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A multicomponent approach for the
stereoselective synthesis of atropisomeric
N–N peptide analogues

Natalie J. Roper, a George M. Hardy, a Jack M. Wootton, a

Paul G. Waddell, a James Wilsonb and Roly J. Armstrong *a

Peptide analogues featuring both central and N–N axial chirality

were efficiently synthesised using a 4-component Ugi reaction. This

method demonstrates a broad substrate scope, affording the target

compounds with excellent stereoselectivity (up to 495 : 5 d.r.).

Thermal atropisomerization studies revealed the identity of the

substituents significantly influences the configurational stability

and thermodynamic preferences of the atropisomeric products.

Atropisomers are valuable chiral molecules whose stereogeni-
city arises via restricted rotation about a single bond. To date,
most studies in this area have explored systems whose chirality
is derived from restricted C–C or C–N bond rotation,1 but
recently atropisomeric compounds featuring a stereogenic
N–N axis have gained prominence as valuable bioactive scaf-
folds (Scheme 1A).2 For example, the N–N atropisomeric
natural product Schischkiniin exhibits activity against Caco-2
colon cancer cell lines,3 and the indolosesquiterpene alkaloid
dixiamycin A is active against several strains of bacteria.4

N–N atropisomerism is also a key structural element in non-
natural bioactive small molecules, for example bispyrroles
reported by Zhang, Shi and co-workers, displaying promising
activity against QGP-1 cancer cells.5 The emerging utility of
these scaffolds has inspired the development of various power-
ful strategies for the synthesis of N–N atropisomers, including
N-functionalization, de novo ring formation, C–H functionaliza-
tion and desymmetrization approaches.6

Despite these advances, the integration of N–N atropisomer-
ism into peptidomimetics (molecules designed to mimic the
structure and function of peptides) remains markedly under-
explored. A pioneering contribution in this area was reported by
Gütschow and co-workers, who showed that bis-methylated aza-
dipeptides could be prepared via N-acylation (Scheme 1B).7 These

scaffolds were shown to display class 2 atropisomerism, with free
energy barriers for enantiomerization (DG‡) up to 117 kJ mol�1.
Substituted a-amino acids (R1 a H) could be introduced, leading
to the formation of diastereoisomeric mixtures of products. Very
recently, Proulx and co-workers explored the late-stage alkylation
of more complex azapeptides, affording class 1–2 atropisomeric
dialkylated azapeptides (DG‡ = 63–100 kJ mol�1).8 Proulx and co-
workers have also reported evidence of atropisomerism within
metallo-azapeptides, where co-ordination of the hydrazide nitro-
gen to a palladium centre imparts restricted N–N rotation.9

Despite these important advances, the synthesis of N–N atropiso-
meric peptide frameworks remains significantly underdeveloped.
In particular, no general methods are available to access config-
urationally robust class 3 atropisomeric N–N atropisomeric pep-
tide analogues, or to achieve kinetic control over their relative
stereochemistry.10 With these challenges in mind, based upon our

Scheme 1 Previous work and strategy for the synthesis of N–N atropi-
someric peptide analogues.
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recent work on C–N atropisomeric scaffolds, we envisioned that it
might be possible to prepare N–N atropisomeric peptide analo-
gues via a four-component Ugi reaction between sterically encum-
bered N-aminated heterocycles, aldehydes, carboxylic acids and
isocyanides (Scheme 1C).10a Based upon previous reports, we
believed that these products would display stable atropisomerism
and the proposed methodology could provide an efficient and
modular approach for their diastereocontrolled synthesis.6

Herein, we report the successful realization of this goal, with a
library of 22 N–N atropisomeric peptide analogues prepared in up
to 97% yield and 495 : 5 d.r. Kinetic epimerization studies reveal
these scaffolds to be configurationally robust class 3 atrop-
isomers, with DG‡ = 132–144 kJ mol�1, with the substitution
pattern playing a key role in dictating the rate and position of
equilibrium in the atropisomerization process.

