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This paper describes the first assessment of intermolecular weak NZH· · ·F and NZH· · ·Cl hydrogen bonding in stabilising

hetero- and homodimers in solution. Aromatic amide and urea monomers have been designed and synthesised. The

association constants of the heterodimers formed by two complementary monomers and the homodimers formed by self-

complementary monomers have been determined by using 1H titration and dilution experiments. The results show that both

NZH· · ·F and NZH· · ·Cl hydrogen bonds are able to stabilise the corresponding dimers to a measurable extent, even though

the stability of the dimers is generally low.

Keywords: supramolecule; hydrogen bond; fluorine acceptor; chlorine acceptor; dimerisation

Introduction

Hydrogen bonding is the most versatile non-covalent force

in supramolecular chemistry (1). For amide derivatives, it

is well known that O and N atoms are strong hydrogen-

bonding acceptors (2). Although F atom has the highest

electronegativity and the electronegative of Cl atom is also

substantially higher than that of H atom, it had been

generally deemed that, different from the F2 and Cl2

anions that are very strong hydrogen-bonding acceptors,

both F and Cl atoms in organic compounds are very weak

hydrogen-bonding acceptors (3–5). For F atom, this

phenomenon had been attributed to its low polarisability

and tightly contracted lone pairs (5), whereas, for Cl atom,

the increased van der Waals radius and decreased electron

cloud density make it more difficult to engage in hydrogen

bonding with amide or hydroxyl derivatives (6). Searches

of crystal structures from the Cambridge Structural

Database showed that only in the absence of a better

acceptor can such hydrogen bonds be formed (6, 7).

We previously established that aromatic amides can

form intramolecular five- and six-membered NZH· · ·F

hydrogen bonding (8). We also found that, when the strong

intermolecular NZH· · ·OvC hydrogen bonding is sup-

pressed by introducing large steric group(s) or additional

intramolecular hydrogen bonding, both five and six-

membered intramolecular NZH· · ·Cl hydrogen bonding

can be formed by aromatic amides (9). Given the

increasing importance of weak hydrogen bonds in crystal

engineering (10), chemical biology and drug design (11),

we became interested in exploiting if intermolecular

NZH· · ·F and NZH· · ·Cl hydrogen bonds can enhance the

stability of dimeric supramolecules in solution. To the best

of our knowledge, no studies were reported to assess the

contribution of these two intermolecular hydrogen bonds

in stabilising supramolecular systems, even though they

have been proposed in solution and observed in crystal

structures (12, 13). In this paper, we describe the

evaluation of the stability of a series of new heterodimers

in organic solvents which reveals that both NZH· · ·F and

NZH· · ·Cl intermolecular hydrogen bonds exist in

solution and stabilise the heterodimers to a measurable

extent.

Results and discussion

Compounds 1–9 were prepared to investigate the

contribution of intermolecular NZH· · ·F and NZH· · ·Cl

hydrogen bonding in stabilising NZH· · ·O hydrogen-

bonded heterodimers of aromatic amide and urea

derivatives. It was expected that the intermolecular

NZH· · ·F and NZH· · ·Cl hydrogen bonding, if any,

would be quite weaker. Thus, in order to make it possible

to quantitatively evaluate their contribution, fluorine- and

chlorine-free analogues were designed, which were

expected to form heterodimers of low stability and, for

all the compounds, long aliphatic chains were introduced

to provide solubility in organic solvents of low polarity.

The synthetic routes for compounds 1–3, 5 and 6 are

provided in Scheme 1. For the preparation of 1, acid 10

(14) was first converted into acyl chloride 11, which was

then treated with diamine 12 (15) to afford 1 in 65% yield.

Further treatment of 1 with Selectfluor (16) in the mixture
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Scheme 1. Synthesis of compounds 1–3, 5 and 6.
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of acetonitrile and dichloromethane afforded 2 and 3 in

20% and 18% yields, respectively. For the synthesis of

compound 5, compound 13 was first prepared from the

reaction of 12 and chloroacetyl chloride and then treated

with di(iso-butyl)amine to produce 14, which further

reacted with n-octyl isocyanate 15 in tetrahydrofuran

(THF) to afford 5. Then, diamide 16 (17) was treated with

Selectfluor in acetonitrile to produce 17 in 20% yield.

Compound 17 was further converted into 18 in refluxed

hydrochloric acid. The obtained diamine 18 reacted with

chloroacetyl chloride to give 19 in 57% yield. Treatment of

19 with di(iso-butyl)amine in dimethylformamide (DMF)

afforded 20 in 30% yield. Compound 20 further reacted

with 10 to give 6 in 85% yield.

Compound 7was prepared from the reaction of 21 (18)

and 22 in 61% yield (Scheme 2). Starting from 21,
compound 8 was prepared through three-step reactions,

while compound 9 was prepared from the coupling

reaction of 12 with 25. Compound 4 was prepared

according to a previously reported method (19).

The binding between compounds 1 and 4 in CDCl3
was then investigated by 1H NMR titration experiments.

