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)-catalyzed addition reactions of
amino alcohols to electron-deficient olefins:
competing mechanisms, role of catalyst, and origin
of chemoselectivity†

Chunhui Liu,a Peilin Han,a Zhizhong Xie,c Zhihong Xu *a and Donghui Wei *b

The competing mechanisms of Ag(I)-catalyzed chemoselective addition reactions of amino alcohols and

electron-deficient olefins leading to the O-adduct or N-adduct products were systematically studied

with density functional theory methods. Calculations indicate that the AgHMDS/dppe versus AgOAc/

dppe catalytic systems can play different roles and thereby generate two different products. The

AgHMDS/dppe system works as a Brønsted base to deprotonate the amino alcohol OH to form the Ag–

O bond, which leads to formation of the O-adduct. In contrast, the AgOAc/dppe system mainly acts as

a Lewis acid to coordinate with O and N atoms of the amino alcohol, but it cannot act as the Brønsted

base to further activate the OH group because of its weaker basicity. Therefore, the AgOAc/dppe

catalyzed reaction has a mechanism that is similar to the non-catalyzed reaction, and generates the

same N-adduct. The obtained insights will be important for rational design of the various kinds of

cooperatively catalyzed chemoselective addition reactions, including the use of the less nucleophilic

hydroxyl groups of unprotected amino alcohols.
1. Introduction

The oxa-Michael reaction is an efficient method for the
construction of carbon–oxygen bonds.1–3 These oxygen-
containing natural products, such as glycosides, amino acids,
and polycyclic ethers, have many important bioactivities.
Although this kind of reaction is a highly atom-economic
transformation for the construction of carbon–oxygen bonds
and has attracted considerable attention from the synthetic
community,4–7 it has some drawbacks such as low reactivity,
reversibility issues, and a lack of control in selectivity. Thus, the
development of the oxa-Michael reaction with atomic economy
and high selectivity is highly desirable.

Recently, a number of studies were reported to have solved
these questions.5–12 In 2006, Gunnoe and coauthors8,9 reported
the determination method of reaction rates of O vs. N
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nucleophiles in the Cu(I) catalyzed Michael addition. Subse-
quently, the Ohshima group10–12 reported that a series of so
Lewis acids (Cu(I) and Ag(I) salt) catalyzed the chemoselective
conjugate addition reactions of amino alcohols to electron-
decient olens (an oxa-Michael reaction), which enabled the
chemoselective deprotonation of the hydroxyl group (OH) of the
amino alcohol. As shown in Scheme 1, the Ohshima group re-
ported the rst example of the Lewis acid and base cooperatively
catalyzed conjugate addition reaction of amino alcohols to a,b-
unsaturated nitriles in 2014.10 Generally, the nucleophilicity of
the NH2 group is stronger than that of the OH group in amino
alcohols, and N-addition should be the preferred process.
Interestingly, the cooperative nature of the catalyst (Cu(MeSal)/
dppe and LiHMDS) enabled chemoselective activation of alco-
hols over amines, leading to the O-addition reaction. Then the
Ohshima group reported the addition reaction of amino alcohol
to a,b-unsaturated sulfonyl derivatives,11 as shown in Scheme 2,
Scheme 1 The differentO- and N-additions of amino alcohols to a,b-
unsaturated nitriles.

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 The differentO- and N-additions of amino alcohols to a,b-
unsaturated sulfonyl derivatives controlled by different catalysts.

Scheme 3 The differentO- and N-additions of amino alcohols to a,b-
unsaturated esters controlled by different catalysts.

Scheme 4 The catalyst systems.

Fig. 1 Computed Gibbs free-energy profiles (298 K) for chemo-
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gave varied reaction products according to different reaction
conditions. The AgHMDS/dppe system and the cooperative
catalyst system (Ag(OAc)/dppe and KHMDS) enabled chemo-
selective activation of alcohols over amines to induce the O-
addition reaction, but the AgOAc/dppe catalyst cannot reverse
the innate activity order of OH and NH2 groups of amino alco-
hols. In 2017, the Ohshima group reported the chemoselective
conjugate addition of an amino alcohol to an a,b-unsaturated
ester,12 as shown in Scheme 3, in which the cooperative catalyst
achieved chemoselective addition of the hydroxyl group over the
amino group, and favored chemoselective conjugate addition
over transesterication. These reactions not only contribute to
atom and step economy,13 but also reverse the innate activity
order of OH and NH2 groups of amino alcohols.

