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ABSTRACT: Intermolecular hydroamidation of internal alkynes

3
has been a long-standing challenge, one of the most successful XSiRs Y ) e
examples so far is silver-catalyzed hydroamidation of siloxy- | + HNJKR3 (Ag1® induced RaSIX Nopa
alkynes for which meet the standards of atom economic and mild \ Re / Mucleophilic attack R
reaction conditions of ideal hydroamidation. However, the R!
X=NR*0 Y=NR®,0

mechanism of this reaction remains controversy. Using density
function theory (DFT), we revealed that the reaction takes place SiR;*

through a silylium ion migration mediated hydroamidation (SMH) ® ¢ aa® - AgNTf, migration
pathway. The SMH pathway goes through two steps, the first step [Ad]

is Ag+ promoted proton and silylium ion exchange between siloxy- ®
alkynes and amide, leading to ketene and silyl-imines, the second (1) H* migration R X SR
step is Ag+ catalyzed nucleophilic addition between ketene and (2) nucleophilic attack N~ "R
silyl-imines, following with a silylium ion migration afford the final gy R2 S

product. In this reaction, Ag+ activate the siloxy-alkyne into
silylium ion and silver-ketene through p-m conjugate effect, the silylium ion then act as catalyst. According to our calculation,
the scopes of alkynes in this reaction may be extend to silyl-substituted ynamines or silyl-substituted ynamides, and the
scopes of amide maybe expanded into p-m conjugate system such as diazoles, diazepines and so on. Our calculations also
reveal a concise way to construct substituted enamides through Ag+ catalyzed nucleophilic addition between ketenes (or
ketene imines) and silyl-substituted p-m conjugate system such as silyl-imines, silyl-diazoles.

diisopropyloxalamide and its analogs are suitable for this
reaction.

1. Introduction
Hydroamidations have attracted very attentions for it’s

an atomic-economy way to construct enamides!?. Further,
the substrates of this reaction are -easily-accessible.
Hydroamidations are not spontaneous mainly due to the
relatively high barrier of nucleophilic process'?. Lewis-acid
or transition metals are often used to catalyze this reaction.
Significant progresses have been made in catalyzed
hydroamidation and high levels of chemo-, regio-, and
stereo- selectivity have been reported* 11-12. However,
current reported successful examples are mainly center on
intramolecular hydroamidation!3-1¢ or hydroamidation
involving terminal alkynes® 17, and relatively high
temperature is required in the most case.

To date, the catalytic variant remains rather limited,
especially in hydroamidation of internal alkynes!8-20. To the
best of our knowledge, there were only two hydroamidation
reactions of internal alkyne which meet the requirements of
atomic economic of ideal hydroamidation'®1°. Indisputably,
make clear the mechanisms of these reactions are very
important, for which can provide direct insights to broaden
substrate scope and improve efficiency of such reaction.

In 2016, Cui et al. reported first example of
hydroamidation of phenyl-substituted alkyne with Ru(II) as
catalyst!®. The reaction proceed under relatively high
temperature (90 °C) and the substrates scope of amides is
very limited, only the N1-benzyl-N2,N2-

In 2006 Kozmin et al. reported the first example of
hydroamidation of internal alkynes!®. They found that
AgNTf; can promotes the addition of second-amides or
carbamates to the triple-bond of siloxy-alkyne successfully
in the room temperature within 30 min (Scheme 1a). In this
reaction, the E-configured Markovnikov product is
exclusively obtained. The authors also found that the
commonly used ynamides and simple internal alkynes are
inactive in the same condition. Based on deuterium label
experiment, the author proposed a silver induced
nucleophilic addition mechanism (NUA mechanism,
Scheme 1b). In this mechanism, the silver(I) coordinated
with siloxy-alkyne 1 to form m-complex INTA, the amide 2
then nucleophilic attack the siloxy-alkyne 1 to form Z-INTB.
Proton transfer of Z-INTB lead to final product Z-3. The
nucleophilic attack step is thought to be rate determine step
(RDS).