Adding 7.5 equiv. of 4 to the solution of 1 (10mM) in

CDCl3 caused the NH signal of 1 to shift downfield by

0.59 ppm (Supporting Information, Figure S1). By fitting a

1:1 binding motif for the change of the chemical shift of

this signal (19, 20), we derived an association constant

(Ka) of 5.5 ^ 0.51M21 for heterodimer 1·4 (Supporting

Information, Figure S2). With a mixture of CDCl3 and

C6D6 (1:4) as the solvent, adding 6.8 equiv. of 4 to the

solution of 1 could cause the NH signal of the latter to shift

downfield by 1.56 ppm, and a Ka of 19.3 ^ 1.8M21 was

derived from titration experiments (Supporting Infor-

mation, Figures S3 and S4). The intramolecular six-

membered NZH· · ·O hydrogen bonding and the rigid

planarity of the backbone of 4 had been established

previously (19). Thus, it is reasonable to propose that the

two compounds formed a doubly hydrogen-bonded dimer

(Chart 1).
1H and 19F NMR titrations were then performed for 2

(10mM) by 4 in CDCl3. Adding 6.3 equiv. of 4 caused the

NH signal of 2 to shift downfield by 0.12 ppm and the F

signal in the 19F spectrum to shift downfield by 0.43 ppm

(Supporting Information, Figures S5 and S7). From the 1H

NMR titration data, the Ka of the 1:1 complex 2·4 was

determined to be 11.2 ^ 1.1M21 (Supporting Infor-

mation, Figure S6). Because the intramolecular five-

membered NZH· · ·F hydrogen bonding has been well

established (8, 9), the two compounds should form a

heterodimer through four intermolecular hydrogen bonds

(Chart 1), that is, two NZH· · ·O and two NZH· · ·F

hydrogen bonds. In the mixture of CDCl3 and C6D6 (1:4,

v/v), similar downfield shifting was also observed in the
1H and 19F NMR spectra (Supporting Information,

Figures S8 and S10), and the Ka of the heterodimer was

determined to be 25.8 ^ 2.1M21 (Supporting Infor-

mation, Figure S9). Both values of dimer 2·4 are notably

higher than the corresponding values of dimer 1·4,

indicating that the intermolecular NZH· · ·F hydrogen

bonding should exist in both solvents to stabilise the

heterodimer to a measurable extent.
1H NMR titrations were then conducted for compound

3 (10mM) by 4 in CDCl3. It was observed that 10.6 equiv.

of 4 could cause the NH signal of 1 to shift downfield by

0.14 ppm (Supporting Information, Figure S11). From the

titration experiments, a Ka of 8.2 ^ 1.4M21 was derived

for their 1:1 complex 3·4 (Supporting Information,

Figure S12), which was higher than that of dimer 1·4,
but lower than that of dimer 2·4. The 19F signal of 3 was

also found to shift downfield by 0.30 ppm in the presence

of 10.6 equiv. of 4 (Supporting Information, Figure S13).

This observation further supported that the two com-
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pounds formed a complex through three intermolecular

hydrogen bonds, that is, two NZH· · ·O hydrogen bonds

and one NZH· · ·F hydrogen bond (Chart 1).

The earlier results show that intermolecular NZH· · ·F

hydrogen bonding does exist in chloroform or its mixture

with a solvent of lower polarity, but is quite weak. Thus,

we may propose that the intermolecular NZH· · ·O and

NZH· · ·F hydrogen bonds stabilised each other.

The fact that the intermolecular NZH· · ·F hydrogen

bonding is weak should be mainly attributed to the

intrinsic weakness of fluorine in organic molecules.

However, for dimers 2·4 and 3·4, secondary electrostatic

interactions might also play an important role (21).

Compared with dimer 1·4, dimer 2·4 may produce two

more electrostatic repulsions between F and O atoms and

two more electrostatic attractions between F and H atoms

(Chart 1). Corey–Pauling–Koltun (CPK) space-filling

modelling for the planar conformations of the two

compounds revealed that the electrostatic repulsion

between the larger F and O atoms should be larger than

the electrostatic attraction between the F and smaller H

atoms, and thus the secondary interactions as a whole were

unfavourable for the stability of the dimers.

To get deeper insight into the intermolecular NZH· · ·F

hydrogen bonding, urea derivatives 5 and 6 were also

prepared and investigated. The 1H NMR dilution

experiments for control 5 in CDCl3 were first performed.

Reducing the concentration from 37 to 0.2mM caused the

signals of H-a and H-b to shift upfield by 0.67 and

0.99 ppm, whereas the signal of H-c did not show

observable shifting (Supporting Information, Figure S14).

These results indicated that H-c was not engaged in

intermolecular hydrogen bonding due to its formation of

intramolecular NZH· · ·N hydrogen bonding with the

amino group. This intramolecular hydrogen bonding was

also evidenced by the fact that the signal of H-c appeared

in the downfield area (9.55 ppm) related to that of the NH

signal of 1 (7.25 ppm, 10mM). By fitting the data of H-a

and H-b to a 1:1 binding pattern, we obtained the same Ka

of 8.6 ^ 0.53M21 for its homodimer (Supporting

Information, Figure S15), which may exist in two different

forms, that is, 5·5 and 5·50, depending on the relative

orientation of the two molecules (Chart 2). The 1H NMR

dilution experiments of 5 were also preformed in C6D6.