The reactions discussed in Schemes 1–3 are very convenient
and unique, therefore, the detailed reaction mechanisms
should be worthy to disclose, and the origin of switchable
chemoselectivities is urgent to conrm and explore deeply in
theory. Prompted by the interesting experimental observations
and our interest in catalysis mechanisms,14 we selected and
investigated the addition reactions of amino alcohols and
olens based on the different catalytic systems in Scheme 2 as
model reactions. In the present study, we sought to provide
exact pictures of the detailed reaction mechanisms, explore the
roles of the different catalysts, and nd the origin of the che-
moselectivity. All the calculations were carried out using density
functional theory (DFT), which has been conrmed to be
This journal is © The Royal Society of Chemistry 2018
a powerful tool for investigating enzyme-catalyzed,15 organo-
catalytic,16 and transition metal-catalyzed17 reaction mecha-
nisms and other theoretical studies.18
2. Results and discussion

We started our investigation using the model reaction between
L-phenylalaninol (1) and unsubstituted phenyl vinyl sulfone (2),
as shown in Scheme 2. As depicted in Scheme 4, we constructed
two model catalysts (30 and 40) for this mechanistic study. It is
noteworthy that the phenyl groups of dppe in AgHMDS/dppe (3)
and AgOAc/dppe (4) systems were replaced by methyl groups to
save computing resources. To explore the roles of different
catalysts, we examined four main scenarios to discuss the
calculated results, including addition reaction pathways in the
absence of catalyst and use of the different catalyst systems.
2.1 Addition reaction pathways in the absence of catalyst

The processes of direct addition of 1 to 2 to give the O-adduct
and N-adduct in the absence of catalyst were investigated, and
the corresponding free-energy proles are shown in Fig. 1. The
energy prole of O-addition pathway was shown in red color,
while that of N-addition pathway was shown in blue color, and
the same colors were used in the following gures. Both addi-
tion processes are compatible with the anti-Markovnikov rule,
selective addition reactions without catalyst.

RSC Adv., 2018, 8, 40338–40346 | 40339

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09065c


Fig. 2 Computed Gibbs free-energy profiles (253 K) for chemoselective addition reactions catalyzed by 30 system (distances in Å).
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View Article Online
with the N or O atom of 1 adding to the C2 atom of 2 while the H
atom of 1 adds to the C1 atom of 2. This is a 1,2-addition
process, and is preferred because the 1,4-addition process is
very difficult using the benzenesulfonyl group. Fig. 1 suggests
that the reactivity of the NH2 group is higher than that of the OH
group, because the N-adduct is easy to obtain at room temper-
ature with an energy barrier of 19.8 kcal mol�1 via transition
state TS1-N-non, whereas the O-adduct is difficult to obtain
because of the extremely high energy barrier (31.5 kcal mol�1)
via transition state TS1-O-non. These calculated results are
consistent with the experimental results depicted in Scheme 2.11
2.2 Addition reaction pathways catalyzed by AgHMDS/dppe
3 and 30 systems

The computed free-energy proles of the addition reaction
pathways catalyzed by 30 are depicted in Fig. 2, and the opti-
mized three-dimensional (3-D) structures of the transition
states are shown in Fig. 3. This catalysis system reverses the
chemoselectivity of the addition reaction and provides the O-
adduct. The rst step is chemoselective deprotonation of the
OH group. Catalyst 30 approaches reactant 1 and works as
40340 | RSC Adv., 2018, 8, 40338–40346
a Brønsted base to capture a proton from the OH or NH2 group.
These respective processes go through TS1-O or TS1-N with free
energies of 11.8 and 17.9 kcal mol�1 above the reactants,
respectively, which indicates that the OH group has the stronger
Brønsted acidity. In TS1-O, the hydrogen atom is transferred
from the OH group (distance DO–H ¼ 1.28 Å) to the HMDS�

(distance DN–H ¼ 1.25 Å), and the Ag atom coordinates to the O
atom of the substrate to form the Ag–O bond. TS1-O evolves
towards ADD2-O (adduct 2-O), where the HHMDS species is
weakly bound to other parts through the hydrogen bond (1.83
Å). TS1-N evolves towards ADD2-N, which is thermodynamically
disfavored because it is 10.0 kcal mol�1 above the reactants in
free energy. The HMDS� is a strong base with an approximate
pKa value of 26 (this value would be slightly different when it is
coordinating with different alkali metals), indicating it can
deprotonate both –O+H– group in intermediate ADD1-O and
–N+H2– in intermediate ADD1-N.

