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Synthesis of Peptides by Silver-Promoted Coupling of
Carboxylates and Thioamides: Mechanistic Insight from

Computational Studies

Craig A. Hutton,* Jing Shang, and Uta Wille*®

Abstract: The mechanism of the recently described N—C direction
peptide synthesis through silver-promoted coupling of N-protected
amino acids with thioacetylated amino esters was explored using
density functional theory. Calculation of the potential energy surface
for various pathways revealed that the reaction proceeds through
silver-assisted addition of carboxylate 8 to thioamide 9, which is
followed by deprotonation and silver-mediated extrusion of sulphur
as Ag.S. The resulting isoimide is the key intermediate, which
subsequently rearranges to an imide through a concerted pericyclic
[1,3]-acyl shift (O-sp®N  1,3-acyl migration). The proposed
mechanism clearly emphasizes the requirement of two equivalents
of Ag(l) and basic reaction conditions, which is in full agreement with
the experimental findings. Alternative rearrangement pathways
involving only one equivalent of Ag(l) or through O-sp°N 1,3-acyl
migration can be excluded. The computations further revealed that
peptide couplings involving thioformamides require significant
conformational changes in the intermediate isoformimide, which slow
down the rearrangement process.

Introduction

A central goal in peptide synthesis is the development of
methods that enable the coupling of amino acids or peptides
under mild conditions with high chemo- and stereoselectivity.™
The desire for chemoselectivity has led to the development of
methods that incorporate surrogates for the standard amine and
carboxylate coupling partners, such as isonitriles,”” azides,®*
sulfonamides,® thioacids®® and thicesters.*”’ A common theme
in the development of such surrogate coupling partners is the
use of sulphur-containing functional groups.

The laboratory of one of us recently developed a new
method to achieve peptide coupling in the N—C direction
through the silver-promoted ligation of N-protected amino acids
1 and thioacetylated amino esters 2. The reaction involves a
rearrangement of the molecular framework and leads to imides 3
in excellent yields, which could be converted into dipeptides 4
through selective hydrolytic removal of the N-acetyl group
(Scheme 1).B The imides 3 are obtained as single
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stereoisomers under very mild conditions without evidence of
epimerization. To demonstrate the scope of this methodology,
synthesis of the pentapeptide thymopentin was successfully
accomplished through a series of iterative N—>C couplings.®
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Scheme 1. Peptide coupling through Ag(l) promoted ligation of N-protected
amino acids 1 with thioacetylated amino esters 2.

The coupling of thioamides with carboxylic acids to yield the
imide product after rearrangement requires a thiophilic metal
(typically Ag(l), though Hg(ll) is also suitable) and basic reaction
conditions (e.g., Ag2CO3 or AgNO; + NEts). The highest yields of
imides are obtained when both thioamide and Ag.CO; are used
in excess (1.5 equivalents). Proposed mechanisms of this
reaction are outlined in Scheme 2.B
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Scheme 2. Proposed mechanism for the formation of imides 3 through Ag(l)
mediated coupling of carboxylates with thioamides (see ref. [8]).

Coordination of Ag(l) to the thioamide should activate the latter
for addition of the carboxylate, which leads to the tetrahedral
adduct A. Rearrangement to imide D could proceed through an
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O-sp®N  1,3-acyl migration, likely via a four-membered
intermediate B (path a). Alternatively, heterolytic cleavage of the
C-S bond in A could lead to the isoimide intermediate C,
which could rearrange to D through a O-spN 1,3-acyl migration,
as reported previously.'” A recent computational study by Houk
and Danishefsky et al. on the closely related isoformimide
system (R® = H) revealed that the rearrangement C—D should,
in fact, be considered as a concerted pseudopericyclic [1,3]-acyl
shift.[112]

Whereas Danishefsky’s reaction system requires forcing
conditions (e.g., microwave irradiation at 150°C),?*% the
procedure outlined in Scheme 1 leads to rapid formation of
imides 3 at room temperature after only two hours. However,
further investigations by us revealed an unexpectedly drastic
influence of the thioamide on the reaction outcome (Scheme 3).
Thus, when N-benzylthioacetamide (6a) was treated with silver
acetate in dichloromethane at ambient temperature, the imide 7a
was obtained in 76% yield. On the other hand, under the same
conditions the reaction involving the N-benzylthioformamide (6b)
yielded no imide product 7b.%