We commenced our study by exploring a model multicompo-
nent reaction between methyl 1-amino-1H-indole-2-carboxylate
(1a), benzaldehyde (2a), benzoic acid (3a), and tert-butyl isocya-
nide (4a) in 2,2,2-trifluoroethanol (TFE) at room temperature for
24 hours. Pleasingly, the intended Ugi product 5a was obtained
in a modest, but promising 17% yield, and analysis of the crude
reaction mixture confirmed that the reaction proceeds with
excellent diastereocontrol (495 : 5 d.r.) (Table 1, entry 1). The
relative configuration of the product was unambiguously con-
firmed using single crystal X-ray analysis, revealing the ester
group of the indole and the a-phenyl substituent to have an anti-
arrangement. Encouraged by this result, we focused on optimis-
ing the reaction conditions. Upon replacing the solvent with
1,1,1,3,3,3-hexafluoroisopropanol (HFIP), a substantial increase
in yield to 69% was observed (Table 1, entry 2). Furthermore,
employing an excess of the isocyanide (2.0 equivalents) led to a
further improvement, with the desired product obtained in 79%
yield and 495 : 5 d.r. (Table 1, entry 3). We then explored

whether addition of a desiccant might improve the efficiency
of the transformation by promoting imine formation. While 4 Å
molecular sieves produced inferior results, both 5 Å and 3 Å
molecular sieves led to slightly increased yields of 80% and 82%,
respectively (Table 1, entries 4–6). Finally, we turned our atten-
tion back to reagent stoichiometry. Limiting the amount of
aldehyde 2a in the reaction resulted in a slightly decreased yield
(Table 1, entry 7). In contrast, employing aminated indole 1a as
the limiting reagent led to a significant increase in conversion,
enabling the isolation of the product 5a by column chromato-
graphy in 89% yield as a single diastereoisomer (Table 1, entry 8).
The selectivity for the anti-diastereoisomer was confirmed via a
thermal epimerization experiment, which enabled unambiguous
characterization of syn-5a (vide infra).

With optimal conditions in hand, we next investigated the
generality of the reaction (Scheme 2). A range of aromatic
aldehydes, including examples bearing unprotected phenols
(anti-5b) and sterically demanding groups (anti-5c–5e), afforded
the corresponding products in high yields and excellent dia-
stereoselectivity (495 : 5 d.r.). Encouragingly, the methodology
also proved effective with aliphatic aldehydes, with products
anti-5f–5h isolated in similarly high yields and stereoselectivity.
We next explored the scope of the carboxylic acid partner.
Electron-rich benzoic acid analogues were well tolerated, fur-
nishing products anti-5i and anti-5j in reasonable yields and
high diastereomeric ratios (495 : 5 and 94 : 6 d.r. respectively).
Electron-deficient and heteroaromatic carboxylic acids were
also effective substrates, delivering atropisomeric products
anti-5k–5l with good stereoselectivity (92 : 8 d.r.). Aliphatic
carboxylic acids also underwent the desired multicomponent
reaction, enabling access to peptide analogues anti-5m–5o in
good yields albeit with slightly diminished diastereoselectivities
(80 : 20–88 : 12 d.r.). Collectively, these results demonstrate the
steric and electronic properties of the acid component signifi-
cantly influence the stereochemical outcome of the reaction. A
selection of commercially available isocyanides were examined,
which all reacted smoothly under the reaction conditions,
delivering compounds anti-5p–5r with essentially complete dia-
stereocontrol (495 : 5 d.r.). Finally, we explored the scope of the
heterocyclic locking group. Aminated indoles bearing different
backbone substituents reacted efficiently, affording the corres-
ponding products anti-5s–5t in moderate to good yields and
excellent diastereoselectivity (495 : 5 d.r.). The ester substituent
could also be varied with an isopropyl analogue anti-5u obtained
in 67% yield and 495 : 5 d.r. Finally, we found that 2,5-
disubstituted aminated pyrroles could also be successfully
employed in the reaction, yielding atropisomeric peptide anti-
5v with similarly high stereoselectivity (94 : 6 d.r.).

To assess the configurational stability of our N–N atropiso-
meric peptide analogues, we explored thermal epimerization
about the stereogenic axis.11 Model substrate anti-5a was
heated to 120 1C in DMSO-d6 for several days, with aliquots
removed at regular intervals and analysed by 1H NMR spectro-
scopy (Scheme 3, gray dataset). Under these conditions, we were
pleased to observe smooth epimerization to syn-5a which
was formed in 88 : 12 d.r. with equilibrium achieved after

Table 1 Optimization of diastereoselective 4-component coupling.
Reaction Conditions: rt, 24 h