As depicted in Fig. 2, phenyl vinyl sulfone 2 approaches
ADD2-O to undergo the O- or N-addition process via the tran-
sition states TS2-O or TS2-N with the relative free energy of �2.0
or 18.1 kcal mol�1, respectively. For the O-addition process, the
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09065c


Fig. 3 The optimized 3-D structures of the transition states in Fig. 2 and 4. Some H atoms are omitted for clarity (distances in Å).
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C2 atom of 2 undergoes nucleophilic attack by the O atom of the
Ag–O group via the transition state TS2-O with a relative free-
energy difference of �2.0 kcal mol�1. In TS2-O, the O–C bond
distance is 1.80 Å, and HHMDS locates close to the carbanion of
the C]C bond. TS2-O evolves towards ADD4-O in which the
C–O bond has been formed with a carbanion based on the C]C
bond. HHMDS then works as a Brønsted acid to return a proton
to the carbanion of the C]C bond via transition state TS3-O
with a relative free-energy difference of �0.6 kcal mol�1.
ADD5-O is 6.6 kcal mol�1 below the reactant energy level.
Separation of the O-adduct and regeneration of catalyst 30 is
favorable on the free-energy scale; the overall exergonicity of the
whole process is 19.3 kcal mol�1.

For the N-addition process, the C]C bond of 2 undergoes
nucleophilic attack by the NH2 group of ADD2-O via a four-
membered ring transition state TS2-N with a relative free-
energy difference of 18.1 kcal mol�1. In TS2-N, the HHMDS
group is weakly bonded to the substrate with the hydrogen bond
(1.91 Å). The N-addition process leads to ADD4-N, and then
HHMDS works as a Brønsted acid to return a proton to the O
atom of the substrate via four-membered ring TS3-N with an
energy barrier of 9.1 kcal mol�1. In TS3-N, a proton is trans-
ferred from the N atom of HHMDS to the O atom with a N–H
This journal is © The Royal Society of Chemistry 2018
distance of 1.29 Å and an O–H distance of 1.23 Å, while breaking
of the Ag–O bond (2.37 Å) is coupled with formation of Ag–N
(2.40 Å). TS3-N evolves towards ADD5-N, in which the N-adduct
is weakly bound to catalyst 30 through a hydrogen bond (1.99 Å).

As shown in Fig. 2, catalyst 30 works as a Brønsted base to
capture a proton from the OH group and form the Ag–O bond to
attain ADD2-O before phenyl vinyl sulfone 2 approaches ADD2-
O to undergo the O- or N-addition process. We then considered
whether the Ag–O group can attack the C]C bond of 2 together
to form the four-membered ring, which is a similar process to
the N-addition process via TS2-N. This process is depicted in
Fig. 4, and the optimized 3-D structures of the transition states
are shown in Fig. 3. As shown in Fig. 4, the Ag–O bond adds to
the C]C bond of 2 to form the four-membered ring transition
state TS20-O. In TS20-O, the HHMDS group is weakly bound to
the substrate via the hydrogen bond (2.05 Å). This new process
leads to ADD40-O, and then HHMDS returns a proton to the C
atom of the substrate through four-membered ring TS30-O. In
TS30-O, a proton is transferred from the N atom of HHMDS to
the C atom of the substrate (N–H, 1.29 Å; C–H, 1.48 Å), and the
Ag–C bond is broken to form the Ag–N bond. This process is not
favored because of the high energy barrier of 21.9 kcal mol�1

(energy difference between ADD40-O and TS30-O). Therefore, for
RSC Adv., 2018, 8, 40338–40346 | 40341
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Fig. 5 The optimized 3-D structures and relative free energies (253
K, kcal mol�1) of TS2-O-real, TS2-N-real and TS10-N-real. Some H
atoms are omitted for clarity (distances in Å).