Ag,CO3 Oﬁ/ R

H ;
MeCOH + R\H/vah (2.0 equw.g

N__Ph
1 CHClprt. Y
5 6 12h O 7a:76%
(1.0 equiv.) (2.0 equiv.) a R = Me 7b: 0%
b:R=H

Scheme 3. Ag(l) promoted coupling of acetate with thioamides.

Because of the significant synthetic potential of this new method
for N—C direction peptide coupling, a fundamental
understanding of the reaction mechanism is crucial. We have
therefore employed density functional theory (DFT) calculations
to explore the mechanism of this reaction in detail, using the
reaction of the carboxylates 8 with thioamides 9 to give the
imides 10 as model systems (Scheme 4).

o) H Ag® ; O>_ ,
2 3 (1or2equiv) R R
R1\)J\o® . R T]/N\/R 2 N
S o , \—R3
8 9 10
a:R'"=R3=H,R2=Me

e

(NMal)

Scheme 4. Model systems studied in this work.
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The computations were aimed to reveal in particular: (i) The role
of Ag(l) and the stage of the O—N 1,3-acyl migration; and (ii) the
reason for the failure of the coupling in the case of
thioformamides.

Results and Discussion

1. Computational Methods

The calculations were carried out using the Gaussian 09
program.’® Geometry optimizations and vibrational frequency
analyses for all ground and transition state structures were
performed using the B3LYP,*® M06 and MO06-2X™" density
functional theory methods, in combination with the 6-311G** and
6-311++G** basis sets’® for all main group atoms and the
SDD®? and LANL2DZP? effective core basis set for Ag.
Calculations in dichloromethane were performed for selected
reactions using the Conductor-like Polarizable Continuum Model
(CPCM).! Al transition states showed only one imaginary
frequency. Free energies given in this work include zero-point
vibrational energy correction (ZPE), which was not scaled. The
archive entries of the Gaussian output files for all optimized
stationary points are available as electronic Supporting
Information.

2. Rearrangement through O-sp®N 1,3-acyl migration

2.1 Reaction in the presence of one equivalent of Ag(l)

The coupling of acetate (8a) with N-methyl thioacetamide (9a) to
produce imide 10a was used as simplified model system to
mimic the peptide coupling in Scheme 1. Scheme 5 shows the
possible reaction pathway in the presence of one equivalent of
Ag(l) including the free energy changes (AG) for the gas phase
and in dichloromethane calculated with M06-2X/6-311++G**,
using SDD for Ag. The optimized geometries for the reactant
complex 11, the transition state for the addition, TS1, and the
resulting adduct 12 for both gas phase and in dichloromethane
are shown in Figure 1. The geometries of all other species are
given in Figure S1 in the Supporting Information.

The reaction proceeds through formation of an association
complex 11 between carboxylate 8a, thioamide 9a and Ag(l),
which is about 820 kJ mol™ lower in energy than the free
reactants (not shown). The AG values in Scheme 5 are given
relative to complex 11. In this complex Ag(l) coordinates to both
the thioamide sulphur and one carboxylate oxygen in nearly
symmetrical fashion (Figure 1), thereby pre-arranging the
system for the subsequent addition. This coordination pattern is,
in fact, maintained throughout the entire sequence, where the
distance between S and Ag is about 0.07 A longer than the S—
Ag bond calculated for Ag,S.

