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Atropisomeric N-chloroamides were efficiently accessed by elec-
trophilic halogenation of ortho-substituted secondary anilides. The
stereodynamics of atropisomerism in these novel scaffolds was
interrogated by detailed experimental and computational studies,
revealing that racemization is correlated with amide isomerization.
The stereoelectronic nature of the amide was shown to significantly
influence racemization rates, with potentially important implica-
tions for other C—N atropisomeric scaffolds.

Atropisomers are valuable molecules with powerful applications
in catalysis, materials science and medicines." The archetypal
examples are axially chiral biaryls, whose stereoisomerism derives
from restricted rotation about a C-C bond (Scheme 1A).> The
mechanism of racemization in biaryls is well understood and the
configurational stability of new materials can be straightforwardly
predicted by computational simulation.® Recently, a growing
number of elegant reports have emerged involving atropisomer-
ism about C-N bonds, perhaps most notably in ortho-substituted
anilides, which can exhibit robust configurational stability and
have emerging potential in medicines (e.g. the drug telenzepine)
and agriscience (e.g. the herbicide metolachlor).® However, in
contrast to biaryls, atropisomerism in anilides is complicated by
the possibility of rotation about multiple bonds. Although several
studies have interrogated the impact of structural modifications
on the configurational stability of anilides,™® it is not established
whether racemization occurs via direct Ar-N bond rotation or in
correlation with rotation about the N-CO bond as reported by
Clayden and co-workers for C-C atropisomeric benzamides.”
Consequently, it is extremely challenging to predict the racemiza-
tion rates of new compounds a priori. Understanding the
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stereodynamic processes underpinning racemization could
significantly streamline the identification of new C-N atropiso-
meric materials.

Exemplifying these challenges, we recently questioned whether
it might be possible to access unique N-haloamide atropisomers 2
via electrophilic chlorination of secondary anilides 1 (Scheme 1B).
Given the ubiquitous use of N-haloamide reagents in organic
synthesis, accessing the first examples of axially chiral analogues
would be of significant interest.® However, given the unprece-
dented nature of these scaffolds, it was not clear whether they
would display atropisomeric behaviour. Here we report our pre-
liminary results, which reveal that axially chiral N-chloroamides
can be efficiently synthesised and display high levels of chemical
and configurational stability (¢75 up to 12 days). These novel
atropisomeric scaffolds have provided an ideal basis to explore the

A. Previous work: State of the art in C—C and C-N atropisomerism
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Scheme 1 Potential and challenges associated with atropisomerism in
anilides, and expansion to atropisomeric N-haloamides.
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A. Synthesis of atropisomeric N-haloamides via electrophilic chlorination

o o}
R1J\NH TCCA (1.1 equiv.) R1J\N’CI
) ————— R®
ReL CH,Cl, RoL
Z 0°C tor.t., 30 min Z
1a-o 2a-0 chemically stable
sp® acyl substituents
o o} o}

Me\)l\ .Cl

2a; 95% yield
ty,2"%° = 12 days
AG* =108.0 kJ/mol

2b; 91% yield 2¢; 78% yield
t12¢ = 11 days ty2"%¢ = 12 days
AGH = 107 9 kd/mol AG* = 108 0 kJ/mol

(X-ray) ‘
(o} (e}

T T TG

2d; 86% yield
t12%° = 6.1 days
AG* =106.4 kJ/mol

2f, 63% vyield
ty,%° = 8.1 days
AGF = 1O7A1 kJ/mol

2g; 38% yield
ty%¢ = 3.7 days
AGF = 1052 kJ/mol

2e; 54% yield
t402° = 10 days
AGF =107.7 kJ/mol

O O

gy Ty

2i; 48% yield 2j; 91% yleld 2k; 80% yleld
2% =5.0minl  t;,," = 32 hours ty2"%¢ = 7.4 days
AGF =882 kJ/mol  AG* =102.7 kd/mol AG* = 106.9 kJ/mol
sp? acyl substituents

2h; 88% yield
ty2"¢ = 1 minfal
AG* =84.3 kJ/mol

Ci% o] o] o
Ph/l N,Cl L:\,.N,CI PMP)L”N’CI Ph/\)J\N'CI
@tBU F3C (j,tBU @'Bu @rBU
2l; 98% yield 2m; 78% yield 2n; 64% yield 20; 38% yield
ty0"2¢ = 58 min t4,2'2¢ = 96 min 42" = 36 min "% = 3.3 days