Decreasing the concentration from 35M to 0.2mM caused

the signals of H-a and H-b to shift upfield by 2.53 and

2.84 ppm, respectively (Supporting Information,

Figure S16). From both sets of titration data, a Ka of

about 50.7 ^ 6.2M21 was obtained (Supporting Infor-

mation, Figure S17). The signal of H-c was almost not

shifted (9.48 ppm), again indicating that it was only

involved with intramolecular hydrogen bonding.

We then performed 1H and 19F NMR dilution

experiments, from 35 to 0.2mM, for compound 6 in
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CDCl3. As expected, the signal, appearing at 9.80 ppm, of

H-c did not shift, indicating that it also only formed

intramolecular hydrogen bonding (Supporting Information,

Figure S18). In contrast, the signals of H-a and H-b were

shifted upfield by 0.74 and 0.62 ppm, respectively. From the

titration data, aKa of 15.9 ^ 0.64M21 was obtained for the

1:1 complex 6·6 (Supporting Information, Figure S19).

Upon diluting the solution from 35 to 0.2mM, the signal of

F-a in the 19FNMR shifted upfield by 1.36 ppm (Supporting

Information, Figure S20). In contrast, the signal of F-b

slightly shifted downfield by 0.05 ppm. These results

indicated that F-a formed intermolecular F· · ·HZN

hydrogen bonding to lead to the formation of a homodimer,

but F-b did not. The slight upfield shifting of F-b at high

concentrations may be attributed to the shielding effect of

the naphthalene ring of another molecule of the dimer.

Considering the 1HNMRobservation, the results supported

that the homodimer of 6 might be stabilised by bifurcated

F· · ·HZN hydrogen bonding of F-a (Chart 2).

We then investigated the possibility of the Cl atoms of

7 and 8 to form intermolecular Cl· · ·HZN hydrogen

bonding. The 1H NMR spectrum of the 1:1 solution of 7

and 4 (5mM) in CDCl3 was first recorded (Supporting

Information, Figure S21). Compared with the correspond-

ing signal in the 1H NMR spectrum of pure 7 of the

identical concentration, the NH signal of 7 in the mixture

did not shift, suggesting that no intermolecular hydrogen

bonding was formed between this NH atom and the

carbonyl O atom of 4, which also excluded the possibility

of the intermolecular Cl· · ·HZN hydrogen bonding and
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the DAAD-ADDA (D: hydrogen-bonding donor, A:

hydrogen-bonding acceptor) quadruple hydrogen-bonding

heterodimer 4·7. CPK modelling showed that (Figure 1),

due to the large van der Waals radius of the Cl atom,

electrostatic repulsion would occur between it and the

carbonyl O atom before intermolecular hydrogen bonding

could be formed. Thus, such DAAD-ADDA-styled

binding could not take place. The H-a signal of 4 in the

mixture shifted downfield by 0.05 ppm, indicating that it

formed weak intermolecular hydrogen bonding with the

carbonyl O atom of 7 (Chart 3). The 1H NMR spectrum of

the 1:1 (5mM) mixture of 9 and 4 in CDCl3 was also

recorded (Supporting Information, Figure S22). Compared

with the corresponding signals of the pure samples, the

signals of NH of 9 and H-a of 4 both shifted downfield by

0.05 ppm, suggesting that both NH atoms were involved in

intermolecular hydrogen bonding by forming heterodi-

mers 4·9 and 4·90 (Chart 3).
Finally, the self-binding of compound 8 was studied in

CDCl3 by 1H NMR dilution experiments (Supporting

Information, Figure S23). Diluting the solution from 50 to

0.2mM did not lead to any shifting for the signal of H-c,

supporting that this NH atom was also only engaged in

intramolecular hydrogen bonding.Upon dilution, the signals

of H-a and H-b were shifted upfield by 0.98 and 0.30 ppm,

respectively. Fromboth sets of data, aKa of 11.8 ^ 0.47M21

was obtained for homodimer 8·8 by fitting the data to a 1:1

binding mode (Supporting Information, Figure S24). This

valuewas lower than that of dimer 6·6, but higher than that of

5·5, suggesting that intermolecular weak Cl· · ·HZN

hydrogen bonding could exist at high concentrations.

Considering that the Cl atom is weaker than the F atom as

Figure 1. CPK modelling of compounds (a) 4 versus 2 and (b) 4 versus 7.
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a hydrogen-bonding acceptor and has a larger van derWaals

radium, we conjecture that only the Cl atom adjacent to the

urea unit was engaged in the intermolecular hydrogen

bonding (Chart 2) to form a bindingmotif similar to that of 6.