This article is protected by copyright. All rights reserved
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Scheme 5. Addition of acetate (8a) to N-methyl thioacetamide (9a) and
subsequent O-sp°N 1,3-acyl migration in the presence of 1 equiv. of Ag(l).
MO06-2X/6-311++G** (SDD for Ag) free energies (AG) in kJ mol™ relative to the
reactant complex 11 for the gas phase and in dichloromethane (in brackets). A
transition state for the cyclization 12—13 was not calculated (see text).
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Figure 1. Selected optimised ground and transition state geometries.
Distances in A for geometries in the gas phase (normal) and in
dichloromethane (italics) calculated with M06-2X/6-311++G** using SDD for
Ag(l). Distances in brackets from B3LYP/6-311++G** calculations using SDD
for Ag(l); distances in square brackets from MO06/6-311++G** calculations
using LANL2DZ for Ag(l).
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The addition of acetate 8a to the thioamide 9a proceeds through
TS1, which is associated with an activation barrier of ca. 100 kJ
mol ™. Formation of adduct 12 is considerably endothermic, with
the latter sitting in a very shallow well that lies just a few kJ mol™
below TS1. It is important to note that the B3LYP method failed
to locate 12 and only revealed dissociation into the reactant
complex 11. Because of this, B3LYP data are excluded from the
discussion of this pathway.

As would be expected for reactions involving ions, the
computed stationary points in dichloromethane are generally
about 10-20 kJ mol? below those for the gas phase, with the
geometries exhibiting also slightly longer O-Ag and S-Ag
coordination distances in solution (see Figure 1).

Adduct 12 could principally rearrange to imide 10a through
O-sp®N 1,3-acyl migration via a sequential cyclization/
fragmentation. However, the computations predict that
cyclization of N onto the acetate carbonyl to give the strained
four-membered intermediate 13 is strongly endothermic.
Because this cyclisation also involves concurrent protonation
and deprotonation steps, a transition state was not calculated.
Subsequent ring opening of 13 through TS2 could lead to the
desired rearranged framework. According to the calculations,
this barrier is about 130 kJ mol™ higher in energy than 13. In fact,
intrinsic reaction coordinate (IRC) calculations to explore the
connectivity of TS2 showed that breaking of the C-O bond
occurs simultaneously with migration of the proton from the
hydroxyl group and leads to formation of imide 14, in which one
of the carbonyl groups is truncated as hemithioacetal. It is
reasonable to assume that, if such a reaction were to occur,
compound 14 would rapidly hydrolyse to imide 10a.

Alternatively, rearrangement of adduct 12 to 14 might also
proceed through a concerted O-sp®N 1,3-acyl migration with
simultaneous scission of the O-acyl and formation of the N-acyl
bond. However, a transition state for such process could not be
located.

2.2 Reaction in the presence of two equivalents of Ag(l)

We next explored whether O-sp®N 1,3-acyl migration could be a
feasible pathway in the presence of two equivalents of Ag(l).
The calculated AG values for the reaction of acetate (8a) with N-
methyl thioacetamide (9a) relative to the reactant association
complex 15 are given in Scheme 6. The optimized geometries
for 15, the transition state for the addition, TS3, and the resulting
adduct 16 for both gas phase and in dichloromethane are
included in Figure 1. Geometries of the other species can be
found in Figure S2 in the Supporting Information.

According to the calculations, the initial addition of 8a to 9a
has no apparent benefit from the presence of two Ag(l). In fact,
the barrier associated with this process, TS3, is ca. 20-30 kJ
mol™ higher than TS1 for the addition involving only one Ag(l).
Likewise, the resulting adduct 16 is energetically slightly less
favourable than its counterpart 12 (see Scheme 5).
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Scheme 6. Addition of acetate (8a) to N-methyl thioacetamide (9a) and
subsequent O-sp°N 1,3-acyl migration in the presence of 2 equiv. of Ag(l).
MO06-2X/6-311++G** (SDD for Ag) free energies (AG) in kJ mol™ relative to the
reactant complex 15 for the gas phase and in dichloromethane (in brackets). A
transition state for the cyclization 16—17 was not calculated (see text).

In order to exclude that this finding was an artefact of the
theoretical method, we calculated the coupling reaction 15—16
at different levels of theory. The results are compiled in Table 1.

