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Abstract: Amidines are a structural surrogate for peptide
bonds, yet have received considerably little attention in pep-
tides due to limitations in existing methods to access them. The
synthetic strategy developed in this study represents the first
robust and general procedure for the introduction of amidines
into the peptide backbone. We exploit and further develop
the utility and e�ciency of thioimidate protecting groups as a
means to side-step reactivity that ultimately renders existing
methods unsuitable for the installation of amidines along the
main-chain of peptides. This work is significant because it de-
scribes a generally applicable path to access unexplored peptide
designs and architectures for new therapeutics made possible
by the unique properties of amidines.

Numerous isosteres have been developed to mimic the
shape and function of the native amide bond.1 One isostere
in particular—the amidine—can occur naturally,2 but also
contrasts with amides by displaying a dynamic hydrogen-
bonding motif (Figure 1a). This unique ability of amidines
to alter their hydrogen-bond donating and accepting char-
acter was exploited by Boger and coworkers to counter
the resistance of bacteria towards vancomycin (1).3,4 Like-
wise, amidines are key features of other therapeutic en-
zyme/receptor inhibitors5 such as the anti-psychotic drug
Clozapine,6 anti-infectives like Pafuramidine and Pentami-
dine,7 and the FDA approved anticoagulant Dabigatran.8

Further, beyond the ability of amidines to operate as
hydrogen-bond shape shifters, the additional valence com-
pared to the amide furnishes another site to append sub-
stituents (R, Figure 1a).

While these distinct properties of amidines have served
as design elements in numerous pharmaceutical com-
pounds,7,9–11 polymeric materials,12 and even prebiotic
building blocks,13,14 amidines have received relatively little
attention in peptides due to a lack of compatibility and gen-
eral methods for incorporation into peptides using standard
Fmoc solid-phase peptide synthesis (SPPS) techniques.15,16

Recent syntheses of amidines in peptidic molecules have
exploited thioamides17 as a site that can be activated with
Ag(I) salts for conversion into amidines.3,18 Hutton and
coworkers similarly demonstrated how other nucleophiles
can be reacted with thioamides through activation with
Ag(I).19–21 The installation of thioamides into peptides us-
ing standard SPPS procedures can be achieved with acti-
vated thioacyl amino acid precursors derived from commer-
cially available Fmoc-amino acids.22,23 Thus, in principle, a
thioamide-containing peptide should provide an avenue for
the site-selective insertion of amidines into peptides. Un-
fortunately, examples of such chemistry within the context
of polypeptides are noticeably scarce. The paucity of liter-

ature around the Ag(I)-promoted conversion of thioamides
into amidines along the peptide backbone is likely due to
a rapid intramolecular 5-exo-trig attack from an adjacent
backbone amide onto the thioamide carbonyl (3!4, Figure
1b), crippling any chance for intermolecular attack by an
amine nucleophile.

N

N
H

R
HN

N

Rhydrogen-bond
shape shifter

O

N
H

isosteric
mimic

R1 = H
amide amidine

b)

a)

S

N
H

H
N

O

OMe

OPh

N
H

3 Et–NH2 (2 equiv)
AgOAc (3 equiv)

THF, rt,
quant.

O

N

Ph

N
H

OMe

OHN

4

Boc

Boc

R = alkyl, aryl, –OH

S

N
H
N

O

H
N

O

H2N–R, AcOHc)
DMF, TFE

Me

S

N
H
N

O

H
N

O

Me

This work: first general synthesis of amidines along the peptide backbone

R = alkyl, aryl, –OH

N

N
H

H
N

O

H
N

O

R

H

DMF, TFE

AcOH

H2N–R DMF, TFE

S

N
H

H
N

O

H
N

O

MeI
DIEA

thioamide
protection

thiopeptides are accessible
through established methods

5

6

5+

vancomycin (1)

Van–Glc–O
OO

O

H
N

N
H

O

HN

H
N

OH

NH

Cl

HN

O
O

N
H

Cl

HO2C
OH

OH

HO

NH2

O
NH

N

H
N

HN

N

O

NH

Ph
O

O

O

O
NHMe

2

Figure 1. Amidines in peptidic molecules. (a) Malleable
hydrogen-bonding motif of amidines and examples of conforma-
tionally constrained peptidic molecules that allows for applica-
tion of the Ag(I)-promoted conversion of thioamide into ami-
dine. (b) The Ag(I)-promoted method to convert thioamides into
amidines is not applicable to linear peptides because of competing
intramolecular attack by adjacent amides.24 (c) A new, general
methods for amidine insertion into linear peptides.

