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Chemical double mutant cycles have been used to quantify the
interactions of halogens with the faces of aromatic rings in
chloroform. The halogens are forced over the face of an aromatic
ring by an array of hydrogen-bonding interactions that lock the
complexes in a single, well-defined conformation. These interac-
tions can also be engineered into the crystal structures of simpler
model compounds, but experiments in solution show that the

Introduction

Noncovalent interactions involving halogens have been a
matter of debate in the literature for many years." As expect-
ed for electronegative elements with accessible lone pairs, hal-
ogens can act as hydrogen-bond acceptors, but in the 1950s,
it became clear that halogens could also form complexes with
hydrogen-bond acceptors.? This behaviour has been rational-
ised based on molecular electrostatic potential surfaces
(Figure 1).”! Fluorine behaves like a ball of negative charge, so
that it can only act as a hydrogen-bond acceptor. The other
halogens have a more positive region on the surface opposite
to the X—C bond direction as well as an equatorial belt of neg-
ative potential, so that they can act as hydrogen-bond donors
or acceptors depending on the angle of approach. The magni-
tude and area of the zone of positive potential increases with
the size of the halogen, so that iodine in particular makes rela-
tively strong interactions with hydrogen-bond acceptors. This
view is borne out by an analysis of the geometric preferences
of the interactions of hydrogen-bond donors and acceptors
with halogens in the Cambridge Structural Database.”
Noncovalent interactions between halogens and aromatic
rings were first discussed in relation to the so-called charge-

a) b) c) d)

Figure 1. Molecular electrostatic potential surfaces of (a) methyl fluoride, (b)
methyl chloride, (c) methyl bromide and (d) methyl iodide calculated by using
the STO-3G basis set in Spartan. The red regions represent negative electrostat-

ic potential, the blue regions positive electrostatic potential, and yellow is neu-
tral.
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halogen-aromatic interactions observed in the solid state are all
unfavourable, regardless of whether the aromatic rings contain
electron-withdrawing or electron-donating substituents. The halo-
gen-aromatic interactions are repulsive by 1-3 kJmol™'. The
interactions with fluorine are slightly less favourable than with
chlorine and bromine.

transfer complexes formed between molecular iodine and aro-
matics such as mesitylene.”’ However, halogen—mt interactions
are not commonly observed, and the possible role of such in-
teractions in more complicated molecular recognition events is
not clear. Ooki has used a triptycene torsion balance to com-
pare the interactions of a methyl group and a chloro group
with substituted aromatic rings.! Aromatics with electron-
withdrawing substituents preferred to interact with the chloro
group, but all other aromatics preferred to interact with the
methyl group. However, the details of the interaction geome-
tries are not known.

In this paper, we report a systematic study of the thermody-
namic properties of the halogen-m interaction as a function of
the identity of the halogen and substituents on the aromatic
ring. The approach is based on the chemical double mutant
cycle method that we have developed for measuring weak in-
termolecular interactions within synthetic hydrogen-bonded
complexes in chloroform.”” The approach is illustrated for the
previously reported measurement of aromatic interactions in
Figure 2. To quantify the terminal aromatic interaction in com-
plex A, we can compare the free energy of complexation of
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complex A with either complex B or complex C. In both cases,
one of the interacting aromatic rings is missing, and so
AG,—AGg or AG,—AG. provides an estimate of the free
energy contribution of the aromatic interaction to complex A.
However, this simplistic analysis does not allow for any
changes in hydrogen bond strength or secondary interactions
involving the aromatic ring that is removed. These additional
contributions can be measured by using the double mutant,
complex D. Thus, the difference AG.—AGp provides a direct
measure of any secondary effects that contribute to the differ-
ence AG,—AGg, and hence allows us to dissect out the free
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Figure 2. Chemical double mutant cycle to measure the terminal edge-to-face aromatic
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energy contribution of the terminal aromatic interac-
tion from all of the other interactions present in com-
plex A [Eq. (1)]:

AAG = AG,—AGy—AG, + AGy (1)

Here, we show how this system can be adapted to
quantify halogen-aromatic interactions.

Results and Discussion
Design and synthesis

X-ray crystal structures of simple model compounds
can be used to probe the geometry of the terminal
interaction of complex A in Figure 2. Thus, 3 forms a
hydrogen-bonded polymer with the head-to-tail
packing and the same edge-to-face aromatic interac-
tions that are present in the 1:2 complex in solution
(Figure 3).® It is important to note that the com-
plexes are not symmetric. At one end, the benzoyl
carbonyl oxygen atom is a hydrogen-bond acceptor,
and at the other, the benzoyl amide moiety is a hydrogen-
bond donor. Consequently, there are two different geometries
of interaction between the terminal functional groups, desig-
nated a and f in Figure 3. The two different interaction geo-
metries are also found in the X-ray crystal structures of the
model compounds (Figure 3). To investigate the possibility of
introducing halogen-aromatic interactions into this system,
twelve model compounds (4-15) were prepared by coupling
tribromoacetyl chloride, trichloroacetyl chloride, trifluoroacetic
anhydride or acetic anhydride with three 2,6-diisopropylaniline
derivatives (Scheme 1). Single-crystal X-ray structures were ob-
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Figure 3. The 1-2 zipper complex used to measure the terminal edge-to-face aromatic interaction in solution, and model compound 3 used to probe the geometry
of this interaction in the solid state. Three molecules from the X-ray crystal structure of 3 are shown. The o and f interaction geometries are labelled.
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Scheme 1. Preparation of model compounds 4-15 by direct trihaloacetylation

or acetylation of 2,6-diisopropylanilines.