Fig. 6 The energy scans of the deprotonation processes along with
the distance changes and 3-D structures. Some H atoms are omitted

Fig. 4 Computed Gibbs free-energy profiles (253 K) for the possible
reaction pathways via TS20-O and TS30-O catalyzed by 30 (distances
in Å).
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the O-addition process, the four-membered ring TS20-O formed
by the Ag–O group direct attack of the C]C bond of 2 is
unsuitable.

If catalyst 30 only acts as a Lewis acid and does not work as
a Brønsted base, the mechanism should proceed in only one
step as shown in Fig. S1 of ESI.† Initially, reactant 1 approaches
catalyst 30 to form ADD10, and a hydrogen bond forms between
the N atom of HMDS� and the OH group of 1 (1.90 Å). Aer-
wards, the approach of 2 to ADD10 results in N-addition or O-
addition through the respective transition states TS10-N or TS10-
O. TS10-N and TS10-O are four-membered ring transition states
with relative free energies of 17.4 and 33.3 kcal mol�1, respec-
tively. In TS10-N depicted in Fig. S1,† the NH2 group adds to the
vinyl group to form the N-addition product (N-adduct), while for
TS10-O, the OH group adds to the vinyl group to form the O-
addition product (O-adduct). The energy difference indicates
that the Lewis acid-catalyzed N-addition pathway is more
energetically favorable than the Lewis acid-catalyzed O-addition
pathway, but this is not consistent with the experimental
observations depicted in Scheme 2.11 Therefore, the mechanism
via TS10-N and TS10-O for which catalyst 30 only works as a Lewis
acid cannot be the most favorable pathway for this system.

As shown in Fig. 2, the O-addition reaction pathway associ-
ated with transition states TS1-O, TS2-O, and TS3-O should be
the most favorable pathway with an energy barrier of
9.5 kcal mol�1. In this case, the AgHMDS/dppe catalyst not only
acts as a Lewis acid to coordinate with the O and N atom of the
substrate, but also works as a Brønsted base to capture a proton
from the OH group to form the Ag–O bond and as a Brønsted
acid to return a proton to recycle itself. Comparing the structure
of TS2-O with those of TS10-N and TS2-N, the O atom of the Ag–O
group is more suitable than the N atom of the NH2 group for
nucleophilic addition to the C]C bond of 2. This is probably
because the O atom of Ag–O has a stronger nucleophilicity than
the N atom of NH2 groups, which is discussed in the Parr
40342 | RSC Adv., 2018, 8, 40338–40346
function analysis. This factor is responsible for the chemo-
selectivity of the addition reaction and O-adduct formation.

In the overall Gibbs free-energy proles (Fig. 2, 4, and S1†),
the second step (conjugate addition process) determines the
chemoselectivity of O- and N-addition through TS2-O, TS2-N,
and TS10-N. The energy of TS2-O is much lower than those of
TS2-N and TS10-N, which indicates that the chemoselectivity of
O-addition is preferred in this system, and is consistent with the
experimental observations shown in Scheme 2.11 To compare
the effects of the real and model AgHMDS/dppe system (i.e., 3
and 30) on the chemoselectivity of the reaction, we additionally
constructed and optimized TS2-O-real, TS2-N-real, and TS10-N-
real with the actual dppe ligand by employing catalyst 3. As
shown in Fig. 5, the energy of transition state TS2-O-real
for clarity (distances in Å).

This journal is © The Royal Society of Chemistry 2018
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associated with O-addition is still lower than those of TS2-N-real
and TS10-N-real associated with the N-addition. We also repro-
duced Fig. 2 with the actual dppe ligand by using catalyst 3 (see
the Fig. S2 of ESI†). The computed Gibbs free-energy proles
and energy barriers showed the same trend and conclusions as
the calculated results of the model systems. This indicates that
the selected models and the computed results should be suit-
able and reliable.