Conclusion

We have for the first time assessed the contribution of

intermolecular F· · ·HZN and Cl· · ·HZN hydrogen bond-

ing in stabilising dimers formed by aromatic amide and

urea derivatives. It is revealed that, although the two

hydrogen bonds are very weak in solution, they can be

formed when strong intermolecular O· · ·HZN hydrogen

bonding is present. Generally, the intermolecular

F· · ·HZN hydrogen bonding is stronger than the

intermolecular Cl· · ·HZN hydrogen bonding, which is

consistent with the relative stability of the two

intramolecular ones. Because both F· · ·HZN and

Cl· · ·HZN hydrogen bonds are very weak, it should be

cautious to propose them for supramolecular systems in

solvents of even low polarity.

Experimental section

Compound 1

A solution of acid 10 (0.40 g, 1.30mmol) and DMF

(0.05mL) in oxalyl chloride (0.5mL, 5.8mmol) was

stirred for 0.5 h and then concentrated in vacuo to give 11

as an oil. The acyl chloride was dissolved in THF (5mL)

and the solution was added to a solution of compound 12

(0.10 g, 0.60mmol) and N(CH2CH3)3 (0.2mL, 1.40mmol)

in THF (30mL). After stirring for 5 h, the solution was

concentrated with a rotavapor. The resulting residue was

triturated with dichloromethane (50mL). The solution was

washed with diluted hydrochloric acid (0.5 N, 10mL £ 2),

water (20mL) and brine (25mL), and dried over sodium

sulfate. Upon removal of the solvent under reduced

pressure, the resulting crude product was subjected to

column chromatography (petroleum ether:AcOEt, 3:1) to

give compound 1 as a white solid (0.30 g, 65%). 1H NMR

(400MHz, CDCl3): d 8.01 (s, 2H), 7.71 (d, J ¼ 8.8Hz,

2H), 7.47 (d, J ¼ 7.8Hz, 2H), 2.30 (d, J ¼ 6.8Hz, 4H),

2.11–1.90 (m, 2H), 1.47–1.13 (m, 56H), 0.86 (t,

J ¼ 6.7Hz, 12H). 13C NMR (101MHz, CDCl3): d 172.0,

135.9, 134.0, 128.1, 127.8, 119.6, 116.8, 42.9, 35.5, 33.9,

31.9, 30.1, 29.7, 29.4, 26.7, 22.7, 14.1. MS (MALDI-

TOF): m/z 719.4 [M þ H]þ. HR-MS (MALDI-FT): calcd

for C48H83N2O2: 719.6449 [M þ H]þ. Found: 719.6457.

Compounds 2 and 3

To a solution of compound 1 (0.20 g, 0.30mmol) in

acetonitrile (40mL) and dichloromethane (80mL) was

added selectfluor (0.90 g, 1.10mmol). The solution was

stirred for 3 h and then concentrated. The resulting residue

was dissolved in dichloromethane (100mL) again and the

solution was washed with water (50mL £ 3) and brine

(50mL) and dried over sodium sulfate. After the solvent

was removed, the resulting residue was subjected to

column chromatography (CH2Cl2) to give compounds 2

(42mg, 20%) and 3 (37mg, 18%) as waxy solids.

Compound 2: 1H NMR (400MHz, CDCl3) d: 8.27–8.00
(m, 2H), 7.78 (s, 2H), 7.31 (d, J ¼ 9.0Hz, 2H), 2.41 (d,

J ¼ 6.9Hz, 4H), 2.12–1.87 (m, 2H), 1.58–1.15 (m, 56H),

0.87 (t, J ¼ 6.7 kHz, 12H). 19F NMR (282MHz, CDCl3) d:
2138.3 (s, 1F). 13C NMR (101MHz, CDCl3): d 171.8,

146.7, 146.5, 144.0, 143.9, 128.9, 123.2, 120.7, 113.0,

42.8, 35.6, 33.9, 31.9, 30.0, 29.6, 29.4, 26.7, 22.7, 14.1.

MS (MALDI-TOF): m/z 755.6 [M þ H]þ. HR-MS

(MALDI-FT): calcd for C48H81F2N2O2 [M þ H]þ:
755.6261. Found: 755.6274. Compound 3: 1H NMR

(300MHz, CDCl3): d 8.42–8.22 (m, 2H), 7.72 (d,

J ¼ 8.5 Hz, 1H), 7.60–7.34 (m, 4H), 2.35 (dd,

J1 ¼ 14.3 Hz, J2 ¼ 6.8Hz, 4H), 2.01 (s, 2H), 1.46–1.11

(m, 56H), 0.86 (t, J ¼ 6.1Hz, 12H). 13C NMR (101MHz,

CDCl3) d: 172.0, 148.8, 146.3, 136.2, 128.1, 123.2, 120.1,
108.8, 42.8, 35.73, 35.63, 34.0, 32.1, 30.1, 29.8, 29.5, 26.8,

22.8, 14.2. 19F NMR (282MHz, CDCl3): d: 2140.1 (s,

1F). MS (MALDI-TOF): m/z 737.4 [M þ H]þ. HR-MS

(MALDI-FT): calcd for C48H82F1N2O2 [M þ H]þ:
737.6355. Found: 737.6364.