AGH =94.2kJ/mol  AG* =954 kJ/mol  AG* =93.0kJ/mol  AG* = 104.9 kJ/mol

B. Correlation of racemization barriers with Charton values (left) and 6 (right)
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Scheme 2 Synthesis of N-chloroamides and experiments to probe atro-

pisomerism. Yields refer to isolated material after column chromatogra-

phy. Depictions of absolute stereochemistry are arbitrary. [a] t{75 estimated

at 20 °C based on AG* measured at 5 °C by dynamic HPLC analysis. [b]
Determined by dynamic HPLC analysis at 20 °C.%1°

stereodynamics of anilide racemization through experimental and
computational studies, providing insight into the degree of
correlation with N-CO rotation.

We commenced our study by exploring the electrophilic chlor-
ination of secondary anilides 1 (Scheme 2A). We were pleased to
find that treatment with a slight excess of trichloroisocyanuric acid
(TCCA) in dichloromethane led to efficient formation of the
corresponding N-chloroamides 2, with no evidence of competing
aromatic chlorination. This synthetic approach was applied to
prepare a library of ortho-substituted chloroamides bearing various
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sp® or sp” acyl substituents (2a-0). Notably, these N-haloamides
displayed excellent chemical stability - they could be isolated by
routine aqueous workup and column chromatography, character-
ized using standard spectroscopic methods, and stored at —18 °C
for several months without decomposition.

With an efficient synthesis of N-chloroamides established, we
investigated their configurational stability. HPLC analysis of 2a on a
chiral stationary phase revealed two baseline-separated peaks, con-
sistent with a pair of enantiomers which do not interconvert on the
timescale of the HPLC experiment. An enantioenriched sample
(obtained by semi-preparative HPLC) was allowed to stand at room
temperature and its enantiomeric excess was monitored over time.’
We calculated a racemization half-life (£7;) of 12 days corresponding
to a Gibbs activation energy of enantiomerization (AG¥) of 108.0 kJ
mol ' (see ESIf). Similar analysis was performed on N-
chloroamides 2a-0 and the resulting values of £35 and AG* are
shown in Scheme 2A.° Relatively robust configurational stability was
observed across analogues bearing various aliphatic acyl substitu-
ents (2a-g), but chloroamide 2h bearing a smaller ortho-isopropyl
group racemized rapidly."'® We also explored anilides 2i-k bearing
two ortho substituents. Robust configurational stability was
observed for brominated analogue 2k, but chlorinated and fluori-
nated analogues 2j and 2i underwent comparatively rapid racemiza-
tion. This is interesting given that C-N atropisomeric sulfonamides
derived from 2-chloro-4,6-dimethylaniline have been reported to
display higher configurational stability than analogues bearing a
single ortho ‘Bu-substituent."" Moreover, examples bearing an aro-
matic acyl group (2}-n) also racemized extremely rapidly (£15 < 2 h).
To investigate this observation further, we plotted the experimen-
tally determined values for AG* against the Charton steric para-
meters (v) associated with the various acyl substituents (Scheme 2B,
left).’* This analysis is complicated by the fact that two values of v
are available for the Ph group (out of plane = 0.57; in plane = 1.66),
but even for structurally similar aliphatic analogues 2a-g a poor
correlation was observed. Shi and co-workers have postulated that
electronic effects have an effect on the racemization rate of anilides
bearing aromatic acyl substituents, and we speculated that the
ability of the amide to deplanarise during racemization may also
be playing an important role here.>* We were fortunate to be able to
obtain crystals of 2a suitable for single crystal X-ray diffraction
allowing us to probe the structure of the amide in the solid state
(Scheme 2A). In particular, the planarity of the amide nitrogen atom
was studied by evaluating the angle parameter 0, corresponding to
the sum of the three valence angles about the nitrogen atom.'® For
amide 2a, such analysis revealed a value of 0 = 356.6° close to the
ideal value of 360° expected from a completely trigonal arrange-
ment. We also obtained X-ray crystal structures of several other N-
chloroamides depicted in Scheme 2 (2a-b, d-g, I-n), many of which
displayed significantly more distorted nitrogen atoms (e.g 2g, R* =
Cy, 0 = 346.1°). Interestingly, when 0 was plotted against AG®, for
aliphatic examples 2a-g a positive correlation (R* = 0.90) was
observed (Scheme 2B, right). A similar trend was observed for
examples 2l-n bearing aromatic amide substituents. This data must
be interpreted with some caution, but may suggest that amides
possessing a more conformationally distorted ground state are able
to racemize more rapidly. However this effect does not explain the
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significantly reduced configurational stability of examples contain-
ing aliphatic vs. aromatic acyl substituents (e.g:, anilides 2d and 21
possess similar values of 0, but 21 racemizes two orders of magni-
tude more rapidly).

