reported as a function of the
concentration of the catalyst itself.

With the aim to confirm our initial assumption about the polarity of the transition state for the
hydroamination reaction, i.e. that positive charge is built up and stabilized by the allenamide nitrogen atom,
we performed a Hammett study on para-substituted N-allenylacetanilides 1f-i. When these compounds were
reacted with excess mp (10 equiv), pseudo-first order kinetics were observed and the apparent rate constants
showed excellent correlation with Hammett’s op parameters (Figure 9, see the Supporting Information,
section 1.5 for detailed data treatment).”” In agreement with our hypothesis, electron-rich substrates react
faster than electron-poor ones, giving a negative p parameter (p = -0.336, Figure 9). The observed relative
reactivity order is also in qualitative agreement with DFT calculations (see the Supporting Information,
section 1.5).
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0.1 7QCH; y =-0.336x - 0.011 ]
R2=0.996 Ac
F 0 N
3 o1} G
1f G = OMe
02k 19G=H
: 1h G=Br
04 -02 1i G = CF;

Figure 9 — Hammett plot for the hydroamination of para-substituted N-allenylacetanilides 1f-i (conditions: mp 10 equiv,
Cu(NCMe),PFs 20 mol%, THF, 20 °C, initial concentration of 1: 0.5 M).

To differentiate the effects of the coordination of the allenamide oxygen from the electronic effects of
the heteroatom substitution on the allenyl system, phenoxyallene (1ad) was tested as a substrate devoid of
any additional metal-coordinating moiety. This compound, indeed, proved to be even more reactive than
allenamides. Its reaction with morpholine under standard conditions was complete in less than one hour at
room temperature (Scheme 8). Interestingly, the reaction was not stereoselective, and the £ and Z vinyl ether
products (E-2ad and Z-2ad) formed in 1:1 ratio (Scheme 8).

o)
o) (\O N\)
Cu(NCMe)4PFg 5 mol%
o 7 [ j O ~_N o\/j
Ph N THF (1 M), 1 h, rt Ph T - Ph”
1ad ian (35%) (35%)
- equiv (E)-2ad (2)-2ad

Scheme 8 — Hydroamination of phenoxyallene (1ad). Yields were determined by "H NMR analysis of the crude reaction mixture.

Inspection of the computed transition states TSS5a-b for the formation of the two possible
stereoisomeric vinyl-copper intermediates, that are practically isoenergetic (AAG = 0.6 kcal mol"), reveals
the existence of two key-hydrogen bonds between mp and the allene oxygen (Figure 10). NBO charge
analysis shows that the accumulation of positive charge passing from the intermediate © complex of 1ad with
the catalyst to TS5a-b is (on average) 22% less than that for for I1 = TS1a (see the Supporting Information,
section 1.5 for the details).

TS5a TS5b
2.92 A ®
<OHN = 149.2° [ ] Qu(mp)z
H—
wH

s S X

H~
ﬂ <OHN=1326° O
o AG = +12.4 kcal mol! AG = +11.8 kcal mol”

Figure 10 — Transition states for the attack of mp on Cu-coordinated allenamide 1ad.
As it is apparent from this latter example, a subtle interplay of sterics, electronic effects and secondary

interactions — either with the catalysts or with the incoming nucleophile — tunes the reactivity and governs
the selectivity of the Cu-catalyzed hydroamination of heteroatom-substituted allenes.

3. Conclusions

We have performed a mechanistic study on the Cu-catalyzed hydroamination of terminal allenes to give £
tertiary allylamines.’" After adducing evidence that the actual catalytic species is cationic Cu(I) generated in
situ by reduction of a Cu(Il) precursor, we used DFT modeling to explain the regio- and stereoselectivity of
the reaction.
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Insight into the mechanism of reaction spurred the extension of the reaction to allenamides, which are
reactive under exceptionally mild conditions and with low catalyst loading, challenging the supremacy of
Au-based protocols for this transformation. The generality and functional group tolerance of this
transformation has been explored and its potential for the synthesis of a biologically active molecule has
been demonstrated.