tained for nine of these compounds. The packing of the molecules in
the solid state is remarkably similar in all of the crystal structures
(Figure 4). The molecules are arranged in hydrogen-bonded chains in a
head-to-tail orientation with the CX; groups over the faces of the aniline
7t systems. The shortest halogen-aromatic contact occurs for the o ge-
ometry interaction (Figures 4 and 5). One of the halogens is in van der
Waals contact with the aromatic ring in all of the structures, and the
angle (¢) between the C—X bond and the plane of the & system is 20—
40° away from orthogonal (Table 1). It might be tempting to ascribe this
observation to attractive interactions between the CX; groups and the

aromatic rings, but as will become clear this is not the case.

Y = NO,

Y = NMe,

no
structure

no
structure
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In all of the X-ray crystal structures of the model
compounds, the shortest halogen-aromatic contact
occurs for the a geometry interaction (Figures 3 and
4). We have previously developed a method for
studying this interaction by locking the conformation
of unsymmetrical complexes with a terminal nitropyr-
role group.”’ By using this approach (Figure 6), we
can design complexes to hold CX;—aromatic interac-
tions in the a geometry, thereby ensuring close con-
tact between the halogen and the it system. The pro-
posed double mutant cycles are illustrated in
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Figure 5. The o. geometry interaction in the X-ray crystal structures
of model compounds 4-15 is described by the distance between
the halogen and the plane of the aromatic ring (d) and the angle
between the C—X bond and the plane of the aromatic ring (¢).
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Figure 4. Dimers found in the X-ray crystal structures of model compounds 4-15. Three compounds (8, 9 and 15) failed to give single crystals suitable for X-ray

structure determination. There is some disorder of the CBr; group in the structure of compound 14 as illustrated (X=Br, Y=H). Hydrogen atoms are shown in calcu-
lated positions. In the structures shown, all compounds pack in a head-to-tail arrangement with hydrogen bonds between the amide groups. The CX; groups all lie
over the faces of aromatic rings with close halogen- contacts.
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Table 1. Geometry of the halogen-aromatic interaction for the closest contact (o geometry) in the X-ray crystal structures of the model compounds shown in
Figure 4, and the crystallographic R factor for the structures.”

dAl ¢ R [%]
X X X
Y F (@ Br F a Br F a Br
NO, 3.07 333 3.61 37 33 33 7 10 9
Y H - 3.38 3.38 - 18 35 - 9 6
NMe, - 3.27 - - 43 _ _ 4 _

[a] See Figure 5 for the definition of d and ¢.

Figure 6. The complex designed for measuring the halogen-aromatic interac-

tion (X=F, Cl, Br; Y=NO,, H, NMe,).

Figure 7.  Compounds 17-19
were therefore synthesised from
the known compound 16
(Scheme 2).! The other com-
pounds required to construct
the required double mutant
cycles are shown in Figure 8 and
have all been described previ-
ously.”

Binding studies

The complexation properties of
the prepared systems were stud-
ied by using "H NMR titration ex-
periments in CDCl,.”” The behav-
iour of the bisaniline compounds
17-20 is complicated by cis—
trans, anti-syn conformational
equilibria of the amide and ni-
tropyrrole groups, aggregation
that takes place with self-associ-
ation constants of the order of
10m~", and low solubility.” How-
ever, we have shown previously
that the errors associated with
these equilibria cancel out in the
double mutant cycle, and the
system behaves well if the bisa-
niline compounds are used as
the guests in the titrations. Thus,
although the association con-
stants are subject to significant
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errors, a simple analysis assuming only 1:1 binding gives
double mutant cycle results that are very similar to the results
obtained by using a full detailed analysis of all of the equilibria
present. For compounds 17-20, low solubility precludes accu-
rate analysis of the competing equilibria, so the data presented
are based on the simple 1:1 binding model. The effect of this
approximation is to increase the apparent association con-
stants that are reported in Table 2 and increase the size of the
errors.

The association constants and limiting complexation-
induced changes in chemical shift for the formation of 1:1
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Figure 7. Chemical double mutant cycle to measure the halogen-aromatic interactions in complex A (X=F, Cl, Br;
Y=NO,, H, NMe,).
o O ®
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17 X = F (49%)
18 X = CI (92%)
19 X = Br (78%)