It appears that the B3LYP method predicts not only
considerably higher energies for both TS3 and 16, compared to
the M06(2X) methods, but also different geometries, in particular
for adduct 16 (Figure 1). Thus, B3LYP calculates a C-S
distance in 16 of 2.019 A for the gas phase, clearly indicating
dissociation into Ag.S and a positively charged carboxylate—
thioamide adduct. In contrast, the M06-2X computations reveal a
shorter C—S bond of about 1.858 A for the gas phase, or 1.880 A
in dichloromethane, respectively. The advanced dissociation in
16 predicted by B3LYP would explain the strong endothermicity
associated with its formation, which lies energetically only
slightly below TS3. Because of this and the failure to locate
adduct 12 (see above), we consider the B3LYP method
unsuitable for the computational investigation of this reaction
system. On the other hand, both MO6 and M06-2X with the SDD
or LANL2DZ basis set for Ag(l) perform comparably, in particular
when the subsequent rearrangement via O-sp?N 1,3-acyl
migration is also considered (see below).

The predicted higher barrier for TS3 compared to TS1 can
be rationalized by the fact that in reactant complex 15 the two
Ag(l) coordinate to both oxygen atoms of carboxylate 8a and the
sulphur atom in thioamide 9a, which keeps both reactants at
distance. A considerable and energetically costly reorganisation
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of this coordination network is required for the addition to occur.
Calculations revealed that a reactant association complex where
only one acetate oxygen is coordinated to Ag (similar to complex
11), is about 80 kJ mol™ less favourable than 15 (not shown).
The role of Ag coordination for the addition process will be
discussed further in section 5.

Table 1. Calculated AG values of ground and transition states (in kJ mol'l) for
the addition of acetate (8a) to N-methyl thioacetamide (9a) and subsequent O-
sp®N 1,3-acyl migration in the presence of 2 equiv. of Ag(l).”

Method™ Ts3" 169 Tse"  10ae2Ag™
B3LYP/6-311G**, SDD 159 150 76 -25
(Ag)

B3LYP/6-311++G*, SDD 158 151 76 -23
(Ag")

B3LYP/6-311++G**, SDD 134 132 68 -42
(Ag"), in CH,Cl,

MO6-2X/6-311++G**, 142 112 103 21
SDD (Ag")

MO6-2X/6-311++G**, 113 96 83 -53
SDD (Ag"), in CH,Cl,

MO06/6-311++G**, 125 89 92 -25
LANL2DZ (Ag")

B3LYP/6-311G** [ - - 77 22
MO6-2X/6-311++G** [ - - 92 -25

[a] Energies relative to reactant association complex 15. [b] Energies relative
to 21ae2Ag. [c] In the absence of Ag,S (see text).

Similar to the mechanism involving one Ag(l), rearrangement of
adduct 16 to imide 10a through stepwise cyclization/
fragmentation is not feasible. Not only is formation of the
strained four-membered intermediate 17 endothermic by more
than 100 kJ mol™, but the subsequent ring opening via TS4
requires an additional 80 kJ mol?, rendering this pathway
kinetically impossible — despite the fact that formation the
[imide-Ag.SH'] complex 18 is in principle thermodynamically
favourable.

In contrast to the reaction in the presence of one equivalent
of Ag(l), the transition state, TS5, for a concerted O-sp°N 1,3-
acyl migration could be located for the reaction system involving
two equivalents of Ag(l). However, such a rearrangement is not
only associated with a high barrier, but also does not lead to the
desired (protonated) imide 20. IRC calculations show that TS5 is
the transition state of a 1,3-acyl migration, where C-N bond
formation is immediately followed by fragmentation to give N-
methyl acetamide and thioacetate (product complex 19). While
the geometry of TS5 obtained for the gas phase shows an equal
distance between the acyl fragment and the oxygen and
nitrogen centre, the calculations in dichloromethane revealed a
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later transition state with a considerably shorter N-acyl and
longer O-acyl distance (see Figure S2).

To conclude, the calculations clearly show that, irrespective
of the number of Ag(l) equivalents, rearrangement through O—
sp°N 1,3-acyl migration is not possible.