In the favored O-addition reaction pathway, the deprotona-
tion process is the rate-determining step. We computed the TS1-
O–Cu-HMDS and TS1-O–Cu-Bu transition states with CuHMDS/
dppe and CuBu/dppe as catalysts, in which the phenyl groups of
dppe were replaced by methyl groups. As shown in Fig. 2, the
free energies related to the separate reactants of TS1-O–Cu-
HMDS and TS1-O–Cu-Bu are higher than that of TS1-O, indi-
cating that the rate of Ag(I)-catalyzed addition would be faster
than that of the Cu(I)-catalyzed addition. This is consistent with
the experimental observations described in Ohshima's report.11

To test the impact of different computational methods on the
calculated results, we additionally computed the rate-
determining step by using different computational methods.
As summarized in Table S1 (ESI),† the free energies calculated
by the different methods are very close and have small differ-
ences, which indicate that the calculated results should be
reliable by using the selected computational method.
Fig. 7 Computed free-energy profiles (253 K) and optimized 3-D
structures for the chemoselective addition reactions catalyzed by 40.
Some H atoms are omitted for clarity (distances in Å).

Fig. 8 The optimized 3-D structures and relative free energies (253
K, kcal mol�1) of TS1-N–OAc-real and TS1-O–OAc-real. Some H
atoms are omitted for clarity (distances in Å).
2.3 Addition reaction catalyzed by AgOAc/dppe 4 and 40

systems

The addition reaction catalyzed by the AgOAc/dppe system
prefers the N-adduct, and the detailed mechanism was studied
using catalyst 40. We tried without success to locate the tran-
sition state of the deprotonation of the OH group by OAc� of
the catalyst. We then scanned the energy changes along with
the deprotonation processes of OH and NH2 group mediated
by OAc� ligand of the catalyst. As shown in Fig. 6, the energies
of both deprotonation processes increase with the elongating
distances of O1–H and N1–H, and the protons always returned
aer the optimizations. Therefore, we concluded that the
OAc� group cannot capture a proton from the OH or NH2

group, but rather forms hydrogen bonds with them. The
computed results indicated that the AgOAc/dppe system only
acts as a Lewis acid to coordinate with the O and N atom of the
substrate but does not work as a Brønsted base to capture
a proton from these groups.

The detailed mechanisms of the addition reaction catalyzed
by 40 and the corresponding energy proles are shown in
Fig. 7. Initially, L-phenylalaninol 1 approaches catalyst 40 to
form ADD1-OAc, and two hydrogen bonds are formed between
the oxygen atom of OAc� and the OH and NH2 group with
distances of 1.79 Å and 1.92 Å. ADD1-OAc sits only
0.03 kcal mol�1 above the reactants in energy, and aerwards
the approach of 2 to ADD1-OAc results in two separate
conjugate addition processes (O-addition and N-addition)
through transition states TS1-N–OAc and TS1-O–OAc. Both
TS1-N–OAc and TS1-O–OAc are four-membered ring transition
states. In TS1-N–OAc depicted in Fig. 7, the NH2 group adds to
This journal is © The Royal Society of Chemistry 2018
the vinyl group to form the N-addition product (N-adduct) via
nucleophilic attack of the N atom on the C2 atom of 2 and
electrophilic attack of the H atom on the C1 atom of 2. Simi-
larly, in TS1-O–OAc (Fig. 7), the OH group adds to the vinyl
group to form the O-addition product (O-adduct) via addition
of the O atom to the C2 atom of 2 while the H atom adds to the
C1 atom of 2. The free energies of transition states TS1-N–OAc
and TS1-O–OAc are 17.0 and 33.8 kcal mol�1, respectively,
relative the reactants. This energy difference indicates that the
N-addition process is preferred, while the O-addition process
is difficult because of the much higher free-energy barrier of
33.8 kcal mol�1. The N-addition process mainly leads to ADD2-
RSC Adv., 2018, 8, 40338–40346 | 40343
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Table 1 Electrophilic and nucleophilic Parr functions (Pk
+ and Pk

�) at the O and N atoms of reactant 1, ADD2-O, and ADD1-OAc

Parr function 1-O 1-N ADD2-O–O ADD2-O–N ADD1-OAc-O ADD1-OAc-N

Pk
+ �0.0015 �0.0061 �0.0099 0.0237 0.0011 0.0235

Pk
� 0.0092 0.0359 0.5570 0.1034 0.0013 0.0014

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/8
/2

02
4 

12
:4

4:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
N–OAc, in which the N-adduct is weakly bound to catalyst 40

through hydrogen bonds (1.71 Å and 2.38 Å) and Ag–O through
a coordination bond (2.49 Å). ADD2-N–OAc sits 22.5 kcal mol�1

below the reactants in energy terms. Separation of the main N-
adduct product and regeneration of catalyst 40 can proceed
smoothly with an overall exergonicity of 29.8 kcal mol�1.