Compound 14

To a solution of compound 12 (0.10 g, 0.60mmol) and

NEt3 (0.09mL, 0.6mmol) in THF (40mL) was added

chloroactyl chloride (0.05mL, 0.6mmol). The solution

was stirred for 2 h and then concentrated with a rotavapor.

The resulting residue was triturated with dichloromethane

(20mL) and the solution was washed with water (10mL

£ 3) and brine (10mL) and dried over sodium sulfate. The

solution was then concentrated in vacuo to afford 13. The

crude product was not further purified and dissolved in

DMF (5mL). To the solution were added potassium

carbonate (0.30 g, 2.20mmol) and di(iso-butyl)amine

(0.22mL, 1.30mmol), and the solution was stirred for

8 h and then concentrated under reduced pressure. The

resulting residue was triturated with dichloromethane

(200mL). The solution was washed with water (100mL

£ 3) and brine (100mL) and dried over sodium sulfate.

Upon removal of the solvent with a rotavapor, the resulting

slurry was subjected to column chromatography (pet-

roleum ether:AcOEt, 4:1) to afford compound 14 as a

white solid (93mg, 45%). 1H NMR (300MHz, CDCl3): d
9.45 (s, 1H), 8.08 (s, 1H), 7.61 (dd, J1 ¼ 16.4 Hz,

J2 ¼ 8.6Hz, 2H), 7.21 (d, J ¼ 8.6Hz, 1H), 6.95 (s, 1H),

6.91–6.77 (m, 1H), 3.87 (s, 2H), 3.16 (s, 2H), 2.27 (d,

J ¼ 7.1Hz, 4H), 1.84 (dt, J1 ¼ 13.3Hz, J2 ¼ 6.7Hz, 2H),
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0.98 (d, J ¼ 6.5Hz, 12H). 13C NMR (101MHz, CDCl3): d
169.9, 144.8, 135.7, 135.6, 128.9, 128.7, 125.0, 117.2,

115.7, 113.6, 108.4, 64.3, 60.7, 26.3, 21.0. MS (ESI): m/z

328.4 [M þ H]þ. HR-MS (ESI): calcd for C20H30N3O

[M þ H]þ: 328.2383. Found: 328.2395.

Compound 5

To a solution of compound 14 (45mg, 0.10mmol) in THF

(5mL) was added n-octyl isocyanate 15 (0.04mL,

0.20mmol). The solution was stirred for 24 h and then

concentrated with a rotavapor. The resulting residue was

dissolved in dichloromethane (5mL). The solution was

washed with saturated sodium bicarbonate solution (3mL

£ 2), water (3mL) and brine (3mL) and dried over sodium

sulfate. Upon removal of the solvent, the resulting slurry

was subject to column chromatography (petroleum ether:

AcOEt, 3:1) to give compound 5 as a white solid (40mg,

60%). 1H NMR (300MHz, CDCl3): d 9.55 (s, 1H), 8.10 (s,
1H), 7.72 (dd, J1 ¼ 16.5Hz, J2 ¼ 7.8Hz, 3H), 7.47 (d,

J ¼ 8.5Hz, 1H), 7.31 (d, J ¼ 8.4Hz, 1H), 6.68 (s, 1H),

4.99 (s, 1H), 3.25 (dd, J1 ¼ 13.3Hz, J2 ¼ 6.7Hz, 2H),

3.17 (s, 2H), 2.29 (d, J ¼ 7.2Hz, 4H), 1.95–1.75 (m, 2H),

1.57–1.42 (m, 2H), 1.38–1.11 (s, 10H), 0.99 (d,

J ¼ 6.5Hz, 12H), 0.85 (d, J ¼ 6.8Hz, 3H). 13C NMR

(126MHz, CDCl3): d 170.4, 156.3, 137.5, 135.6, 134.8,

128.8, 128.7, 127.4, 120.0, 117.9 115.8, 115.3, 64.4, 60.7,

40.5, 31.9, 30.3, 29.8, 29.4, 27.1, 26.4, 22.8, 21.2, 14.2.

MS (ESI): m/z 483.7 [M þ H]þ. HR-MS (ESI): calcd for

C29H47N4O2 [M þ H]þ: 483.3694. Found: 483.3697.

Compound 17

To a solution of compound 16 (2.50 g, 10.0mmol) in

acetonitrile (100mL) was added Selectfluor (14.2 g,

40.0mmol). The solution was stirred for 2 h and then

concentrated. The resulting slurry was dissolved in ethyl

acetate (200mL). After workup, the resulting residue was

subjected to column chromatography (petroleum ether:

AcOEt, 2:1) to give compound 17 as a white solid (0.58 g,

20%). 1H NMR (400MHz, DMSO-d6): d 9.97 (s, 2H),

8.05–7.84 (m, 2H), 7.71 (d, J ¼ 8.9Hz, 2H), 2.14 (s, 3H).
19F NMR (376MHz, DMSO-d6): d 2131.0. 13C NMR

(101MHz, DMSO-d6): d 168.8, 147.6, 147.5, 145.0,

144.9, 129.5, 123.4, 123.3, 122.9, 113.3, 23.4. MS (ESI):

m/z 278 [M]þ. HR-MS (ESI): calcd for C14H12N2O2F2:

278.0867. Found: 278.0868.

Compound 18

To a suspension of compound 17 (0.25 g, 0.90mmol) in

water (15mL) and ethanol (30mL) was added concen-

trated hydrochloric acid (15mL). The mixture was heated

under reflux for 3 h, cooled to room temperature and

neutralised with saturated sodium bicarbonate solution.