The mechanism complies with some experimental
observation, but does not explain why electron-richer
ynamides are nonreactive in the same condition, it should
be more reactive if this reaction proceed through silver(I)
induced nucleophilic attack process?!-2. Further, the
transition metal induced nucleophilic reaction favors take
place at trans-direction of metal atom due to the S-effect?.



Scheme 1. Silver(I) catalyzed hydroamidation reported
by Kozmin et al.
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The aims of this study are to find a more reasonable
mechanism of this pioneer work to understand, the
reactivity, as well as the origins of chemo and regio-
selectivity of this reaction. The potential substrates scopes
of this reaction have been discussed based on our proposed
mechanism.

2. Model reaction

Methyl substituted siloxy-alkyne 1a and carbamate 2a
was choose as model reaction, AgNTf. was choose as
catalyst. dichloromethane (DCM, ¢ =8.93) was choose as
solvent.

3. Computational details

Density function calculations (DFT) were performed with
the Gaussian 16 program package?s. The structures of TS1
and INT1 were optimized in solvent under wb97xd-
SMD/def2-SVP26-27 ]evel of theory for electron static effect
and steric hindrance of triisopropylsilyl (TIPS) group make
it very hard to load these five coordinated structures in the
gas phase?2. The single point energy of TS1 and INT1 was
corrected at wb97xd(gas) /def2tzvpp level of theory, so:

sol — sol _ psas gas
Gdefltzvpp - Gdeflsvp Edetstp + Edeﬂtzvpp (1)

The barrier of formation TS1 And INT1 is evaluated with:

AG;Z)IQtZVpp = G;Z;thvpp(l) - G;Zj?tzvpp(o) (2)

G jg,’zmpp(l) refers corrected Gibbs free energy of TS1 or

INT1, G ;g’mwpp (0) refers to corrected Gibbs free energy of

reference point 1a, 2a and AgNTf>.

The other structural optimizations were performed
under wb97xd(gas)/def2-SVP level of theory. Single point
energy was calculated at wb97xd /def2tzvpp level of theory.
Solvation calculations were carried out with SMD solvation
model at wb97xd/def2-SVP level of theory with
dichloromethane (DCM, ¢ =8.93) as solvent. So, in this case,
corrected Gibbs energy is:

corr-sol  _ gas _ 8as £as sol
Gdf'fz tzvpp — Gdeﬂsvp Edetstp + Edeﬂ tzvpp + Edef25vp
_ p&as
E defZsvp ( 3 )

The barrier is evaluated with:
AG 3o, (SMD) = G@psa (1) = Gatpison, (0) €]

Our previous work has shown that this scheme is well
suitable for evaluate reaction barrier of such system?2

Actually, AG§ZI’{;%I,(SMD) is a good approximation of

sol ; : : ;
AG G2pirvpp- Vibrational frequency calculations were carried

out at same level of theory as geometries optimization to
verify that the optimized geometries are energy minimum
or transition state and to provide thermal corrections for
Gibbs free energies and enthalpies at 298.15 K in 1 atm. IRC
calculation was performed for the key transition states to
verify that the optimized transition states lead to correct
structures?8. Optimized geometries were rendered with
CYLView??. The NCI analysis®® was carried out with
Multiwfn3! and rendered with VMD32, The electrophilicity
index and nucleophilicity N index is calculated with33
wb97xd/def2svp level of theory.

— (EHOMO + ELUMO )2
8(EH0M0 - ELUMO)

)

N = [Eyomo (Nucleophile)
— E umo (Tetracyanoethelene)] (6)

4. Results and Discussion

4.1. Nucleophilic attack at carbon atom (NUA
mechanism).

We evaluate the author proposed NUA mechanism
(Figure 1). At beginning of the reaction, coordination of
siloxy-alkynes 1a with the AgNTf. is exergonic by
10.1kcal/mol (Figure 1a). AgNTf. coordinate with triple
bond of 1a, makes 1a susceptible to nucleophilic attack.
There are three possible sites to attack 1a, which is a-C, 5-C
(Figure 1a) and silicon atom. As for the nucleophilic attack
of the two sp-hybridized carbon atoms, nucleophilic at a-C
position is much more facile due to p-m conjugate effect?.
So, we only consider nucleophilic attack of the a-C position.
There are two directions of nucleophilic attack at a-C
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Figure 1. Ag+ induced nucleophilic attack mechanism (NUA mechanism), Gibbs energies are in kcal/mol. a. Gibbs free energy
profile. b. Optimized geometries. The hydrogen atom was omitted, the isopropyl of triisopropylsilyl (TIPS) group and NTfz-

anion was set to transparent for clarity.

