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The C—F--- Cation Interaction: An Ammonium Complex of a Hexafluoro
Macrocyclic Cage Compound

Hiroyuki Takemura,*!*! Noriyoshi Kon,*! Mikio Yasutake,'! Sachiko Nakashima,!"!
Teruo Shinmyozu,'*! and Takahiko Inazu!™

Abstract: An ammonium complex of
the hexafluoro cage compound 1 was
isolated and its structure was elucidated
by X-ray crystallographic analysis. The
C—F bonds are elongated by the com-
plexation, which is clear evidence of
C—F---cation interaction. The driving
force of NH," inclusion is the C—F---
cation interaction, but the C—F--- HN*
hydrogen bond does not contribute to

of the NH, " C 1 shows short C—F --- HN™
contacts (2.286—2.662 A). Furthermore,
it shows that closer F--- H*(—N) distan-
ces give a larger F---H™N angle. Al-
though such structural features seem to
indicate the existence of C—F---HN*
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hydrogen bonds, the spectral data
(*H NMR, YF VT-NMR, and IR spec-
troscopy) did not support the existence
of hydrogen bonds. Thermodynamic
parameters, log K, (4.6+0.1, 298 K),
AH (—=5340.1kcalmol™), and AS
(3.2£0.3 calmol~' K1), of the complex-
ation were obtained in CDCly/CD;CN
mixture.

this complexation. The crystal structure

Introduction

The C—F---H—-N* hydrogen bond has become of interest in
recent years in bio-organic chemistry with respect to the base-
pairing interactions in DNA replication. The discussion on
whether there are hydrogen bonds between adenine and a
thymine isostere are currently in progress.l! However, several
research results suggest the weak C—F---H—N* hydrogen
bond. Shimoni etal. performed a search of the crystal
structure database and showed that the hydrogen bonds
between C—F and H-X (X =C, N, O) are weak but cannot be
ignored in the prediction of the molecular packing mode in
crystals.”’l They also predicted the CH,,F,--- NH," interaction
by ab initio MO calculations and concluded that the “near-
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linear interactions C—F --- H*—N are sufficiently strong to play

a role in the alignment of molecules in crystals and com-

plexes”. They estimated the dissociation energy AH,y of

CH,F,---NH,* to be 81-13.5kcalmol L.l On the other

hand, Dunitz and Taylor carried out a search of the crystal

structure database and concluded “organic fluorine hardly
ever accepts hydrogen bonds”.™ Howard et al. also carried
out the search of CSDS (Cambridge Structural Database

System) and ab initio calculations, and they found very rare

case of C—F --- HX (X = O, N) hydrogen bonds." Plenio et al.

observed short C—F---H—N* contacts in their protonated
cryptands, but they could not obtain unambiguous spectral
evidence of the hydrogen bond.[!

On the other hand, in a previous report, we clarified C—F ---
cation (alkali metal ions, NH,", and Ag") interactions through
the use of hexafluoro macrocyclic compound 1 (Figure 1).]
The specific spectral features (*H, *C and F NMR spec-
troscopy) of the cation complexes reflected clear evidence of a
C—F---M" interaction. Comparison of the structures between
cation-free 1 and its potassium complex, K* C1, showed
precise structural differences on complexation.l®! These are
summarized as follows:

1) Short C—F---K* distances were observed.

2) The shorter C—F---K* distance tends to make the bond
angle C—F---K* closer to linear.

3) Coordination of six fluorine atoms to the K* ion resulted in
the change of ligand structure so as to accommodate the
coordination sphere of K*.

4) The average C—F bond length (1377 A) of K*cC1 is
slightly longer than that found in metal-free 1 (1.348 A).
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Figure 1. Structures of compounds 1 and 2.

The pioneering work on macrocyclic systems that contain
fluorine as a donor was performed by Plenio et al.’!@ They
clarified the C—F --- cation interaction by means of ’F NMR
spectra, crystallographic analyses, and complexation studies.
Although several metal-cation complexes (alkali, alkaline
earth, or silver cations) were discussed in detail, the ammo-
nium complex has not yet appeared. In the studies of C—F---
M+ interactions, the ammonium ion provides additional
interest with the C—F--- HN* hydrogen bond.

Our work revealed that 1 strongly binds an NH," ion
(logK,=4.37 in CHCl;), and spectroscopic features on
complexation indicate the C—F---cation interaction. How-
ever, information about the hydrogen bond between C—F and
the ammonium proton was not obtained from these data. In
order to ensure the contribution of the C—F--- H-N* hydro-
gen bond to the inclusion of the NH,* ion, we carried out
X-ray crystallographic analysis of NH,* C 1 and spectroscopic
evaluation. In this report, we describe the comparison of the
structures among NH,®C1, K*C1, and cation-free 1 and
discuss the possibility of the C—F --- NH," hydrogen bond.