The mixture was then concentrated with a rotavapor, and

the resulting slurry was triturated with ethyl acetate

(100mL). The organic phase was washed with water

(50mL £ 3) and brine (50mL) and dried over sodium

sulfate. Upon removal of the solvent under reduced

pressure, the resulting crude product was subjected to

column chromatography (petroleum ether:CH2Cl2, 1:1) to

give compound 18 as a grey solid (0.16 g, 90%). 1H NMR

(400MHz, CDCl3): d 7.30 (d, J ¼ 8.7Hz, 2H), 6.78 (dt,

J1 ¼ 8.3Hz, J2 ¼ 4.0Hz, 1H), 3.86 (s, 2H). 19F NMR

(376MHz, CDCl3): d 2147.4. 13C NMR (101MHz,

CDCl3): d 143.3, 140.8, 131.5, 124.3, 115.8, 115.4. MS

(ESI): m/z 195.1 [M þ H]þ. HR-MS (ESI): calcd for

C10H9N2F2 [M þ H]þ: 195.0728. Found: 195.0730.

Compound 19

To a solution of compound 18 (0.11 g, 0.60mmol) and

NEt3 (0.08mL, 0.60mmol) in THF (40mL) was added a

solution of chloroacetyl chloride (0.042mL, 0.60mmol) in

THF (5mL) in 30 min. The solution was stirred for 8 h and

then concentrated with a rotavapor. The resulting residue

was dissolved in dichloromethane (20mL), and the

solution was washed with water (10mL £ 3) and brine

(10mL) and dried over sodium sulfate. After the solvent

was removed, the resulting crude product was subjected to

column chromatography (CH2Cl2:petroleum ether, 2:1) to

give compound 19 as a white solid (82mg, 57%). 1H NMR

(400MHz, CDCl3): d 8.69 (s, 1H), 8.15 (dd, J1 ¼ 8.8Hz,

J2 ¼ 7.0Hz, 1H), 7.49 (d, J ¼ 9.0Hz, 1H), 7.42 (d,

J ¼ 8.7Hz, 1H), 6.99 (t, J ¼ 8.3Hz, 1H), 4.25 (s, 2H),

3.97 (s, 2H). 19F NMR (376MHz, CDCl3): d 2138.35 (d,

J ¼ 52.7 Hz, 1F),2145.74 (d, J ¼ 52.2 Hz, 1F). 13C NMR

(101MHz, DMSO-d6): d 165.2, 146.9, 144.4, 141.5,

139.1, 134.0, 133.9, 125.4, 123.9, 123.5, 122.1, 122.0,

119.3, 118.1, 114.2, 43.1. MS (ESI): m/z 270 [M]þ. HR-
MS (ESI): calcd for C12H9N2OF2Cl [M]þ: 270.0371.

Found: 270.0370.

Compound 20

A suspension of 19 (60mg, 0.20mmol), potassium

carbonate (0.10 g, 0.70mmol) and di(iso-butyl)amine

(0.40mL, 0.20mmol) in DMF (3mL) was stirred for 5 h

and then concentrated under reduced pressure. The

resulting residue was triturated with dichloromethane

(5mL), and the organic phase was washed with water

(3mL £ 3) and brine (3mL), and dried over sodium

sulfate. Upon removal of the solvent with a rotavapor, the

resulting slurry was subjected to column chromatography

(petroleum ether:AcOEt, 6:1) to give compound 20 as a

white solid (24.2mg, 30%). 1H NMR (300MHz, CDCl3):

d 9.81 (s, 1H), 8.46–8.33 (m, 1H), 7.47 (d, J ¼ 8.9Hz,
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1H), 7.40 (d, J ¼ 8.6Hz, 1H), 6.95 (t, J ¼ 8.3Hz, 1H),

3.95 (s, 2H), 3.20 (s, 2H), 2.28 (d, J ¼ 7.2Hz, 4H), 1.83

(dt, J1 ¼ 13.4 Hz, J2 ¼ 6.8Hz, 2H), 0.99 (d, J ¼ 6.5Hz,

12H). 19F NMR (282MHz, CDCl3): d 2140.3 (d,

J ¼ 54.3Hz, 1F), 2146.4 (d, J ¼ 53.4Hz, 1F). 13C

NMR (126MHz, CDCl3): d 170.5, 145.5, 143.5, 141.6,

131.5, 131.4, 126.6, 124.0, 123.8, 123.6, 118.4, 116.9,

114.6, 64.7, 61.2, 26.4, 21.1. MS (ESI): m/z 364.4

[M þ H]þ. HR-MS (ESI): calcd for C20H28N3OF2
[M þ H]þ: 364.2195. Found: 364.2189.