position, if nucleophilic attack take place at the AgNTf: side,
cis-addition product Z-3a will be obtained; otherwise,
trans-addition product E-3a will be formed. Our calculation

shows that the nucleophilic attack of 2a prefers take place
at opposite side of AgNTf> which lead to trans-conformation

product E-3a, the main cause of the trans-selectivity is the
trans-f effect?*. The C-N formation leading to Z-3a is
energetically highly disfavored with a barrier (Z-TSa)
35.8kcal/mol, implies that the commonly accepted NUA
pathway is disfavored.

4.2. Silylium ion migration dominated hydroamidation
(SMH) mechanism.

The nucleophilic attack at silicon atom of siloxy-alkyne is
often overlooked for the large size of TIPS group. However
this process is quite easy in somecases?2. Enlighted by our
previous work??, we proposed a silylium ion migration
dominated hydroamidation (SMH) mechanism for this
reaction (Scheme 2).

Scheme 2. Our proposed silylium ion migration
dominated hydroamidation mechanism.
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The key feature of the SMH mechanism is Ag+ strong

interact with C=C bond of siloxy-alkynes and activate Rs3Si
group into silylium ion SiRs+ through p-m conjugate effect.
Sn2 nucleophilic attack of 2 at silicon atom of siloxy-alkyne
is the initial step of the SMH mechanism. We divide the SMH
mechanism into two parts for convenient, the first part
(part) is Ag+ induced SiRs+ and proton exchange between
siloxy-alkyne 1 and amide 2, which lead to AgNTf:
coordinated ketene INT3A and silyl-imine INT3B; the
second part (part II) is nucleophilic addition between
INT3A and INT3B to form INT4A, following with a silylium
migration afford final product Z-3 (Scheme 2). By its nature,
this is an Ag+ and SiRs+ exchange process, which have
emerged as useful catalytic method, especially for unique
transformations hardly accessible to Lewis acid?2-23.

4.3. Formation of ketene and silyl-imines.

Complexation of AgNTf; with 1a makes silicon atom of
TIPS group susceptible to Sn2 nucleophilic attack by
carbamate 2a. The barrier of this process (TS1) is only 18.3
kcal/mol (figure 2). Unlike common Sn2 reaction in organic
chemistry, this process leads to five coordinated silicon
complex INT1, which then dissociate into silver-ketene
INT2a and TIPS* coordinated carbamate INT2b. The
relatively large size and the d-orbital of silicon atom
contributed the Sy2 process3+35. The strong interaction
between Ag+ and m-bond make silver-ketene INT2a a very
good leaving group which also promoted this process?2.

Formation of INT2a convert initial siloxy-alkynes 1a into
a strong nucleophile33, the nucleophile index N1a =3.2, while
the nucleophile index Nintza =7.2. Polarity inversion of 1a
take place in this process. The electron transferred from the
hydrogen atom of carbamate 2a into C-Ag bond of the
INT2a. NBO charge distributions shows that the natural
charge of C-Ag changed from 044e to -0.16e from INTa to
INT2a, and the natural charge of hydrogen in the carbamate
2a changed from 0.16e to 0.46e. In the INT2b the
hydrogen atom of the nitrogen atom has been activated into
proton by TIPS+.
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Figure 2. formation ketene INT3a-1 and silyl-imines INT3b. Gibbs energies are in kcal/mol. a. Gibbs free energy profile. b.
Optimized geometries. The hydrogen atom was omitted, and NTfz- anion was set to transparent for clarity. Except TS1 and
INT1, the isopropyl of triisopropylsilyl (TIPS) group was set to transparent for clarity.