This type of ring closure has been observed previously
for macrocycles in which both the N -terminal and/or C -
terminal amides that bracket the thioamide along the back-
bone can cyclize,24 as well as for other nucleophiles that
are in close proximity to the thioamide.21,25 These results
likely explain why this seemingly facile method to access
amidines has not been successful for linear peptides. Indeed,
to our knowledge, only two examples of Ag(I)-mediated in-
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stallation of amidines into peptide-like molecules have been
reported (Figure 1, 1 and 2). The first was Boger’s amidine-
containing vancomycin synthesis mentioned above (1),3,4

and in the second, Yudin and coworkers demonstrated the
conversion of a thioamide into an amidine within a small
macrocyclic peptide (2).18 In both of these examples, the
constrained nature of the macrocycles likely plays a role in
preventing the 5-exo-trig cyclization, as formation of a pla-
nar oxazole within each small ring is conformationally dis-
favored.

We recently demonstrated how thioamides can be con-
verted into thioimidates (5, Figure 1c) during SPPS to pre-
serve the ↵-C stereochemistry of thioamides during subse-
quent elongation of the peptide on solid support.26,27 The
basic conditions of SPPS generally maintain the thioimidate
in its deprotonated state. The basicity of the thioimidate,
however, means that it can be rendered more electrophilic
upon protonation (5+).6 We therefore hypothesized that
amidines could be introduced into peptides through the
thioimidate rather than the thioamide (5!6, Figure 1c). In
addition to being the first general approach to incorporate
amidines into peptide backbones, we further note that this
approach has several desirable features: (1) The synthesis
would avoid the use of stoichiometric quantities3,4 of pre-
cious transition metals such as silver. (2) The amidine could
be introduced on-resin prior to cleavage and deprotection of
the peptide. The ability to introduce amidines while on resin
would increase the generality of the method, as competing
nucleophiles such as the reactive side-chain functional groups
along the peptide would be necessarily capped. (3) Finally,
we have already demonstrated how thiomidates are a pre-
ferred protection method for thioamides during SPPS,26,27

where subsequent exploitation of the thioimidate for instal-
lation of the amidine would provide enhanced utility and
e�ciency.

Table 1. Conversion of Thioimidate into Amidine

S

N
Ph1-pyrene

N

N

R

Ph1-pyrene

amine
AcOH (1 equiv)

DMF, rt

7 R

R = H, alkyl, Ph or OH

8Me

entry amine equivalents time (h) yield (%)
1 BnNH2 10 2 99
2 BnNH2 5 2 98
3 BnNH2 1 2 92
4 H2N–OH 10 0.5 95
5 PhNH2 10 6 65

6 Me2NH 10 18 85
7 piperidine 10 24 54

8 NH4Cl
a 5 3 56

9 NH4OAc a 2 3 34
Pyrene was used as internal standard. a No AcOH was

added. % Yield values are the average of two experiments.

To determine the feasibility of installing an amidine via
the thioimidate in linear peptides, we began with com-
pound 7 as a simple test substrate that was free of any
other competing functional groups (Table 1). The thioim-
idate was found highly amenable to conversion into ami-
dine 8 with weak acid in DMF, conditions that are com-
patible with SPPS procedures.28 It should be noted that
under basic conditions related to SPPS, the thioimidate is
nonreactive towards amine nucleophiles and no amidine for-

mation has been observed.26,27 Presumably, the acetic acid
creates a mildly basic bu↵er with the amine, where protona-
tion of the thioimidate (pka = 7.5–8)29 thereby increases its
electrophilicity towards nucleophilic substitution with the
amine. Notably, less nucleophilic amines such as aniline
(entry 5) were less e�cient in forming amidine relative to
primary amines (entries 1–4). Likewise, more sterically hin-
dered secondary amines (entries 6 and 7) provided only mod-
est to good yields of amidine, even after extended reaction
times. Finally, primary amidines were accessed from am-
monium salts in only modest yields (entries 8 and 9). The
addition of acetic acid was not found to have any e↵ect, likely
due to the presence of the internal acid of the ammonium
cation. While ammonia is a weaker nucleophile than primary
amines, this result was at first surprising because ammonia
appeared to be even less e�cient than aniline (entry 8 and 9
versus 5). We hypothesized, however, that the lower yields
were due primarily to low solubility of the ammonium salts
in DMF.