Compound 6

To a solution of compound 20 (20mg, 0.05mmol) in THF

was added n-octyl isocyanate (0.05mL, 0.30mmol). The

solution was stirred for 24 h and then concentrated in

vacuo. The resulting slurry was dissolved in dichlor-

omethane (3mL), and the solution was washed with

saturated sodium bicarbonate solution (2mL), water

(2mL £ 2) and brine (2mL) and dried over sodium

sulfate. Upon concentration under reduced pressure, the

resulting residue was subjected to column chromatography

(petroleum ether:AcOEt, 4:1) to give compound 6 as a

white solid (24.3mg, 85%). 1H NMR (400MHz, CDCl3):

d 9.78 (s, 1H), 8.41–8.31 (m, 1H), 8.15 (dd, J1 ¼ 8.9Hz,

J2 ¼ 7.3Hz, 1H), 7.44 (t, J ¼ 10.4 Hz, 2H), 6.91 (d,

J ¼ 2.9Hz, 1H), 5.19 (s, 1H), 3.28 (dd, J1 ¼ 12.9 Hz,

J2 ¼ 7.0Hz, 2H), 3.23 (s, 2H), 2.31 (d, J ¼ 7.2Hz, 4H),

1.85 (dt, J1 ¼ 13.5Hz, J2 ¼ 6.7Hz, 2H), 1.60–1.47 (m,

2H), 1.26 (d, J ¼ 8.2Hz, 10H), 0.99 (d, J ¼ 6.6Hz, 12H),

0.87 (t, J ¼ 6.8Hz, 3H). 19F NMR (376MHz, CDCl3): d
2137.0 (d, J ¼ 57.9Hz, 1F), 2139.2 (d, J ¼ 55.9 Hz,

1F). 13C NMR (126MHz, CDCl3): d 171.1, 155.5, 146.4,

145.5, 144.4, 143.5, 128.1, 125.1, 123.4, 123.2, 122.5,

122.4, 120.6, 118.9, 113.3, 77.3, 77.0, 76.8, 64.5, 60.9,

40.3, 31.8, 30.1, 29.7, 29.3, 26.9, 26.3, 22.6, 20.9, 14.1.

MS (ESI): m/z 519.7 [M þ H].þ HR-MS (ESI): calcd for

C29H45N4O2F2 [M þ H]þ: 519.3505. Found: 519.3500.

Compound 7

To a solution of n-octanoic acid (0.30mL, 1.90mmol) and

DMF (0.05mL) in THF (10mL) was added oxalyl

chloride (1.0mL, 11.6mmol). After stirring for 0.5 h, the

solution was concentrated under reduced pressure. The

resulting octanoyl chloride 22 was dissolved in THF

(15mL) and the solution was added to a solution of

compound 21 (0.20 g, 0.90mmol) and NEt3 (0.30mL,

2.20mmol) in THF (15mL). After stirring for 12 h, the

solution was concentrated with a rotavapor. The resulting

residue was dissolved in dichloromethane (10mL), and the

solution was washed with saturated sodium bicarbonate

solution (5mL £ 2), water (5mL £ 3) and brine (5mL)

and dried over sodium sulfate. After removal of the solvent

under reduced pressure, the resulting crude product was

purified by column chromatography (petroleum ether:

AcOEt, 4:1) to give compound 7 as a white solid (0.26 g,

61%). 1H NMR (400MHz, CDCl3): d 8.51 (d, J ¼ 8.9Hz,

2H), 8.07 (s, 2H), 7.72 (d, J ¼ 9.0Hz, 2H), 2.50 (t,

J ¼ 7.5Hz, 2H), 1.85–1.72 (m, 2H), 1.49–1.23 (m, 8H),

0.89 (t, J ¼ 6.9Hz, 3H). 13C NMR (101MHz, CDCl3): d
171.8, 136.0, 130.1, 128.7, 127.4, 120.2, 116.2, 38.43,

31.8, 29.3, 29.2, 25.7, 22.8, 14.23. MS (MALDI-FT): m/z

479.2 [M þ H]þ. HR-MS (MALDI-FT): calcd for

C26H37N2O2Cl2 [M þ H]þ: 479.2227. Found: 479.2230.

Compound 24

To a solution of compound 21 (0.30 g, 1.30mmol) and

NEt3 (0.40 g, 2.80mmol) in THF (40mL) was added

chloroacetyl chloride (0.12mL, 1.60mmol). The sol-

ution was stirred for 24 h and then concentrated under

reduced pressure. The resulting residue was dissolved in

dichloromethane (20mL), and the solution was washed

with saturated sodium bicarbonate solution (10mL £ 2),

water (10mL £ 2) and brine (10mL) and dried over

sodium sulfate. After concentration, compound 23 was

obtained, which, without further purification, was

dissolved in DMF (5mL). To the solution were added

di(iso-butyl)amine (1.00mL, 5.70mmol) and sodium

carbonate (0.37 g, 2.60mmol). The mixture was stirred

for 8 h and then concentrated under reduced pressure.