Scheme 2. Preparation of bisaniline compounds 17-20 by direct EDC-mediated coupling of the primary amino func-
tion of 16 with the respective trihaloacetic acid.
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Table 2. K, [M~'] and AG [kJmol~'] values and limiting complexation-induced changes in chemical shift (5 in ppm) measured in CDCl; at 295 K for complexes used in the double mutant cycles.”’
Isophthaloyl compound 6 Bisaniline compound ¢
Complex Y X K, AG s d t nh aa me pl p2 p3 nl n2 b1 b2 b3 b4 Me
A
2217 NO, F 31+5 —84+04 +0.1 -0.2 —0.5 +0.5 0.0 —0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -
217 H F 56+6 —9.9+£03 +0.1 —-04 -1.2 +0.6 0.0 —0.1 +0.7 —-1.2 0.0 +1.0 +0.7 0.0 +0.1 +0.1 —0.1 -
2317 NMe, F 122+42 —11.8+£0.9 +0.2 —0.5 —-1.1 +13 0.0 —0.1 +14 —1.1 +0.1 +1.8 +0.9 0.0 +0.1 +0.1 —0.1 -
2218 NO, @ 28+6 —82+06 +0.1 —0.3 -0.8 +0.7 —0.1 —0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -
2:18 H @ 89+10 —11.0+0.3 +0.3 —-04 —-1.2 +1.2 n.d. —0.1 +1.2 —1.2 +0.3 +1.8 +0.3 —0.1 +0.1 +0.2 +0.1 -
2318 NMe, @ 217 +42 —13.2+0.5 +0.3 —-04 -1.2 +1.4 nd. —0.1 +1.5 —-1.2 +0.1 +1.9 +0.2 —0.1 +0.1 +0.2 +0.1 -
22:19 NO, Br 85+39 —109+1.1 +0.3 —0.1 -0.3 +1.3 —0.1 —0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. -
2:19 H Br 139+26 —12.1+£0.5 +0.3 —-0.3 -1.0 +1.1 0.0 —0.1 +0.9 —-1.1 n.d. +1.4 +0.1 —0.1 +0.1 +0.2 +0.1 -
2319 NMe, Br 236144 —13.4+05 +0.1 —-04 -1.2 +0.9 0.0 —0.1 +1.2 1.1 +0.1 +1.2 +0.1 —0.1 +0.1 +0.2 +0.1 -
B
22:20 NO, - 10417 —13.0+04 +0.1 —-0.2 —0.6 +0.7 0.0 —0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd.
2:20 H - 170+40 —12.6+0.6 0.0 —0.4 -1.2 +0.7 0.0 —0.1 +13 n.d. n.d. +1.9 +0.4 —0.1 +0.2 +0.1 0.0 —0.4
2320 NMe, - 399498 —147+0.6 +0.1 —-0.5 -13 +0.9 0.0 —0.1 +1.6 —-1.2 0.0 +1.9 +0.1 —0.1 +0.1 +0.2 0.0 —-0.3
C
2117 - F 3443 —8.7£03 +0.1 —-04 -0.8 +0.5 - - +1.8 0.0 +0.6 +1.9 +1.7 n.d. 0.0 +0.1 —0.1 -
2118 - cl 32+4 —85+03 +0.1 —-04 -0.9 +0.7 - - +1.7 0.0 +0.6 +2.0 +0.7 —-0.2 —0.1 +0.1 +0.1 -
2119 - Br 45+4 —93£0.2 +0.1 —-0.3 -0.7 4 0.6 - - +13 +0.2 +0.5 +1.7 +0.3 —-0.2 —0.1 40.1 0.0 -
D
2120 - - 33+8 —8.6+0.6 +0.1 —-04 -0.8 4 0.6 - - +14 40.1 +0.6 +1.9 n.d. 0.0 —0.1 +0.1 —0.2 0.0
[a] The data were analysed assuming a simple 1:1 complexation model and ignoring the effects of the conformational and aggregation equilibria that are clearly present in this system. See Figure 8 for the
proton labelling scheme. There are no significant changes in chemical shift for the signals belonging to the protons on the cyclohexyl group; n.d.=not determined. Titration experiments were repeated at least
twice, and K, is a weighted mean based on the observed change in chemical shift for all the signals monitored. The error is twice the standard error.
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Table 3. Halogen-aromatic interaction free energies (AAG [kJmol~']) mea-
sured in CDCl; at 295 K by using the double mutant cycle shown in Figure 7.
Errors are +1.0 k/mol™'.

X
F Cl Br
Y NO, 3.0 3.1 1.2
H 2.8 1.5 1.2
NMe, 29 14 2.0

arylmethane subunit (b2-b4) indicate that the face of this ring
interacts with the edge of another and confirm that edge-to-
face aromatic interactions are present in the core of the complex.

The data in Table 2 were used in Equation (1) to construct
double mutant cycles for the halogen-aromatic interactions,
and the results are shown in Table 3. The interactions are all
repulsive. Thus, the interactions that appear to be reliably en-
gineered into the crystal structures of the model compounds
reported above are in fact forced there by the neighbouring
amide—-amide hydrogen bonds and represent contacts that are
unfavourable. There are no clear trends in the values of AAG
in Table 3, and most of the differences lie within the experi-
mental error. However, the interactions of the aromatic rings
with fluorine atoms appear to be slightly more repulsive than
with the other halogens.

Conclusion

We have measured noncovalent interactions between a series

of halogens and substituted aromatic rings in chloroform. The

interactions are all unfavourable, slightly more so for fluorine
than for chlorine and bromine. More detailed interpretation of

the values is not sensible, as the experiment is subject to a

number of limitations:

1) The compounds have low solubility which leads to errors
that are large relative to the differences in the interaction
energies. All of the results in Table 3 lie within the experi-
mental errors.

2) The complexation-induced changes in chemical shift for
the complexes involving 22 (i.e. with the nitro group on
the aromatic ring) differ from the rest of the complexes,
and may be indicative of a change in conformation for this
system.