Comparing the structure of TS1-N–OAc with that of TS1-N-
non depicted in Fig. 1, the Ag atom is coordinated with O
and N atoms of the substrate and two hydrogen bonds are
formed (1.67 Å and 1.97 Å) between the OAc� group and the
OH and NH2 groups in TS1-N–OAc. This interaction would
cause the energy barrier to be lower than that via TS1-N-non.
Therefore, the rate of reaction catalyzed by the AgOAc/dppe
system is higher than that without the presence of the cata-
lyst. According to the above discussion, the transition states
TS1-N–OAc and TS1-O–OAc would be the key to determining
the chemoselectivity of the preferred N-adduct.

In addition, we found that the chemoselectivity has the
same trend by constructing and computing the key transition
states TS1-N–OAc-real and TS1-O–OAc-real catalyzed by
AgOAc/dppe 4. As shown in Fig. 8, transition state TS1-O–OAc-
real associated with the O-addition process is higher than
transition state TS1-N–OAc-real associated with the N-addition
process by 15.4 kcal mol�1. This is close to the energy differ-
ence of 16.8 kcal mol�1 between TS1-N–OAc and TS1-O–OAc
depicted in Fig. 7. Therefore, the N-addition process still has
the energy advantage for the AgOAc/dppe 4 system, and the
chemoselectivity of the N-addition product is consistent with
the experimental observations shown in Scheme 2.11

As discussed above, the AgOAc/dppe system only acts as
a Lewis acid to form the coordination bonds with the O and N
atoms of the substrate during the addition, but does not work as
a Brønsted base to capture a proton from the OH and NH2

group. When compared with the AgHMDS/dppe system, AgOAc/
dppe does not enable the deprotonation of the OH group to
form the Ag–O bond, and cannot change the innate reactivity of
the OH and NH2 groups. This means that the origin of che-
moselectivity in the addition reaction is the same as the non-
catalyst reaction depicted in Fig. 1, which leads to the N-adduct.

In brief, we can conclude that the AgOAc/dppe only works
as Lewis acid, and the strong base (such as KHMDS, NaHMDS,
LiHMDS) works as Brønsted base. Therefore, the whole system
should be a cooperatively catalytic system in the favorable O-
addition pathway. Obviously, both of the Ag(I) salt and the
strong base additives should be necessary, which is in agree-
ment with the experimental observation that the O-adduct is
the main product with the presence of AgOAc/dppe and the
strong base (such as KHMDS, LiHMDS, NaHMDS).11
40344 | RSC Adv., 2018, 8, 40338–40346
2.4 Parr function analysis

As discussed above, the chemoselectivity of the addition reac-
tion catalyzed by the different systems is dictated by the order of
nucleophilicity of N- and O-sites in the substrate. To further
prove this point, we computed the electrophilic and nucleo-
philic Parr functions (Pk

+ and Pk
�)19 to predict the local nucle-

ophilicity of the different sites in the substrate. The local
nucleophilic Pk

� and electrophilic Pk
+ Parr functions of the

neutral system were obtained by the Mulliken atomic spin
density (ASD) of the radical cation and anion of the optimized
neutral geometry. This approach has been proved to be a good
choice to measure the nucleophilicities and electrophilicities of
different sites.20

It is noteworthy that reactant 1, intermediate ADD2-O
(Fig. 2), and ADD1-OAc (Fig. 7) all have two reactive nucleo-
philic sites: the O atom of OH (denoted as 1-O) and the N atom
of NH2 (denoted as 1-N) in reactant 1, the O atom of Ag–O
(denoted as ADD2-O–O) and the N atom of NH2 (denoted as
ADD2-O–N) in ADD2-O, and the O atom of OH (denoted as
ADD1-OAc-O) and the N atom of NH2 (denoted as ADD1-OAc-N)
in ADD1-OAc. For these species, the question of relative site
reactivity was addressed by a simple calculation of Parr func-
tions (Pk

+ and Pk
�).