A similar effect has been reported by Curran and co-workers
in atropisomeric N-methyl anilides, with benzoylated analogues
racemizing significantly faster than examples bearing aliphatic
acyl substituents.> In this case, it was also noted that benzoy-
lated analogues displayed a higher preference for the trans-
amide isomer. In line with this observation, we noticed that the
X-ray structures of aliphatic chloroanilides (2a-b, d-g) pos-
sessed a cis-configured amide, but in contrast, the structures
of aromatic anilides 2l-n featured a trans-amide geometry."* To
probe if similar behaviour is observed in solution, we analyzed
2a by "H NMR in CDCl; at 298 K and observed a single set of
broad peaks (Scheme 3A). Upon cooling to 233 K, the spectrum
resolved to reveal two well-defined species present in a 93:7
mixture, which were characterized as the cis- and trans-amide
isomers respectively on the basis of NOE-analysis. Strong EXSY
correlations were also observed between geometrical isomers,
indicating relatively rapid exchange even at 273 K (see ESI} for
details). Phenyl-substituted amide 21 also exhibited a single set
of broad peaks at room temperature, but upon cooling to 218 K
resolved into two geometrical isomers with a slight preference
for the trans-isomer (Scheme 3B). From this data, we con-
cluded: (i) geometrical isomerization of the amide is extremely
fast compared with racemization; (ii) the ratio of geometrical
isomers is governed by thermodynamics and not established
during chlorination; (iii) the nature of the acyl substituent
exerts a significant influence on the position of equilibrium,
with aliphatic groups resulting in a near exclusive preference
for the cis-geometry but aromatic groups leading to a higher
equilibrium population of the trans-isomer.

To gain insight into how these factors relate to configura-
tional stability, DFT modelling studies were conducted

A. Amide geometry in an aliphatic atropisomeric chloroamide

1.35

1.50 1.45 1.40 3 (ppm)

View Article Online

Communication

(0B97M-V"*/def2-QZVPP"®/SMD(n-hexane)"’//PBE0-D3'®/def2-

TZVP/SMD(n-hexane), see ESI} for full details). For a represen-
tative chloroamide 2b (Scheme 4A), our analysis suggested that
the lowest energy racemization pathway occurs via a Clayden-type
correlated mechanism, in which Ar-N bond rotation is geared with
N-CO isomerization (calculated AG* = 117.2 k] mol ™). We were
unable to find any energetically feasible processes involving direct
Ar-N bond rotation (without amide isomerization) from either cis-
or trans-amide rotamers. (P)-trans-2b formed in this correlated
isomerization was calculated to be destabilised with respect to the
starting material by 2.1 k] mol ', but can isomerize to the
thermodynamically favoured cis-amide via a facile N-CO bond
rotation (AG* = 58.7 k] mol ™). This is broadly consistent with our
experimental observations for 2b, namely a cis/trans ratio of ~9:1
observed at 263 K by "H NMR, and rapid exchange of amide
rotamers at room temperature. Equivalent analyses of chloroa-
mides 2d, 21 and 2n suggested a similar racemization mechanism
via correlated Ar-N and N-CO rotation (Scheme 4B). The calcu-
lated values of AG* were somewhat higher than those determined
experimentally, but reproduced the experimentally observed trend
with good fidelity (2b > 2d > 21 > 2n). For all four examples, the
computed racemization pathway involves a significant reduction
in N-CO bond order from 1.13 to 0.95 on average, accompanied by
a smaller increase in Ar-N bond order in the transition state (TS)
from 0.85 to 1.01 on average. In all cases there was also a decrease
in the planarity of the N atom in the TS compared to the ground
state. This is consistent with deconjugation of the nitrogen lone
pair from the amide in order to partially re-conjugate with the
ortho-substituted aromatic ring and is also in line with our
experimental result that increased distortion about the nitrogen
atom in the ground state (i.e. weakening of the amide bond)
correlates with more facile racemization (also replicated com-
putationally, see ESIT). In line with the experimental data, for 21
and 2n our calculations also show that the cis-amide is destabilised
relative to the trans-isomer by 3.4 and 4.8 kJ mol *, respectively.