3. Rearrangement through O-sp®N 1,3-acyl migration
Although the B3LYP method is considered as not suitable for
studying this reaction (see above), the advanced dissociation of
the C-S bond in adduct 16 predicted by this method might
involuntarily hint to the reaction mechanism. In fact, the M06-2X
computations also reveal elongation of the C-S bond in 16 by
about 8% compared to the thioamide C-S bond in the reactant
complexes 11 and 15 (ca. 1.72 A), thereby rendering the C atom
positively polarized. This suggests that two Ag(l) ions mediate
extrusion of sulphur as Ag,S, similar to a previous proposition by
Avalos et al.”! Under the basic reaction conditions this leads to
the isoacetimide 2la following deprotonation of the amide
nitrogen, as shown in Scheme 7a (calculated as association
complex with Ag.S; the optimized geometries are shown in
Figure S3). In contrast to this, no such stable ‘leaving group’ can
be formed in adduct 12, which exhibits a slightly shorter C-S
bond (1.822 A for the gas phase) than 16.

s
(@ A @ Ag” A
O "\SAg _‘ OAg’R\Ag _— i Og
oy’ N A T A,
H BH |
16 ﬁe 21 10
B 7S6 10
aR=Me 103 (83) -21(-53)[2 equiv. Ag(l)]
a: R =Me 92 -25 [no Ag(l)]
a b:R=H 114 -29 [no Ag(l)]
o
r _ h—T2
[ JI_ ) {.
; ») Jd
< J
- f 9 R=M H/J
21a 21b Mo rse

d (N-C-O-C) =100.8° d (N-C-O-C) =178.0° R =Me: ry =1.821, r, = 1.693

R=H:r;=1.852, r, =1.751

Scheme 7. (a) Rearrangement of adduct 16 through O—spZN 1,3-acyl
migration of isoimide 21 in the presence of 2 equiv. of Ag(l). M06-2X/6-
311++G** (SDD for Ag) free energies (AG) in kJ mol™ relative to isomide 21 for
the gas phase and in dichloromethane (in brackets). (b) Selected optimised
geometries of isoimides 21 and TS6 calculated with M06-2X/6-311++G** in
the absence of Ag,S.

Isoimide 21a rearranges to imide 10a in an exothermic process
via TS6, which is the transition state for a concerted, pericyclic
1,3-acyl shift, similar to that recently reported by Houk and
Danishefsky et al.™ According to the data in Table 1 this
rearrangement is both kinetically and thermodynamically more
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favourable in dichloromethane, compared to the gas phase, with
the energies from the B3LYP computations being about 20 kJ
mol™ below those obtained with the M06-2X density functional.
Based on the findings for the addition reaction, however, the
B3LYP results should be treated with caution. According to the
MO06-2X calculations, the rearrangement is not significantly
influenced by the presence of Ag.S, which rather assumes the
role of a ‘spectator’ in this process. One of the Ag atoms
coordinates to the oxygen atom of the acetimidate fragment in
TS6 (Figure 1), which leads to a slightly looser transition state
than in the absence of Ag.S (Scheme 7b) and raises the
activation barrier by about 10 kJ mol™.

It should be noted that an analogous O-sp®N 1,3-acyl
migration is highly unlikely for deprotonated 12. The calculations
show that the latter is not a stable structure, but dissociates into
acetate (8a) and the thioacetamide anion 9a™ (data not shown).

The computations suggest for the model reaction of 8a with
9a that the acetate addition to the thioamide is assisted by one
Ag(l). Once adduct 12 is formed, a second Ag(l) is required to
mediate elimination of sulphur from the addition product (as
Ag2S). The resulting isoimide 21a is the key intermediate, which
rearranges to imide 10a through O-sp?N 1,3-acyl migration.

4. Comparison of acetyl and formyl O-sp?N 1,3-acyl
migrations

In order to gain understanding why imides could not be obtained
through Ag(l) mediated coupling of acetate with thioformamides
at room temperature (see Scheme 3),** we calculated the
potential energy surface for the O-sp?N 1,3-acyl migration
21510 for both the isoacetimide (21a) and isoformimide (21b)?2
system in the absence of Ag,S.