Our previous work has shown that Ag+ can activate TIPS
group into TIPS+ through p-m conjugation. In this reaction
Ag+ activate TIPS into TIPS+, TIPS+ then activate the
hydrogen atom into proton through p-m conjugation, the net
effect is Ag+ activate hydrogen atom into proton, which can
be regarded as a m-acid and o-acid exchange scheme.

The proton transfer between the INT2b and C-Ag bond of
INT2a is energetically highly feasible with a barrier (TS2)
only 0.9 kcal/mol, leading to silyl-imine INT3b and AgNTf;

coordinated ketene INT3a. The electron transferred from
electron-rich C-Ag bond into proton in this process, NBO
charge distribution shows that the natural charge of C-Ag
changed from -0.16e to 0.11e, and natural charge of
hydrogen atom changed from 0.46e to 0.30e. The net effect
of this reaction is the AgNTfz promoted proton and TIPS+
exchange between siloxy-alkyne 1a and carbamate 2a to
form ketene INT3a-1 and silyl-imine INT3b. Ketene INT3a-
1 and silyl-imine INT3b is energetically 2.8kcal/mol more
stable than siloxy-alkyne 1a and carbamate 2a.

4.4. Silylium ion Migration leads to final product.

Hydroamination or hydroamidation of allenes is quite
easy for high activity of the two cumulated n-bond® 12 21,
Ketene is analogs of allenes, it's very important
intermediate in the organic chemistry36-3°. Transition metal
promoted nucleophilic attack favors take place in the
intersection point of the two m-bond. The barrier (TS3) of
C-N formation leads to INT4a is only 8.8kcal/mol. The
nucleophilicity of INT3b is higher than 2a (the
nucleophilicity N-index of imide Ninsb = 2.81, while Nza =
1.86), which contributed to this process. The electron
transferred from Si-O to Ag-C in this process. NBO charge
distribution shows that the national charge of C-Ag changed
from 0.01e to -0.14e, and the natural charge of Si-O changed
from 1.22e to 1.32e. The bond length of Si-O changed from
1.72A to 1.794 (Figure 3b), which implies the bond between
silicon and oxygen is weakened. Actually, the migration of
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Figure 3. (a) Reaction profiles of formation final product Z-3a. Gibbs free energies are in kcal/mol. (b) Optimized geometries,
the hydrogen atom was omitted, NTf.- anion and the isopropyl of triisopropylsilyl (TIPS) group was set to transparent for

clarity.

TIPS group to obtain AgNTf; coordinated product Z-INT5 is
quite easy with a barrier (Z-TS4) only 14.5kcal/mol. In the
Z-TS4 the two carbonyl group are almost in the same plane,
and the five p-orbitals constitute a large m-delocalized
system which lowers the TIPS transfer barrier. After
formation of Z-int5, electron transferred from C-Ag to Si-O.
NBO charge distributions show that the natural charge of C-
Ag change from -0.14e to 0.04e and Si-O change from 1.32e
to 1.26e. The TIPS migration leads to trans-hydroamidation
product E-3a is relatively energetically disfavored, the
barrier (E-TS4) of this step is 5.8kcal/mol higher than Z-
TS4, which is mainly caused by the relatively larger size of
methyl group. The transition states (Z-TS4 and E-TS4) of
the TIPS migration step favor planar configuration and form

a big delocalized m-system, which increase the repulsion
between methyl and methylene. Noncovalent interaction
(NCI) analysis3? was performed to analyze the repulsion
between the methyl and methylene groups in the E-TS4, as
indicated in the Figure 4, there is a large red area between
the two groups, while in the Z-TS4 the red area is much
smaller, indicating a more pronounced steric effect in the E-
TS4.

Our calculation is excellent in accordance with
experimental observations. Kozmin et al. claimed that the
ynamides and simple internal alkynes are unreactive in the
same conditions. This is a strong support of our proposed
SMH mechanism, which highlight the importance of the
silylium ion Migration. Ynamides is electron richer than



siloxy-alkyne, if this reaction take place through the author
proposed NUA mechanism, the ynamides should be more
reactive. Furthermore, using deuterated amide 2a, no
primary deuterium isotope effect (ku/kp=1.03) was
observed, which means that hydrogen migration is not the
rate determine step. Our calculations shows that silylium
ion migration (TS1) is the rate determine step in this
reaction, if we reduce the size of silyl group, the reaction
rate may be accelerated.