The resulting slurry was triturated with dichloromethane

(10mL), and the solution was washed with water (5 mL

£ 3) and brine (5mL) and dried over sodium sulfate.

Upon removal of the solvent with a rotavapor, the

resulting crude product was purified by column

chromatography (petroleum ether:AcOEt, 5:1) to give

compound 24 as a white solid (0.26 g, 50%). 1H NMR

(400MHz, CDCl3): d 10.06 (s, 1H), 8.45 (d, J ¼ 8.9 Hz,

1H), 7.60 (d, J ¼ 8.9 Hz, 1H), 7.51 (d, J ¼ 8.7 Hz, 1H),

6.94 (d, J ¼ 8.7 Hz, 1H), 4.52 (s, 2H), 3.24 (s, 2H), 2.30

(d, J ¼ 7.1 Hz, 4H), 1.86 (dt, J1 ¼ 13.4 Hz, J2 ¼ 6.7 Hz,

2H), 0.99 (d, J ¼ 6.6 Hz, 12H). 13C NMR (101MHz,

CDCl3): d 170.7, 143.8, 135.8, 128.8, 128.6, 128.5,

127.3, 117.1, 117.0, 115.3, 109.4, 64.7, 61.6, 26.5, 21.3.

MS (ESI): m/z 396.4 [M þ H]þ. HR-MS (ESI): calcd. for

C20H28N3Cl2O [M þ H]þ: 396.1604. Found: 396.1611.

Compound 8

To a solution of compound 24 (0.10 g, 0.30mmol) in THF

(5 mL) was added n-octyl isocyanate (0.05 mL,

0.30mmol). The solution was stirred for 24 h and then

concentrated under reduced pressure. The resulting slurry

was dissolved in dichloromethane (5mL). After workup,

the solvent was removed and the resulting residue was

subjected to column chromatography (petroleum ether:
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AcOEt, 2:1) to give compound 8 as a white solid (0.12m,

84%). 1HNMR (300MHz, CDCl3): d 10.04 (s, 1H), 8.36 (d,
J ¼ 8.9Hz, 1H), 8.22 (d, J ¼ 8.9Hz, 1H), 7.63–7.46 (m,

2H), 7.41 (s, 1H), 5.51 (s, 1H), 3.40–3.16 (m, 4H), 2.31 (d,

J ¼ 7.1Hz, 4H), 1.87 (dt, J1 ¼ 13.1Hz, J2 ¼ 6.6Hz, 2H),

1.54 (d, J ¼ 6.8Hz, 2H), 1.25 (s, 10H), 0.99 (d, J ¼ 6.5Hz,

12H), 0.86 (d, J ¼ 6.8Hz, 3H). 13C NMR (126MHz,

CDCl3): d 171.1, 155.5, 137.4, 135.0, 129.2, 128.3, 128.0,

127.3, 120.5, 119.2, 117.1, 115.3, 64.6, 61.4, 40.5, 31.9,

30.2, 29.4, 29.3, 27.1, 26.5, 22.7, 21.2, 14.2. MS (ESI):m/z

551.5 [M þ H]þ. HR-MS (ESI): calcd for C29H45N4O2Cl2
[M þ H]þ: 551.2914. Found: 551.2921.

Compound 9

To a mixture of compound 12 (0.50 g, 3.20mmol) and

n-octanoic acid (1.3mL, 8.23mmol) in dichloromethane

(20mL) were added N-hydroxybenzotrizole (0.85mg,

6.30mmol) and 1-(3-dimethylaminopropyl)-3-ethylcarbo-

diimide hydrochloride (1.89 g, 9.80mmol). The solution

was stirred for 24 h and then dichloromethane (20mL) was

added. The solution was washed with diluted hydrochloric

acid (1N, 20mL), saturated sodium bicarbonate solution

(20mL), water (20mL £ 2) and brine (20mL) and dried

over sodium sulfate. After the solvent was removed under

reduced pressure, the resulting residue was subjected to

column chromatography (petroleum ether:AcOEt, 3:1) to

afford compound 9 as a white solid (0.91 g, 70%). 1H NMR

(400MHz, CDCl3): d 8.03 (s, 2H), 7.72 (d, J ¼ 8.7Hz, 2H),

7.47 (d, J ¼ 8.5Hz, 2H), 7.27 (s, 2H), 2.41 (t, J ¼ 7.6Hz,

4H), 1.84–1.69 (m, 4H), 1.31 (t, J ¼ 22.6 Hz, 16H), 0.89 (t,

J ¼ 6.8Hz, 6H). 13C NMR (101MHz, CDCl3): d 171.8,

136.4, 134.5, 128.5, 126.5, 119.1, 116.1, 46.0, 38.0, 31.8,

29.3, 25.81, 22.8, 14.2. MS (MALDI-FT): m/z 411.3

[M þ H]þ. HR-MS (MALDI-FT): calcd for C26H39N2O2

[M þ H]þ: 411.3006. Found: 411.3013.
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