To test this hypothesis, trifluoroethanol (TFE) was in-
cluded in the solvent mixture (Table 2). The modified sol-
vent conditions a↵orded increase solubility of ammonium
salts, leading to homogenous solutions with significantly im-
proved yields (entries 1 and 2). Moreover, the addition of
TFE was found to improve the yields and reaction times of
alkyl amines (entry 3), including amines with lower nucle-
ophilicity due to both electronic (entry 4) or steric (entry 5)
e↵ects relative to neat DMF (Table 1). Other fluorinated al-
cohols like the more expensive hexafluoroisopropanol (HFIP)
were found to have a similar results as TFE. The beneficial
e↵ects of TFE obviously extend beyond simple solubility,
wherein the strong hydrogen-bond donor ability of fluoroal-
cohols may help to meditate the shuttling of protons during
the reaction.30,31

Table 2. Formation of Amidine with the Addition of Fluoroalcohol

DMF:TFE
(1:1, v/v), rt

S

N
Ph1-pyrene

N

N

R

Ph1-pyrene

amine
AcOH (1 equiv)

7 R

R = H, alkyl, Ph or OH

8Me

entry amine equivalents time (h) yield (%)
1 NH4Cl

a 5 3 98
2 NH4OAca 2 3 99
3 BnNH2 10 1 98
4 PhNH2 10 3 99
5 piperidine 10 3 75
Pyrene was used as internal standard. a no AcOH was

added. % Yield values are the average of two experiments.

We next sought to explore the feasibility of this reaction
along a peptide backbone and on solid support. We used
the trimer PheSMe–Ala–Ala as a test sequence, where the
thioimidate was placed at the linkage between the Phe and
Ala residues (Table 3). Notably, this test trimer positioned
an oxoamide to either side of the thioimidate linkage. Thus,
the test trimer allowed us to explore the possibility that
the oxoamide to either the N -terminal or C -terminal side
of the thioimidate might react and cyclize onto the thioim-
idate to form oxazole or other products (akin to the side
reaction observed with thiopeptides activated with Ag(I),
Figure 1b).24,25

Using conditions that were derived from the results in Ta-
ble 2, amidines were found to incorporate at the thioimidate
site in serviceable yields after 24 h at room temperature
(Table 3, entries 1–5). We found a 5:1 ratio of molarity
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Table 3. Amidine Formation from Thioimidate during Solid-Phase
Peptide Synthesis

DMF:TFE
(1:1, v/v), rt

R = H, alkyl, Ph or OH
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2 BnNH2 5 1 48
3 BnNH2 1 1 17
4 BnNH2 2 0.5 22
5 PhNH2 5 1 44
6 piperidine 5 1 trace

R’ = 1-pyrenebutyric acid. a no AcOH was added. b %
Yield of amidine determined relative to a R’-FAA-NH2

internal resin standard using LC-HRMS and monitoring at
330 nm (See SI for details). Identity of the amidine

confirmed via HRMS.

of the alkyl amine to AcOH to be a generally applicable
condition for amidine formation (entries 2 and 5). Higher
concentrations of AcOH relative to benzyl amine (e.g. 5:5
or 5:2.5 M for [BnNH2]:[AcOH]) led to a salting out of ben-
zylammonium acetate from solution. Lower concentrations
of amine and AcOH produced lower yields (entries 3 and 4).
Higher concentrations of acid may provide optimal yields for
other amine nucleophiles, which certainly appears to be the
case for the 1:1 molar equivalents of ammonia and acetic
acid in NH4OAc (entry 1), but the general ratio of 5:1 M
amine:AcOH was used to prepare the peptides described be-
low.

To evaluate the possibility for epimerization of the ↵-
C stereochemistry of the Phe residue during the reaction,
we compared the results in entry 1 and entry 3 to analo-
gous trimers prepared with authentic D-Phe (Table 3, in-
set). These results did not indicate epimerization to be a
major concern as the two epimers were distinctly separated
by chromatography. The results reported in Table 1 and
2 indicated that more sterically hindered secondary amines
were more sluggish nucleophiles in the reaction. This behav-
ior appears to be exacerbated on-resin as piperidine failed
to give productive yields of corresponding amidine (entry 6).
Importantly, in all cases, we did not observe products asso-
ciated with oxazole-cyclized side product (Figure 1b). In
fact, in all cases, no other unexpected species were observed
besides the expected products and any unreacted starting
material, indicating a clean conversion process. Finally, the
ability to introduce amidines directly on-resin, while side-
chain functional groups remain in protected form, increases
the sequence applicability of the synthetic approach, with
the important caveat that installation of an amidine at a
site that precedes proline in the sequence (i.e. Xaa–Pro)
would not be amenable to these methods because thioimi-
dates cannot be formed at these positions.26

We next prepared a range of biologically relevant pep-
tides to showcase the generality of using the thioimidate as a
site for selective insertion of amidines (Scheme 1). Peptides
were synthesized by insertion of the thioimidate following
established procedures,26,27 followed by subsequent elonga-
tion to complete the sequence. Conversion to the amidine
took place prior to final cleavage from the resin following a
general procedure described in the SI.