0.015

Z-Ts4 E-TS4

Figure 4. Noncovalent interaction (NCI) analysis of origins
of cis-selectivity (red, strong repulsion; green, weak
attraction; blue, strong attraction).

4.5. A general way to synthesis substituted enamides.
This reaction goes through relatively independent two
steps. In the first step, AgNTfz convert siloxy-alkyne 1 and
amide 2 into ketene INT3A-1 and silyl-imine INT3B
(scheme 2). In the second step, AgNTf: promote
nucleophilic addition between ketene INT3A-1 and silyl-
imine INT3B, following with a silylium ion migration to
afford final product. If the hydrogen atom of ketene was
changed into halogen or other groups, this reaction may
also take place, and the regio-selective is steric-controlled
(scheme 3a). Synthesizing substituted-ketenes has been
extensively studied3¢-38, and silyl-imines can be easily
obtained (One of the feasible approaches is reaction
between Chlorotriisopropylsilane (CITIPS) and amide with
base as catalyst in low temperature). So, our calculation
provides a general approach to obtain substituted enamides
(Scheme 3). Note that the barrier of INT3b tautomerize into
INT3b-1 through intramolecular TIPS migration is only
22.8 kcal/mol (figure 3a, with INT4a as reference point),
once the thermodynamically more stable INT3b-1 is
formed, the barrier of reverse reaction lead to INT3b is as
high as 31.8kcal/mol, which means that the smallest
substituent R7 of ketene A-INT3A-1 should not be too large
to ensure formation of Z-A-3 is kinetically more favored
(Scheme 3a). In the Z-TS4 and E-TS4 (figure 3), the
movement of methylene of 2a is constrained by five-
membered ring, which also increase steric effect, the
noncyclic silyl-imine may be better tolerated in this rection.
This method could also be used to obtain the two amino
(or acylamino) group substituted alkynes Z-B-3 with ketene
imines B-INT3A-1 and silyl-imine INT3B as substrates
(scheme 3b). The regio-selectivity get rather complicate. In
this case, the steric-effect of R7 and R2, and steric effect of

R6 and R4 together determine the AG of cis-configuration
transition state Z-B-TS4. Similarly, steric effect between R6
and R2, and steric effect between R7 and R4 together
determines the AG of the trans-configuration transition
state E-B-TS4. Our calculations reveal that when N-acetyl-
substituted ketene imines B-int3a-1 and TMS-substituted
imine TMS-INT3b is used as model substrate, the regio-
selectivity is reduced compared with previous example (cis-
selectivity vs trans-selectivity = 9.0 kcal/mol vs 11.4
kcal/mol, see details in SI, figure S1).

In the reactions we have studied in the Scheme 3, silyl-
group of INT3B was activated into silylium ion through p-m
conjugate effect. So, the substrates contain such p-w
conjugation segment may be also suitable for this reaction
(Scheme 3c). We choose silyl-1,2-diazole C-INT3b as model
to verify this speculate (see details in Figure S2). Our
calculations shows that C-INT3b can react with ketene
INT3A-1 to afford desired product with a rate determine
barrier only 10.6 kcal/mol (see details in SI, Figure S2).

Scheme 3. Methods to obtain substituted enamides.

a Q OSIiR; o  Osir R:SI0O O
(@) “+)\3L91@.Rsm/)\3i,.;s
67 N2 R R3 migration \, N R®
R R " ag) R2 / RIOR
R®> R’ -
A-INT3A-1 INT3B A-INT4A ZA3
@ ®
s.R3 i sn:a3 *