3) Although the X-ray crystal structures of the model com-
pounds suggest that the supramolecular motif used in
these experiments can accommodate all three halogens,
the halogens are different in size, and so the observed free
energy differences may reflect steric as well as electrostatic
effects.

4) The electrostatic potential surfaces of the larger halogens
shown in Figure 1 are highly anisotropic, and so relatively
subtle changes in geometry could significantly alter the
nature of the electrostatic potential surface presented to
the m system. The geometry of the zipper complexes is
constrained by the architecture of the system, and a differ-
ent arrangement of the interacting groups could result in
quite different interaction energies.
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Experimental Section

Synthesis of N-(2,6-diisopropyl-4-nitrophenyl)acetamide (4): A
solution of 2,6-diisopropyl-4-nitroaniline (0.36 g, 1.6 mmol) and a
catalytic amount of 4-(dimethylamino)pyridine (DMAP, 0.04 g) were
taken up in anhydrous pyridine (20 mL). Acetyl chloride (0.14 mL,
2.0 mmol) was then added dropwise. The mixture was heated at
reflux (140°C) for 24 h. After this time, the reaction mixture was al-
lowed to cool to room temperature and then poured into 2m hy-
drochloric acid cooled on an ice bath. The resulting aqueous mix-
ture was extracted into dichloromethane (2x40 mL). The organic
layers were combined, washed with brine and dried over anhy-
drous sodium sulfate. The solvent was removed under reduced
pressure. The main product was the diacetyl derivative, but it was
possible to separate the required product in trace amounts (0.01 g,
2%) by column chromatography on silica by using dichlorometh-
ane as the eluant. An X-ray crystal structure was used to confirm
the structure. '"H NMR (250 MHz, CDCl;): 6=8.05 (s, 2H), 6.92 (s,
1H), 3.10 (sept, 2H), 2.23 (s, 3H), 1.22 ppm (d, 12H); *C NMR
(250 MHz, CDCl): 6=170.00, 148.55, 119.00, 29.26, 26.20,
23.36 ppm.

Synthesis of N-(2,6-diisopropylphenyl)acetamide (5): Acetic anhy-
dride (1.5 mL, 5 mmol) was added dropwise to diisopropylaniline
(1.1 mL, 5 mmol) in a round-bottomed flask cooled by an ice bath.
The resulting solid was filtered and washed sequentially with 1m
hydrochloric acid (2x20 mL), 1 M sodium hydroxide (2x20 mL) and
brine (1x20 mL). Recrystallisation from dichloromethane/petrole-
um ether 40-60 yielded the title compound (12.89g, 99%) as a
white solid. M.p. 198-200°C; 'H NMR (250 MHz, [DgIDMSQ): 6 =
9.20 (s, 1H), 7.50 (t, 1H), 7.30 (d, 2H), 3.05 (sept, 2H), 1.10 ppm (d,
6H); “CNMR (250 MHz, [DJDMSO): 6=169.48, 146.40, 133.21,
127.82, 123.25, 28.47, 24.19, 23.69, 22.98 ppm; EIMS: m/z: 219 [M]*+
; elemental analysis calcd (%) for C,,H,,NO: C 76.67, H 9.65, N 6.39;
found: C 76.59, H 9.78, N 6.38.

Synthesis of N-(2,6-diisopropyl-4-dimethylaminophenyl)aceta-
mide (6): Acetic anhydride (0.046 mL, 0.66 mmol) was added to a
stirred solution of 2,6-diisopropyl-4-dimethylaminoaniline (0.09 g,
0.40 mmol) in dry dichloromethane (75 mL) at 0°C. The tempera-
ture was allowed to increase to room temperature. The reaction
mixture was washed with 0.5m sodium hydroxide (4x10 mL) and
brine (2x10 mL), and the organic phase was dried over sodium
sulfate. Evaporation of the solvent under reduced pressure gave
the title compound (0.08g, 80%) as a brown solid. 'H NMR
(250 MHz, CDCl5/[DsJDMSO): 6=8.79 (s, 1H), 6.50 (s, 2H), 3.09
(sept, 2H), 2.16 (s, 6H), 1.21 ppm (d, 12H); *CNMR (250 MHz,
CDCly): 6=170.16, 150.44, 146.76, 120.91, 107.81, 40.79, 29.02,
24.47, 23.72 ppm; EIMS: m/z: 262 [M]T; elemental analysis calcd
(%) for CieHyN,0: C 73.24, H 9.99, N 10.68; found: C 73.21, H
10.15, N 10.39.