The data in Scheme 7a show that, while the reaction is
similarly exothermic for both systems, the barrier associated with
TS6 is higher by about 22 kJ mol™ for the rearrangement of 21b,
compared to that for 21a. The structure of TS6 is similar for both
systems, with the forming C—-N and C-O bonds being both
slightly larger for R = H than for R = Me (Scheme 7b). However,
in both cases the forming C—O bond is shorter than the forming
C-N bond, indicating a concerted but slightly asynchronous
process. The higher rearrangement barrier likely results from a
different structure of the isoformimide (21b). Whereas the
isoformimide is planar [dihedral angle d (N-C-O-C) = 178°] due
to hydrogen bonding between the imine proton and the carbonyl
group, in isoacetimide (21a) the bulky ‘central’ methyl group
twists the ester and imine moieties into an essentially
perpendicular arrangement [d (N-C-O-C) ca. 101°. This
structural pre-organization in the isoacetimide is beneficial for
the progression to TS6 for the pericyclic reaction, which requires
an orthogonal orbital arrangement.*” Compared with the
isoformimide, the structure of the isoacetimide is much closer to
the ‘reactive’ geometry and does not require considerable
structural or conformational changes, in particular the breaking
of a hydrogen bond. We believe that similar conformational
changes during the related isoformimide—formimide O-sp®N
1,3-acyl rearrangement in Danishefsky’s system provide a
reasonable explanation for the required forcing conditions. 2%
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With regards to this, it is worth noting that a stable ground state
structure for the isoformimide 21b with orthogonal ester and
imine moieties (similar to the isoacetimide 21a) could not be
located.

5. Application to the ‘real’ system — synthesis of a dipeptide
We next extended our investigation to the synthesis of a
dipeptide, in analogy to the experiments performed in our
previous work.®®! Scheme 8 shows the reaction system, where N-
glycyl maleimide 8c (maleimide served as a simplified model for
phthalimide that was used as N-protecting group in the
experimental studies) was added to thioacetylated glycine 9c
(the free acid was used as a model for the methyl ester) in the
presence of one and two equivalents of Ag(l). Selected
structures and geometries are shown in Figure 2.

7 N con 71s7 § o Shen
2!
MalN \)Lo@\( ~ ———— MaN /\)Lof\N’\cozH
v S 1 Ag:121 H
n Ag(l) 2 Ag: 79 23
1 Ag: 117
22-n Ag 2 Ag: 52
(reactant complex)
s
Ag” "Ag .S.
M IN\)(J)\ J\ L . 2
23-2Ag a 0" SN"coH —,, > M —
©0H H,0 2 0 \-COH

(isoimide complex)

(product complex)
-27

Scheme 8. Reaction of N-glycyl maleimide (8c) with thioacetylated glycine
(9¢) and rearrangement through O-sp®N 1,3-acyl migration in the presence of
1 and 2 equiv. of Ag(l). M06-2X/6-311++G** (SDD for Ag) gas phase free
energies (AG) in kJ mol™ relative to the reactant complex [22 - nAg(1)] ™" for
TS7 and [23 - nAg()]™*, and relative to 24 for TS8 and 10c.

Interestingly, in contrast to the simple model system (8a + 9a)
discussed above, the initial addition strongly benefits from the
presence of two equivalents of Ag(l). Thus, TS7 is energetically
less favorable by about 40 kJ mol™ in the presence of only one
Ag(l) compared to two Ag(l). Likewise, in the presence of two
Ag(l), formation of the adduct 23 is, although still endothermic,
more likely to occur than if only one Ag(l) were present.
Inspection of the calculated structures reveals a rationale for
this seemingly conflicting outcome. Thus, in contrast to the
model reaction of 8a with 9a in the presence of two Ag(l), where
both carboxylate oxygen atoms in the reactant complex 15 are
‘deactivated’ through coordination to silver, in reactant complex
[22 - 2 Ag]" one of the carboxylate oxygens exhibits a
considerably weaker coordination with Ag(l) (the O—Ag distance

is longer by about 0.3 A than in 15). The second Ag(l) is ‘trapped’