B. Amide geometry in an aromatic atropisomeric chloroamide
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Scheme 3 Conformational analysis of aromatic and aliphatic N-chloroamides 2a and 2l by variable-temperature *H NMR spectroscopy and X-ray
crystallography. Stack plots show the tert-butyl region, with spectra offset for clarity (full spectra are included in the ESIt).
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A. Calculated racemization pathway of 2b

AGH=
117.2 kd/mol

>

'——/" 1 Grel trans

VS Cis
= 2.1 kJ/mol

2.1
(M)-gso-zb (P)-trans-2b

B. Rationalizing substitutent effects upon the rate of racemization

GS bond order |TS-A bond order 3
AT Grel trgns AG
vscis [ N-CO N-Ar | N-CO N-Ar | calc.
2b (Et) +2.1 1.17 0.85 0.94 | 1.04 117.2
2d (°Pr) +4.3 1.15 0.85 0.97 | 1.04 115.0
21 (Ph) -3.4 110 0.84 0.95 | 0.99 [100.7
(M)-cis-21 2n (PMP)| -4.8 1.09 0.85 0.94 099 |97.8@
C. Contrasting the behaviour with other model C-N atropisomeric scaffolds
0 3a o 3b
/\)J\ Pr >95:5 cis/t )I\ Pr . :
Ph N :5 cisltrans Ph N 77:23 cisltrans

4,272 = 200 years®!
AGF = 129.2 kJ/mol

By gy t12™° =60 days/®!
AG* = 111.5 kJ/mol

Scheme 4 Computational analysis of chloroanilide racemization and
comparison with model scaffolds bearing non-halogen N-substituents.
Calculations were carried out at the PBEO-D3/def2-tzvp/SMD(n-hexane)//
wB97M-V/def2-QZVPP/SMD(n-hexane) level. Free energies are reported

in kJ mol™. [a] AG* calculated from lowest energy trans-amide. [b] t35 for

3a and 3b estimated at 20 °C based on AG* measured at elevated
temperature in 2,2,4-trimethylpentane (see ESI¥).

This is likely a consequence of an unfavourable interaction in the
cis-amide between the benzoyl group and the N-Ar group. Inter-
estingly, in all four compounds the cis isomer features a stronger
amide bond than in the ¢rans (bond order 1.17 vs. 1.11 on average).
Overall, we believe that the experimentally and computationally
observed ground state destabilization in benzoylated analogues
may explain their significantly more facile racemization.

Finally, to establish the generality of our conclusions, we
prepared compounds 3a-b bearing an N-propyl group
(Scheme 4C). In line with our study, hydrocinnamoyl analogue
3a was observed as a single cis-amide (>95:5 cis/trans) with a
high racemization barrier (£;Js ~ 200 years). In contrast, for
benzoyl analogue 3b, an appreciable amount of trans-amide was
observed (77 : 23 cis/trans) accompanied by a dramatic reduction
in configurational stability (£}7 ~ 60 days). Taken together with
the similar results reported by Curran and co-workers, these
results imply that the stereodynamic processes described here
may apply more generally to other C-N atropisomers.

In summary, we have developed the first synthesis of atropiso-
meric N-haloamides. Experimental and computational studies
established that stereoelectronics of the amide play a key role in
dictating the racemization rate. Computational studies suggest
racemization occurs via correlated rotation about the Ar-N and
N-CO bonds, which may have important implications for the wider
field of C-N atropisomerism. Research in our laboratory is currently
ongoing to develop asymmetric syntheses of N-chloroamides and
harness them in asymmetric halogenation processes.

This journal is © The Royal Society of Chemistry 2024
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