Synthesis of N-(2,6-diisopropyl-4-nitrophenyl)trifluoroacetamide
(7): A solution of 2,6-diisopropyl-4-nitroaniline (0.09 g, 0.4 mmol),
trifluoroacetic anhydride (0.7 mL, 0.5 mmol) and a catalytic amount
of DMAP (0.01 g, 0.07 mmol) were taken up in anhydrous pyridine
(10 mL) and heated at reflux (145°C) for 48 h. After this time, the
reaction mixture was allowed to cool to room temperature, and
2™ hydrochloric acid was added gradually until the solution was
acidic. The resulting aqueous mixture was extracted into dichloro-
methane (3x25 mL). The organic layers were combined, washed
with brine and dried over anhydrous sodium sulfate. After filtra-
tion, the solvent was removed under reduced pressure and the
products were separated by column chromatography on silica with
dichloromethane/methanol as eluant. The first compound eluted
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was the desired product (0.08 g, 60%). '"H NMR (250 MHz, CDCl,):
0=28.09 (s, 2H), 7.57 (brs, 1H), 3.03 (sept, 2H), 1.26 ppm (d, 12H);
BCNMR (250 MHz, CDCly): 0=156.15 (q, *J=37 Hz), 148.70,
148.58, 133.62, 119.34, 116.10 (q, 'Jor =286 Hz), 29.33, 23.24 ppm;
YFNMR (CDCl,): 6 =—75.50 ppm; EIMS: m/z: 318 [M]*; elemental
analysis calcd (%) for C,4H,,F3N,O5: C 52.83, H 5.38, N 8.80; found:
C 53.07, H 5.43, N 8.64.

Synthesis of N-(2,6-diisopropylphenyl)trifluoroacetamide (8): Tri-
fluoroacetic anhydride (0.75 mL, 5 mmol) was added dropwise to
diisopropylaniline (1.1 mL, 5 mmol) in a round-bottomed flask
cooled by an ice bath. The resulting solid was filtered and washed
with hydrochloric acid (5x20 mL) and brine (1x20 mL). Purification
by recrystallisation from dichloromethane/petroleum ether 40-60
yielded the title compound (0.66 g, 46%) as a light pink solid.
'HNMR (250 MHz, [D¢]DMSOQ): 6=9.45 (s, 1H), 7.25 (t, 1H), 7.15
(d, 2H), 3.02 (sept, 2H), 1.15ppm (d, 6H); *CNMR (250 MHz,
[DJDMSO): 6=156.53 (q, Ye=36Hz), 14594, 129.87, 129.20,
123.89, 116.70 (q, "Jer =289 Hz), 28.58, 23.70 ppm; '°F NMR (CDCl,):
0 =—75.59 ppm; EIMS: m/z: 273 [M]*; elemental analysis calcd (%)
for CyH,sFsNO: C 61.53, H 6.64, N 5.13; found: C 61.89, H 6.99, N
5.17.

Synthesis of N-(2,6-diisopropyl-4-dimethylaminophenyl)trifluoro-
acetamide (9): Trifluoroacetic anhydride (0.14 g, 0.66 mmol) was
added to a stirred solution of 2,6-diisopropyl-4-dimethylaminoani-
line (0.11 g, 0.51 mmol) in dry dichloromethane (75 mL). The tem-
perature was allowed to increase to room temperature. The reac-
tion mixture was washed with 0.5m sodium hydroxide (4x10 mL)
and brine (2x10mL), and the organic phase was dried over
sodium sulfate. Evaporation of the solvent under reduced pressure
gave the title compound (0.10 g, 62 %) as a brown solid. M.p. 196-
198°C; 'H NMR (250 MHz, CDCl;/[DJDMSO): 6 =9.35 (s, 1H), 6.33
(s, 2H), 2.78 (sept, 2H), 2.78 (s, 6H), 1.00 ppm (d, 12H); *C NMR
(250 MHz, CDCly): 0 =157.16 (q, *Js =36 Hz), 150.99, 146.47, 116.98,
116.30 (g, "Jer =289 Hz), 107.65, 40.56, 29.08, 23.58 ppm; '°F NMR
(CDCly): =-75.56 ppm; HRMS (El+): m/z calcd for C;4H,;5F;N,O:
316.176; found: 316.176; elemental analysis calcd (%) for
C,6H45F3N,0: € 60.75, H 7.33, N 8.85; found: C 60.99, H 7.32, N 8.88.

Synthesis of N-(2,6-diisopropyl-4-nitrophenyl)trichloroacetamide
(10): A solution of 2,6-diisopropyl-4-nitroaniline (0.36 g, 1.6 mmol),
trichloroacetyl chloride (0.18 mL, 2 mmol) and a catalytic amount
of DMAP (0.036 g, 0.16 mmol) were taken up in anhydrous pyridine
(20 mL) and heated at reflux (145°C) for 48 h. After this time, the
reaction mixture was allowed to cool to room temperature, and
2™ hydrochloric acid was added gradually until the solution was
acidic. The resulting aqueous mixture was extracted into dichloro-
methane (3x25 mL). The organic layers were combined, washed
with brine and dried over anhydrous sodium sulfate. After filtra-
tion, the solvent was removed under reduced pressure, and crystal-
lisation from chloroform and petroleum ether 40-60 gave the title
compound (0.4 g, 66%) as a yellow solid. '"H NMR (250 MHz, CDCl,):
0=8.08 (s, 1H), 7.90 (s, 1H), 3.15 (sept, 2H), 1.28 ppm (d, 6H);
3C NMR (250 MHz, CDCl,): 6 =161.80, 148.72, 135.08, 119.30, 29.24,
23.28 ppm; CIMS: m/z: 384 [M+NH,]*.