Entry
Solvent (0.5
M) 1a : 2a : 3a : 4a Additive

Yield anti-5a
(%)a

d.r. anti-
5ab

1 TFE 1 : 1 : 1 : 1 — 17 495 : 5
2 HFIP 1 : 1 : 1 : 1 — 69 495 : 5
3 HFIP 1 : 1 : 1 : 2 — 79 495 : 5
4 HFIP 1 : 1 : 1 : 2 4 Å MS 76 495 : 5
5 HFIP 1 : 1 : 1 : 2 5 Å MS 80 495 : 5
6 HFIP 1 : 1 : 1 : 2 3 Å MS 82 495 : 5
7 HFIP 1.2 : 1 : 1.2 : 2 3 Å MS 81 495 : 5
8 HFIP 1 : 1.2 : 1.2 : 2 3 Å MS 87 (89) 495 : 5

a Yields determined by quantitative 1H NMR analysis vs. (CH3)2SO2 as
an internal standard; values in parentheses indicate the yield of isolated
product. b Diastereoselectivity determined by 1H NMR analysis of the
crude reaction mixture.
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approximately 60 hours. Note that the structure and relative
stereochemistry of syn-5a were unambiguously confirmed by
single crystal X-ray analysis. From the kinetic profile shown in
Scheme 3, values for DG‡ of 132 kJ mol�1 and 139 kJ mol�1 for
the respective forward and backward isomerization processes
of anti-5a were calculated (see SI for details), confirming class 3
atropisomerism. Furthermore, based upon the final equili-
brium ratio of 88 : 12 d.r. we calculated a standard Gibbs free
energy difference (DG1) between the diastereomers of 5a of
�6.4 kJ mol�1, indicating a clear thermodynamic preference for
the syn-isomer, which is in line with our previous work on
structurally related C–N atropisomeric peptide analogues.10a

To explore how the steric and electronic properties of
different substituents may influence the stability of these
N–N atropisomeric peptide analogues, an analogous epimerization
study was performed with anti-5h, which bears an isopropyl group
a- to the carbonyl of the secondary amide (Scheme 3, pink dataset).
In this case, isomerization proceeded at a similar rate (DGforward

‡ =
134 kJ mol�1; DGbackward

‡ = 135 kJ mol�1), but intriguingly an
almost equimolar ratio of anti- and syn-5h was obtained at equili-
brium (DG1 = �0.4 kJ mol�1). This result indicates that replacing
the a-substituent with an aliphatic group preserves class 3 atropi-
somerism, but effectively eliminates the thermodynamic preference
for the syn-diastereoisomer. Finally, we investigated the isomeriza-
tion of anti-5n, which bears an aliphatic acyl substituent (Scheme 3,
blue dataset). Interestingly, in this case epimerization proceeded

very slowly when heated to 120 1C, indicating significantly
increased configurational stability. Therefore, an additional ther-
mal isomerization experiment was conducted at 150 1C, under
which conditions the system reached an equilibrium ratio of 80 : 20
(DG1 = �4.9 kJ mol�1), which is similar to that of anti-5a. Based
upon this data we calculated values of DG‡ of 144 kJ mol�1 and
148 kJ mol�1 for the respective forward and backward isomeriza-
tion processes, confirming very high configurational stability.

Taken together, these results may imply that the a-substituent
predominantly dictates thermodynamic stability, whereas the acyl
substituent impacts the kinetics of epimerization. The substantially
slower rate of isomerization for examples bearing an aliphatic acyl
substituent is in line with our previous work on C–N atropisomeric
amides, which was attributed to a racemization mechanism involv-
ing correlated bond rotation.12 We tentatively conclude that a
similar mechanism involving geared rotation of the N–N and
N–CO bonds may also be operative in N–N atropisomeric amides.

In summary, we have developed an efficient multicompo-
nent approach for the synthesis of novel N–N atropoisomeric
peptide analogues which proceeds in excellent yields (up to
97%) with very high levels of kinetic selectivity in favour of the
anti-configured diastereomer (up to 495 : 5 d.r.). Thermal iso-
merization studies reveal that these molecules are configura-
tionally stable class 3 atropisomers (DG‡

Z 132 kJ mol�1). The
thermodynamics and kinetics of the epimerization process
appear to be substantially influenced by the a- and acyl

Scheme 2 Stereoselective multicomponent synthesis of N–N atropisomeric amides. Reaction conditions: aminated heterocycle (1.0 equiv.), aldehyde
(1.2 equiv.), carboxylic acid (1.2 equiv.), isocyanide (2.0 equiv.), 3 Å molecular sieves (100 mg mL�1 solvent), HFIP (0.5 M), r.t., 24 h. Yields refer to isolated
material after column chromatography. Diastereoselectivity determined by 1H NMR analysis of the crude reaction mixture.
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substituents respectively, and further work is underway in our
laboratory to explore the generality of these observations and to
assess their implications regarding the mechanism of N–N
atropisomerization.
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