E.g. SiR;=TIPS, R;=H, R,=CH,, Rs=CHj,

w k )\ k )\ AGgps: 14.5 kcal/mol
[Ag]* ,‘ [Agl ,‘ i .
§ R2 K RS § R2 K AGgis/trans: 14.5 kcal/mol vs 20.5 kcal/mol
. . See Figure 3.
Z-A-TS4 E-A-TS4
(b) & . RO R
I OSiR; ® R;SIN° O
TSN G | Y )\ m?-ret re
67 ) N gration \! N R
R R R [ag) N0 R RE S
RS> R
B-INT3A-1 INT3B B-INT4A z-B-3
®
RAKI SR, T ﬁ sn:a3 +  E.Q. Ry=H, R;=CH,, Rg=CH,, R,= COCH;
N o If SiR3=TIPS, AGRps : 25.8 kcal/mol 3¢
ks, vs K )\ If SiR;=TMS, AGRps : 10.5 kealimol 4/
[AQ]W R7 § R2 ,‘ [Ag] RS R2 ; AGgjs/trans : 9-0 kcal/mol vs 11.4 kcal/mol
- § See Figure S1.
Z-B-TS4 E-B-TS4
(© ¥ s,
- XSiR
. N\N A, e U\ SiR, RS k 3
6 7 \\ g N’ \ﬁ mlgration 'N§
R >R R’ [Ag) =R I Ng—\a R8
RS> R7 C-INT3B R n
X=NR*, O

E.g. SiR,=TIPS, X=0, R;=H, Rg=CHj3, Rg=H, n=1
AGgps : 10.6 kcal/mol ¢
See Figure S2.

4.6. Substrate scopes of SMH pathway.

According to our proposed SMH mechanism, there are
rooms to expand scopes of alkynes. For example, if we
change siloxy-alkyne into N-silyl protected ynamide (or
ynamine) B-1, this reaction may also take place (Scheme 4a).
We use carbamate 2a and N-TMS substituted ynamide B-
TMS-1 as model to clarify this point of view (see details in
SI, Figure S3), our calculations shows that the
hydroamidation of B-TMS-1 through SMH pathway is quite
easy with a rate determine barrier (RDB) only 18.0
kcal/mol.



Scheme 4. Possible scopes of alkynes and p-m conjugation system.
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Hydroamidation of B-1 is very sensitive to the volume of silyl-imine, following with a silylium ion migration lead to
silyl group, when use TIPS substituted ynamide B-TIPS-1, final product. The hydroamidation of N-silyl-protected
this reaction does not take place for the relatively high ynamines or N-silyl-protected ynamides could be
barrier of silylium ion migration step (25.8 kcal/mol, completed through a similar pathway. The protocol of
Scheme 4a), which is mainly caused by steric effect between synthesis of ketene (or ketene imines) and silyl-imine have
TIPS and -acetyl. Due to higher barrier of silylium ion been well documented, which means we can use Ag+ to
migration step, the isomerization of INT3b occurs catalyze ketene (or ketene imines) and silyl-imine to obtain
preferentially (22.8 kcal/mol vs 25.8 kcal/mol). a variety of substituted enamides. The substrate scopes of
In our proposed SMH pathway, hydrogen atom of amide N-H source may not only be limited in amides, other p-m
2 was activated into silylium ion through p-m conjugate conjugated system such as 1,2-diazoles, 1,3-diazoles and
effect, which implies that some cyclic-p-m conjugation diazepines may also suitable for this reaction. In SMH
system, such as diazoles, triazoles, 1H-1,2-diazepine, 1H- pathway, the electron extraction competition between Ag+
1,3-diazepine and so on, may also be suitable substrates for and silylium ion (TIPS+) induce every elementary step and
this reaction (see Scheme 4b and Scheme 4c). For example, lead to final product, which is an important supplement to
hydroamination of siloxy-alkyne 1a with 1,2-diazole is the silylium ion chemistry.

quite easy with a rate-determine barrier 18.0 kcal/mol (see
details in S, Figure S4). As for 1,3-diazoles, the silylium ion ASSOCIATED CONTENT
migration of last step take place through Sy2 pathway, with

a rate determine barrier 18.0 kcal/mol (see details in SI, Supporting Information.

Figure S5). The NUA process can be eliminated by reduce This material is available free of charge via the Internet at
the volume of SiRs group (Scheme 4c). http://pubs.acs.org.”
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