Synthesis of N-(2,6-diisopropylphenyl)trichloroacetamide (11):
Trichloroacetyl chloride (0.5 mL, 5 mmol) was added to a stirred
solution of 2,6-diisopropylaniline (1.1 mL, 5 mmol) and triethyl-
amine (0.7 mL, 5mmol) in dry dichloromethane (100 mL) in a
round-bottomed flask cooled by an ice bath. The temperature was
allowed to increase to room temperature. The solvent was evapo-
rated under reduced pressure, and the resulting solid was filtered
and washed with hydrochloric acid (5x20 mL) and water (1x
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20 mL). The desired product was obtained as a light pink solid
(1.5 g, 92%). 'H NMR (250 MHz, CDCl5): 6=7.83 (s, TH), 7.37 (t, 'J=
7.8Hz, 1H), 7.47 (d, 'J=7.8 Hz, 2H), 3.05 (sept, 'J=6.7 Hz, 2H),
1.25 ppm (d, 'J=6.7 Hz, 6H); *C NMR (250 MHz, CDCl,): 6 = 160.99,
146.26, 129.36, 129.30, 123.83, 28.78, 23.56 ppm; EIMS: m/z: 321
M1+

Synthesis of N-(2,6-diisopropyl-4-dimethylaminophenyl)trichloro-
acetamide (12): Trichloroacetyl chloride (0.12 g 0.68 mmol) was
added to a stirred cold solution of 2,6-diisopropyl-4-dimethylami-
noaniline (0.11 g, 0.51 mmol) and triethylamine (0.70 mL, 0.5 mmol)
in dry dichloromethane (75 mL). The temperature was allowed to
increase to room temperature (RT). The reaction mixture was
washed with 0.5m sodium hydroxide (4x10 mL) and brine (1x
10 mL), and the organic phase was dried over sodium sulfate.
Evaporation under reduced pressure gave the title compound
(0.14 g, 74%) as a brown solid. M.p. 220-222°C; 'H NMR (250 MHz,
CDCl;): 6=7.70 (s, 1H), 6.50 (s, 2H), 3.00 (sept, 2H), 2.98 (s, 6 H),
1.20 ppm (d, 12H); *CNMR (250 MHz, CDCl,): 6 =150.88, 146.72,
118.57, 107.61, 40.62, 29.01, 23.60 ppm; EIMS: m/z: 364 [M]*; ele-
mental analysis calcd (%) for C,¢H,;CI5N,O: C 52,55, H 6.34, Cl
29.08, N 7.66; found: C 52.63, H 6.38, Cl 28.88, N 7.41.

Synthesis of N-(2,6-diisopropyl-4-nitrophenyl)tribromoacetamide
(13): A solution of 2,6-diisopropyl-4-nitroaniline (0.38 g, 1.7 mmol),
tribromoacetyl chloride (0.4 mL, 2 mmol) and a catalytic amount of
DMAP (0.04 g, 0.17 mmol) were taken up in anhydrous pyridine
(20 mL) and heated at reflux (145°C) for 48 h. After this time, the
reaction mixture was allowed to cool to room temperature, and
2™ hydrochloric acid was added gradually until the solution was
acidic. The resulting aqueous mixture was extracted into dichloro-
methane (3x25 mL). The organic layers were combined, washed
with brine and dried over anhydrous sodium sulfate. After filtra-
tion, the solvent was removed under reduced pressure, and the
product was crystallised from chloroform and petroleum ether 40-
60. Purification by column chromatography on silica with dichloro-
methane as eluant gave the title compound (0.31 g, 37%) as a
yellow solid. "H NMR (250 MHz, CDCl,): 6 =8.10 (s, 2H), 7.90 (s, 1H),
3.15 (sept, 2H), 1.25 ppm (d, 6H); *C NMR (250 MHz, CDCl,): 6=
148.72, 119.29, 29.21, 23.31 ppm; EIMS: m/z: 501 [M]™.

Synthesis of N-(2,6-diisopropylphenyl)tribromoacetamide (14):
Tribromoacetyl chloride (0.5 mL, 2.6 mmol) was added to a stirred
solution of 2,6-diisopropylaniline (0.54 mL, 2.6 mmol) and triethyl-
amine (0.36 mL, 2.6 mmol) in dry dichloromethane (75 mL) on an
ice bath. The temperature was allowed to increase to room tem-
perature. The solvent was evaporated under reduced pressure, and
the resulting solid was filtered and washed with 1M hydrochloric
acid (5x20 mL) and water (1x20 mL) to afford the title compound
(1.05 g, 90%) as a white solid. "H NMR (250 MHz, CDCl,): 6 =8.02 (s,
1H), 7.35 (t, 'J=7.8Hz, 1H), 7.20 (d, 'J=7.8 Hz, 2H), 3.10 (sept,
'J=6.9 Hz, 2H), 1.25 ppm (d, 'J=6.9 Hz, 6H); *CNMR (250 MHz,
CDCly): 6=161.26, 146.38, 129.59, 129.31, 123.82, 36.51, 28.74,
23.60 ppm; HRMS (FAB+): m/z calcd for Cy4H,oBr;NO: 453.902;
found: 453.899.