by a strong coordination with one oxygen atom of the maleimide
protecting group and the sulphur atom of the thioamide, which
brings both reactants together. It is worth noting that a reactant
complex with a structure similar to 15 is about 10 kJ mol™” less
favourable. Thus, the weaker coordinated oxygen atom in [22 - 2
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Ag]” is ‘available’ to attack the thioamide 9c. In contrast to this,
the higher barrier associated with [TS7 - 1 Ag], compared with
TS1 could be due to steric interaction between one maleimide
oxygen atom and a proton on the o-carbon of the thioamide
moiety. These findings suggest a considerable influence of the
N-protecting group for the success of the peptide coupling. Thus,
coordination of Ag(l) to the carbonyl oxygen in imide or amide
protecting groups should increase the availability of one
carboxylate oxygen, which could increase the rate of the
addition to the thioamide.

1.706

[TS7-1Ag]

K

* 7~
i7s7-2801° @ /2551

2.519

[22: 2Ag)®

Figure 2. Selected optimised gas phase geometries of ground and transition
states for the reaction of N-glycyl maleimide (8c) with thioacetylated glycine 9¢
through O-sp?N 1,3-acyl migration in the presence of 1 and 2 equiv. of Ag(l)
calculated with M06-2X/6-311++G** using SDD for Ag(l). Distances in A.

Elimination of Ag.S and deprotonation leads to the isoimide 24,
which is followed by O-sp?N 1,3-acyl migration through TS8.
This rearrangement is associated with a very modest barrier of
only 22 kJ mol™, indicating a fast reaction in accordance with the
experimental findings.®® This is further supported by the
unsymmetrical nature of the transition state, in which the O-acyl
distance is considerably shorter than the N-acyl distance,
indicating an early transition state. The considerably lower
barrier of TS8 compared to TS6 for the reaction of 8a with 9a
(see Scheme 7 and Table 1), could be explained by the
stabilising effect of Ag,S, which acts as a ‘clamp’ through
coordination to the oxygen atoms of the carboxylate moiety
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(2.516 A) and the acyl fragment (2.273 A) in TS8 (distances
omitted in Figure 2 for clarity).

Conclusions

DFT calculations were used to investigate the mechanism of the
N—C direction peptide coupling through the silver-promoted
ligation of N-protected amino acids with thioacetylated amino
esters under basic conditions. Using simplified model systems, it
was clearly revealed that a pathway involving O-sp®N 1,3-acyl
migration can be excluded in the presence of either one or two
equivalents of Ag(l). The calculations show that the reaction
proceeds through silver-assisted addition of the carboxylate 8 to
the thioamide 9, which is followed by deprotonation and silver-
mediated extrusion of sulphur as Ag,S. The resulting isoimide is
the key intermediate, which subsequently rearranges to an imide
through a concerted pericyclic [1,3]-acyl shift (O—sp®N 1,3-acyl
migration). Alternative pathways for the 1,3-acyl migration can
be ruled out. The greatly differing rates of the closely related
isoacetimide and isoformimide rearrangements are explained by
conformational and hydrogen bonding effects in the ground
states of the isoimides that result in a much lower energy barrier
for the isoacetimide system.

While Ag(l) is not actively ‘participating’ in the actual acyl
shift, its presence is crucial for mediating the initial carboxylate
addition to the thioamide. Formation of the isoimide requires two
equivalents of Ag(l) and basic reaction conditions, which is in
excellent agreement with the experimental findings. The
calculations also revealed insight into the role of coordination
with Ag(l) for the addition and rearrangement process during the
peptide coupling. Thus, an amide or imide protecting group for
the N-terminus is predicted to increase the rate of the reaction
by forming a tight coordination network with Ag(l) and the
thioamide, leaving one carboxylate oxygen less coordinated and
available for the addition to the thioamide. Further, Ag.S leads to
stabilization of the transition state of the rearrangement, TS8, by
acting as a ‘clamp’ through coordination to the oxygen atoms of
the carboxylate moiety and the acyl fragment. Future
experimental studies will reveal further insight into the role of N-
protecting groups in directing the variety of plausible acyl
transfer rearrangements during this coupling process.
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