Additional mechanistic analysis revealed the important role of the amide oxygen atom as a coordination
site for the catalyst and the inhibitory effect of high concentration of the amine substrate.

Further studies are underway to extend reaction to other classes of substrates and to apply it in
asymmetric synthesis. More generally, we also plan to investigate at what conditions and to what extent
copper catalysis can replace gold and other precious metals in the activation of unsaturated compounds.

Computational details

All DFT calculations were performed with the Gaussian09 program (Rev. E.01).*” The structures of all
minima and transition states were fully optimized using the B3LYP functional*' with Grimme’s D3 empirical
correction for dispersion*” comprising the modified Becke-Johnson dumping function®’ (B3LYP-D3BI). The
following basis set was used for geometry optimizations: 6-31+G* for N, O, F and allene C; 6-31G* for H
and C (excluding allene carbons); LANL2TZ(f) with the associated effective core potential (ECP) for Cu,**
* and LANL2DZ(d,p) with the associated effective core potential for Br.***® Single-point calculations were
performed to obtain more accurate electronic energies with a larger basis set: 6-311+G(2d,2p) for C, H, N,
0, F; LANLOS+(f) with the associated ECP for Cu;*** LANLO8(d) with the associated ECP for Br.***"*
To simulate experimental conditions, bulk solvent effects were accounted for by using an implicit solvation
model (IEF-PCM) as implemented in Gaussian.”” The default spheres radii, static and optical dielectric
constants for 1,4-dioxane or THF were used. All stationary points were characterized as minima or first-
order transition states by analytical frequency calculations. IRC calculations were used to confirm that
transition states linked the proper minima. Computed harmonic frequencies were used to calculate the
thermal contribution to Gibbs free energy with the usual approximations. Temperature and pressure were
fixed at 298 K and 1 atm, respectively.

Experimental section
General procedure for the hydroamination of allenamides

An NMR tube (5 mm diameter) or a Schlenk flask of appropriate size was charged with Cu(NCMe),PFg
(0.05 equiv) and closed with a rubber septum. After evacuation and back-filling with Ar repeatedly for three
times, dry THF (1 mL per mmol of substrate), the required secondary amine (1.2 equiv) and the allenamide
(1.0 equiv) were sequentially added. The vessel was shaken until a completely homogeneous solution
resulted and the mixture was left overnight at room temperature. Complete conversion was checked by no-D
'H NMR,’ taking into consideration the disappearance of the characteristic allene resonances.

The tube was opened to the air and the content poured into 10 volumes of EtOAc and partitioned with 3
volumes of saturated NaCl aqueous solution. The aqueous phase was back-extracted with EtOAc (3 x 3
volumes) and the combined organic phases were exsiccated over Na,SO,. Volatiles were evaporated under
reduced pressure and the residue was purified by flash chromatography on NaHCOs-treated silica gel*® to
afford the required hydroamination product.

Associated Content

Supporting Information

15
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis

Additional mechanistic data, experimental details, characterization of starting materials and products,
computational data, copies of NMR spectra.
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Even if for synthetic purposes the reaction is most efficiently carried out in THF as a solvent, NMR spectra are
better resolved if dioxane is used instead, therefore this solvent has been selected for NMR kinetic studies. For
consistency, all theoretical calculations have been carried out by simulating dioxane with the PCM solvation
model.

Although the analytical derivation of rate equations under the usual assumptions of Michaelis-Menten enzyme
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Ordinary flash-chromatography grade silica gel was slurried with about twice its volume of an aqueous
NaHCO; solution (approx. 50 g/L), washed with water on a Buchner funnel, then with acetone and dried in high
vacuum overnight at 140 °C. Some grades of commercial silica gel caused decomposition of these acid-
sensitive products if this treatment was omitted. See also ref. (36¢), note 8.
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