Synthesis of N-(2,6-diisopropyl-4-dimethylaminophenyl)tribro-
moacetamide (15): Tribromoacetyl chloride (0.038 g, 0.32 mmol)
was added to a stirred cold solution of 2,6-diisopropyl-4-dimethyl-
aminoaniline (0.068 g, 0.3 mmol) and triethylamine (0.35 mL,
4.7 mmol) in dry dichloromethane (75 mL) at 0°C. The temperature
was allowed to increase to room temperature. The reaction mix-
ture was washed with 0.5m sodium hydroxide (4x10 mL) and
brine (1x10mL), and the organic phase was dried over sodium
sulfate. Evaporation under reduced pressure afforded the title com-

663


www.chembiochem.org

BIO

pound (0.18 g, 90%) as a brown solid. '"H NMR (250 MHz, CDCl,):
0=7.87 (s, TH), 6.52 (s, 2H), 3.06 (sept, 2H), 2.98 (s, 6H), 1.23 ppm
(d, 12H); CNMR (250 MHz, CDCl;): 6=161.57, 150.70, 146.90,
119.89, 107.79, 40.77, 28.97, 23.64 ppm; HRMS (FAB+): m/z calcd
for C;4H,4Br;N,0: 496.944; found: 496.939.

N-(4-Nitropyrrole-2-carboxy)-N'-trifluoroacetyl-(1,1-bis((4-amino-
3,5-dimethyl)phenyl)cyclohexane) (17): Trifluoroacetic  acid
(0.23 mL, 3 mmol) and 16 (0.92 g, 2 mmol) were taken up in dry
dichloromethane (150 mL) and cooled to 0°C on an ice bath. After
a few minutes, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride (EDC, 0.57 g, 2.97 mmol) was added to the solution,
and the temperature was allowed to increase to room tempera-
ture. Purification by recrystallization from dichloromethane/petrole-
um ether 40-60 gave the title compound (0.55 g, 49%) as a yellow
solid. M.p. 188-190°C; 'H NMR (250 MHz, CDCly/[DJDMSOQ): 6 =
11.90 (s, 1H), 9.50 (s, 1H), 8.90 (s, 1H), 7.65 (s, 1H), 7.45 (s, TH),
6.90 (s, 2H), 6.85 (s, 2H), 2.12 (brs, 4H), 2.08 (s, 6H), 2.05 (s, 6H),
1.40 ppm (brs, 6H); °F NMR (CDCl;): 6 = —75.66 ppm; FABMS: m/z;
557 [M+H]*; elemental analysis calcd (%) for CyeH5,N,0,"/, H,0: C
61.58, H 5.70, N 9.91; found: C 61.75, H 5.67, N 9.64.

N-(4-Nitropyrrole-2-carboxy)-N'-trichloroacetyl-(1,1-bis((4-amino-
3,5-dimethyl)phenyl)cyclohexane) (18): Trichloroacetic acid
(0.40 g, 2.45 mmol) and 16 (0.83 g, 1.8 mmol) were taken up in dry
dichloromethane (150 mL) and cooled to 0°C on an ice bath. After
a few minutes, EDC (0.6 g, 3.0 mmol) was added to the solution,
and the temperature was allowed to increase to room tempera-
ture. The product was purified by washing with 1m hydrochloric
acid (4x15 mL) and 1M sodium hydroxide (4x 15 mL). The organic
solution was dried over anhydrous sodium sulfate, and the solvent
was evaporated under reduced pressure to give the title com-
pound (0.83 g, 92%) as a yellow solid. M.p. 167-169°C; 'H NMR
(250 MHz, CDCl,): 6=9.80 (s, 1H), 7.82 (s, TH), 7.78 (dd, /=34,
2J=1.4Hz, 1H), 7.23 (dd, 2J=2.4, 2J=1.4Hz, TH), 7.11 (s, TH), 7.01
(s, 2H), 7.00 (s, 2H), 2.23 (s, 6H), 2.21 (s, 6H), 2.20 (brs, 4H),
1.54 ppm (brs, 6H); *CNMR (250 MHz, CDCly/[D]DMSO): &=
160.42, 158.53, 148.18, 147.20, 137.13, 135.39, 135.19, 131.10,
129.95, 126.82, 126.47, 126.50, 122.00, 106.20, 45.22, 36.54, 26.19,
22.78, 18.79, 18.27 ppm; FABMS: m/z: 607 [M+H]™.

N-(4-Nitropyrrole-2-carboxy)-N'-tribromoacetyl-(1,1-bis((4-amino-
3,5-dimethyl)phenyl)cyclohexane) (19): Tribromoacetic acid
(0.85 g, 2.8 mmol) and 16 (1.09 g, 2.4 mmol) were taken up in dry
dichloromethane (150 mL) and cooled to 0°C by using an ice bath.
After a few minutes, EDC (0.64 g, 3.3 mmol) was added to the solu-
tion, and the temperature was allowed to increase to room tem-
perature. The solution was washed with 1M hydrochloric acid (3 x
15mL) and 1M sodium hydroxide (3x15 mL). The solvent was
evaporated under reduced pressure, and the brown solid was puri-
fied by recrystallization from dichloromethane/petroleum ether
40-60 to afford the title compound (1.37 g, 78%). M.p. 205-206°C;
'H NMR (250 MHz, CDCl,): 6=10.28 (s, 1H), 8.03 (s, TH), 7.77 (dd,
1J=3.5,2J=14Hz, 1H), 7.25 (dd, 2J=24, *J=1.4Hz, TH), 7.12 (s,
1H), 7.01 (s, 2H), 7.00 (s, 2H), 2.25 (s, 6H), 2.20 (s, 6H), 2.20 (brs,
4H), 1.54 ppm (brs, 6H); *CNMR (250 MHz, CDCl,): 6=160.70,
158.73, 148.27, 147.96, 137.46, 135.34, 135.25, 130.36, 129.74,
127.15, 126.82, 125.76, 122.00, 105.92, 45.27, 36.80, 30.94, 26.24,
22.85, 18.79, 18.40 ppm; HRMS: m/z calcd for C,eH5,BrsN,O,:
736.997; found: 736.990.