As summarized in Table 1, the order of nucleophilic Parr
function (Pk

�) in reactant 1 is 1-N (0.0359) > 1-O (0.0092). This
assessment reects how the innate reactivity of the NH2 group is
stronger than the OH group of the amino alcohol, and why the
N-addition process is preferred in the absence of catalyst. The
order of nucleophilic Parr function (Pk

�) in ADD2-O is ADD2-O–
O (0.5570) > ADD2-O–N (0.1034). This comparison conrms that
the nucleophilic reactivity of the O atom of Ag–O is stronger
than the N atom of NH2 in ADD2-O, and helps to explain why
the O-addition process is preferred with the 30 catalyst system.
For ADD1-OAc, the order of nucleophilic Parr function (Pk

�) is
ADD1-OAc-N (0.0014) > ADD1-OAc-O (0.0013), indicating that
the nucleophilic reactivity order of NH2 and OH does not
change with the 40 catalyst system, and that the N-addition
process is still preferred. These results suggest that we can
successfully predict the most nucleophilic reactive site by the
Parr function analysis using a simple single-point calculation.

3. Conclusions

The competing reaction mechanisms for the addition of amino
alcohols to electron-decient olens catalyzed by different Ag(I)
catalysts including AgHMDS/dppe and AgOAc/dppe were
systematically studied for the rst time using DFT methods. In
the AgHMDS/dppe system, the most energetically favorable
reaction mechanism consists of three steps. The rst step is
This journal is © The Royal Society of Chemistry 2018
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deprotonation of the OH group of the amino alcohol by
AgHMDS/dppe. The conjugate addition process with the olen
then proceeds, which is the chemoselective step. The third step
is the separation of the product and AgHMDS/dppe catalyst. In
the whole process, the AgHMDS/dppe catalyst not only acts as
a Lewis acid to coordinate with an O atom, but also works as
a Brønsted base to capture a proton from the OH group to form
the Ag–O bond and subsequently as a Brønsted acid to provide
a proton to the carbanion of the olen. Parr function analysis
also indicated that the innate nucleophilicity order of the O
and N atoms of the amino alcohol can be reversed to control the
chemoselectivity.

However, the calculated results suggested that AgOAc/dppe
catalyst can only act as the Lewis acid to coordinate with O
and N atoms of the substrate, but cannot work as the Brønsted
base to enable deprotonation of the OH group to form the Ag–O
bond. This means that the reaction catalyzed by Lewis acid
AgOAc/dppe has the same mechanism and chemoselectivity as
the uncatalyzed reaction via the direct four-membered ring
transition state. Through this original research of Ag(I)-cata-
lyzed chemoselective addition reactions, we reasonably expect
that the obtained insights will be useful for rational design of
more efficient addition reactions of olens with OH and NH2

groups with special selectivities.
4. Computational details

All calculations were performed using the Gaussian09
package,21 while Chemcra was used for molecule visualiza-
tion.22 Geometry optimizations and frequency calculations were
carried out with the B3LYP23 function. Ag and Cu atoms were
described by the effective core potentials of the Stuttgart/
Dresden (SDD) basis set,24 while the polarized 6-31G(d) basis
set25 was used for all remaining atoms (C, H, O, N, S, Si, and P).
The natures of the stationary points as minima or transition
states were conrmed by frequency calculations at the respec-
tive experimental temperatures of 298 K and 253 K. The
connectivity between the transition state and the associated
minima was conrmed by intrinsic reaction coordinate calcu-
lations to determine two corresponding minima. Then single-
point calculations were performed based on the optimized gas
phase geometries using the solvent model density method26 at
the M06 (ref. 27) level with the SDD basis set for Ag and Cu, and
the 6-311+G (d,p) basis set for all remaining atoms. N,N-Dime-
thylformamide (dielectric constant 37.219) was used as solvent.
The potential energies in solution were taken directly from the
self-consistent reaction eld calculation, and the free energies
in solution were obtained from the additional introduction of
the gas phase entropy corrections. Natural bond orbital anal-
yses were carried out at the same level of theory to obtain the
values of Parr functions (Pk

+ and Pk
�).
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