The Leu-enkephalin pentapeptide (9) is a selective ago-
nist for �-opioid receptors, with potential to treat chronic
pain and inflammation without eliciting respiratory depres-
sion and addiction. Despite these promising attributes, Leu-
enkephalin has a poor pharmacokinetic profile due to rapid
proteolysis of the Tyr-Gly linkage by aminopeptidase N in
human plasma.32 Installation of an aniline amidine at this
key metabolic site was readily achieved using our approach.

The Eps15 protein is involved in a multiprotein complex
with stonin2 to recruit machinery necessary for endocyto-
sis.33 It was discovered that a truncated loop of stonin2,
peptide (10), makes several key contacts with Eps15.34 We
were successful in insertion of an amidine between two amino
acids with (Trp–Arg) possessing larger side chains, one of
them charged. The angiotensin (1-7) peptide binds and ac-
tivates G-protein coupled Mas receptors with applications
in pain management.35 New analogues of angiotensin (1-7)
with unexplored biodistribution and pK a profiles may be
possible through modification of the peptide backbone (11a
and 11b).

Rubiscolin-5 is a naturally occurring peptide agonist with
high selectivity against �-opioid receptors over other signal-
ing receptors.36 New classes of rubiscolin-5 compounds were
accessed through modification of the polyamide backbone
(12a and 12b).

Finally, amidine installation was also possible at bulky,
�-branched amino acids such as the valine residue of a
truncated sequence of insulin-related C-peptide (13a and
13b).37

The examples outlined in Scheme 1 demonstrates how dif-
ferent amidine sca↵olds were able to withstand the strong
acidic conditions (TFA) associated with both release of the
peptide from the resin and cleavage of the side-chain pro-
tecting groups. The sequences also demonstrate how ami-
dine formation was possible at di↵erent positions and be-
tween di↵erent residues along the backbone. Peptides were
isolated in yields of 3–18% based on the reported loading
of amino groups on the resin (Table S3). Isolated yields of
the peptides are often low due to the linear nature of SPPS,
and further complicated by the 3-phase sequence of (1) the
problematic coupling of the thioamide residue, (2) conver-
sion of thioamide into thioimidate, and (3) installation of
the amidine that are not standard steps during SPPS. This
procedure was not optimized for each peptide example (i.e.
taking into account the sequence position). Instead, a stan-
dard procedure was applied for all peptides.

The results of Table 3 indicate that (3) installation of
the amidine was e�cient, or at least serviceable, to provide
appropriate quantities of peptide for further study. Signifi-
cant depression in isolated yield likely derives from the (1)
coupling of the thioamide residue to the growing peptide.
The thioamide coupling step is certainly not quantitative,
requiring Ac2O capping in all cases to truncate unreacted
chains (see SI Figure S12 for further discussion). Addition-
ally, inclusion of significant quantities of oxoamide can oc-
cur at these sites despite pure thioacyl reagent.38 Thus, we
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Scheme 1. First General Synthesis of Amidine-Containing Peptides
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are currently working on strategies to streamline the 3 non-
standard SPPS steps discussed above to improve the overall
e�ciency of the process.

The synthetic strategy developed in this study represents
the first robust and general procedure for the introduction
of amidines into the peptide backbone. Because amidines
have remained largely unexplored in peptide science, this
work is significant because it describes a generally applica-
ble path to access unexplored peptide designs and architec-
tures, enabled by the unique physicochemical properties and
structure of the amidine (Figure 1a). The approach centers
around exploiting the site-selective insertion of thioamides as
a reactive handle for conversion into amidine, but avoids the
detrimental side-reactivity associated with previous methods
that ultimately prevents successful activation of thioamides
with stoichiometric amounts of precious transition metals.
Namely, we convert the thioamide into a thioimidate that
not only protects the integrity of the ↵-C stereochemistry
of the thioamide residue during normal peptide synthesis,
but also provides an electrophilic site for downstream con-
version into an amidine. Notably, the amidine is introduced
while the peptide is still protected and on-resin, thereby pre-
venting any potential reactivity with side-chain functional
groups. Thus, this work increases the utility and e�ciency

of exploiting thioimidates for the solid-phase peptide synthe-
sis of thiopeptides by introducing a whole new avenue for
peptide diversification, as amidinopeptides. We anticipate
the exploration of this new chemistry within the context of
novel peptide sca↵olds and therapeutic compounds.
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