Crystal structure data: CCDC-229124 to 229132 contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.
html (or from the Cambridge Crystallographic Data Centre, 12
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Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or
deposit@ccdc.cam.uk).

Compound 4: Crystal data for C;,H,,N,0;: M,=264.32; crystallises
from methanol as light brown blocks; crystal dimensions 0.32x
0.12%x0.12 mm. Orthorhombic, a=9.1715(18), b=10.738(2), c=
15.152(3) A, U=1492.1(5) A3, Z=4, p,=1.177 Mgm™, space
group Pnma (D}, No.62, Moy, radiation (=0.71073 A), w(Moy,) =
0.083 mm™', F(000) = 568.

Compound 5: Crystal data for C,,H,;NO: M,=219.32; crystallises
from dichloromethane/petroleum ether as colourless blocks; crystal
dimensions  0.55x0.27x0.25 mm. Orthorhombic, a=17.799(7),
b=8.492(3), ¢=9326(5A U=14096(11) A%, Z=4, pou=
1.033 Mgm™, space group Pca2, (G, No.29), Moy, radiation (1=
0.71073 A), u(Moy,) =0.064 mm~", F(000) = 480.

Compound 6: Crystal data for C;sH,sN,O: M,=262.39, crystallises
from methanol as colourless plates; crystal dimensions 0.41Xx
0.21x0.12 mm. Monoclinic, a=16.181(2), 6=10.5392(16), c=
9.3966(14) A,  =90.000(3)°, U=16024(4) A}, Z=4 pou=
1.088 Mgm ™, space group P2,/c (G,, No.14), Moy, radiation (1=
0.71073 A), w(Moy,) =0.068 mm~", F(000) = 576.

Compound 7: Crystal data for C;,H;,F;N,05: M, =318.50; crystallises
from dichloromethane as colourless plates; crystal dimensions
0.30%x0.30%0.12 mm. Orthorhombic, a=9.43(4) b=10.51(4), c=
15.89(6) A, U=1574(11) A%, Z=4, p.,.a=1.343 Mgm 3, space group
P2,2,2, (D% No.19), Moy, radiation (1=0.71073 A), p(Moy,)=
0.118 mm™', F(000) = 664.

Compound 10: Crystal data for C,,H,,ClsN,0;: Mr=367.65; crystalli-
ses from dichloromethane as colourless needles; crystal dimensions
0.21x0.12x0.12 mm. Monoclinic, a=10.84(3), b=16.75(4), c=
9.76(2) A, B=97.96(2)°, U=1755(7) A%, Z=4, pyca=1.392 Mgm 3,
space group P2,/c (C,, No.14), Moy, radiation (1=0.71073 A),
WMoy,) =0.534 mm~"', F(000) = 760.

Compound 11: Crystal data for C,,H,sClsNO: M,=322.64; crystalli-
ses from dichloromethane as colourless needles; crystal dimensions
0.21x0.08x0.08 mm. Monoclinic, a=10.145(3), b=17.913(5), c=
9847(3)A, p=116012(6)°, U=1608.18)A%, Z=4, pPow=
1.333 Mgm™>, space group P2,/c (C,, No.14), Moy, radiation (1=
0.71073 &), w(Moy,) =0.562 mm~', F(000) = 672.

Compound 12: Crystal data for C,¢H,;Cl3N,O: M,=365.71; crystalli-
ses from dichloromethane as colourless needles; crystal dimensions
0.21x0.12%x0.12 mm. Monoclinic, a=9.6323(8), b=9.6702(8), c=
20.5301(18) A, B=97.741(2)°, U=189493) A}, Z=4, pou=
1.282 Mgm™, space group P2,/c (C,, No.14), Moy, radiation (1=

0.71073 A), w(Moy,) =0.486 mm ', F(000) = 768.

Compound 13: Crystal data for C,,H;,Br;N,05: M,=501.03; crystalli-
ses from chloroform/petroleum ether as colourless blocks; crystal
dimensions 0.13x0.11x0.06 mm>. Monoclinic, a=9.769(2), b=
16.817(3), c=10.8202) A, $=99.26(3)°, U=1754.5(6) A, Z=4,
Peatca=1.897 Mgm ™3, space group P2,/c (C,, No.14), Moy, radiation
(1=0.71073 &), u(Moy,) =6.910 mm~', F(000) = 976.

Compound 14: Crystal data for C;,H;sBr;NO: M,=456.02; crystalli-
ses from acetone/petroleum ether as colourless blocks; crystal
dimensions 0.30x0.20x0.12 mm. Monoclinic, a=10.270(3), b=
18.254(6), c=9.994(3) A, B=117.350(6)°, U=1664.1(10) A, Z=4,
Peaica=1.820 Mgm ™, space group P2,/c (C,, No.14), Moy, radiation
(2=0.71073 &), w(Moy,) =7.265 mm~', F(000) = 888.
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