Results and Discussion

The crystal structure of NH,"C1 is depicted in Figure 2.
Selected bond lengths, bond angles, and interatomic distances
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Figure 2. Crystal structure of NH,”C1-BF,” (H atoms are omitted for
clarity).

are shown in Table 1. As in Kt C1, the lone pairs of four
nitrogen atoms are directed inward (one of four nitrogen
atoms is directed outward in metal-free 1 in order to reduce
F---F repulsion).l’! Also in the case of NH,* C 1, reorganiza-
tion of the ligand structure occurs, and F---F repulsion is
reduced by the cation complexation. The four bridgehead
nitrogen atoms are arranged in a tetrahedral fashion, and the
ammonium ion is placed at the center of the cavity. The six
fluorine atoms are coordinated to NH," in distorted octahe-
dral manner similar to that found in K* C 1. The average C—F
bond length (1.373 A) is comparable with that in K*c1

Table 1. Selected bond lengths, bond angles, and interatomic distances.

Bond lengths [A]  Bond angles [°] Interatomic distances [A]

C1-F11367(5)  N5-H43---N2168.7(8)  N1---N53.727(7)
C7-F21362(6)  N5-H44---N11659(5) N2---N5 3.421(7)
CI3-F31.370(6)  N5-H45---N4 176.0(1)  N3---N5 3.375(7)
C24-F41370(5)  N5-H46---N3 1732(9)  N4---N5 3.357(8)
C25-F5 1.384(5)
C31-F6 1.385(5)  N5—-H45---F1109.8(5)  F1---N5 2.856(8)
H43-N50.987(5) N5-H44---F2121.6(2)  F2---N5 2.824(7)
H44-N5 0.847(6)  N5-H43---F3110.3(5)  F3---N5 2.895(7)
H45-N50.705(6) ~ N5-H45---F5105.3(7)  F4---N5 2.891(6)
H46-N5 0.804(6) F5---N5 2.783(7)
N5--FI-C1 113.53)  F6---N5 2.928(6)
N5 ---F2-C7 107.0(3)
N5--F3-C13102.7(3) N1 ---H44 2.900(4)
N5---F4-C2499.93)  N2---H43 2.448(4)
N5--F5-C25 102.4(3)  N3---H46 2.575(4)

N5--F6-C31 104.5(3)  N4---H45 2.653(5)

F1---H45 2.539(4)
F2---H44 2.286(3)
F3---H43 2.401(4)
F4---H43 2.561(3)
F5---H45 2.513(3)
F6--- H44 2.662(3)
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(1.377 A), which is longer than that of 1 (1.348 A). Also here,
the C—F---cation interaction elongates the C—F bond. The
F--- H*(—N) distance is shorter (2.286—2.662 A) than the sum
of van der Waals radii (2.67 A)."! In constrast to K* C 1, the
relationship between the C—F bond lengths and the angles
C—F---N* or C—F---H"(—N) was not observed. However, the
shorter F---H*(—N) distances give larger F---H"—N angles
(Shimoni et al. reported the nearly linear relationship be-
tween F---HT distances and F---H"™—N angles in CH,F, -
NH,* complexesP!). If one considers only these structural
features, the C—F--- H-N* hydrogen bond is possible in this
complex, although the F---H*—N angles (105.3-121.6°) are
far from linear.

The ammonium protons are directed toward the bridge-
head nitrogen, and the N—H"--- N angles (165.9-176.0°) are
almost linear. Judging from the atomic distances N --- H(—N)
(2.448-2.900 A) and the sum of van der Waals radii (2.75 A),
hydrogen bonds between N—H™ --- N are possible. However, it
is not the main factor in the binding of ammonium ion. This is
clearly recognized from the fact that fluorine-free compound
2al'l (Figure 1) does not bind the NH,* ion. The complex
formation between compound 2a and the NH," ion was
attempted by the reaction of 2a with ammonium picrate in
CDCIy/CD;sCN, but evidence of the interaction was not
observed. Nevertheless, the direction of the ammonium
protons of NH,*C1 seems to be determined by the weak
N—HT---N hydrogen bonds.

In order to obtain the experimental value of the C—F---
cation interaction, the stability constant K, of NH," C 1 and its
thermodynamic parameters, AH° and AS°, were determined
by 'H NMR spectroscopy. The reaction between 1 and
ammonium picrate in CDCly/CD;CN resulted in new peaks
that correspond to the those of newly formed complex. Thus
the association constant K could be easily determined. The
complexation reaction proceeded very slowly in [D¢]DMSO;
therefore, the mixed solvent was employed. Despite this, the
reaction occurs slowly, and the reaction required three days at
60°C and seven days at 30°C until it had equilibrated. The
thermodynamic measurements were performed at every 10°C
over the range of 30—60+0.1°C. The van’t Hoff’s plots of
each InK verus 1/T afforded a linear relationship that gave
the parameters logK, (298K)=4.6+0.1, AH°=-53+
0.1 kcalmol~!, and AS°=3.240.3 calmol~'K~'. The positive
AS° shows that desolvation of the cation is one of the
dominant factors for the complexation. This is recognized by
the fact that the complexation rate strongly depends on the
solvent. From this experiment, the actual value of the C—F---
cation (NH,*') interaction (AH°=0.88 kcalmol~! for each F
atom) has been evaluated for the first time.'?l Undoubtedly, it
is not a pure value of the C—F --- NH," interaction because the
AG of this reaction contains free-energy terms of the
reorganization of the ligand structure.

In the CD;CN/CDCl; mixture (1:1, v/v), the NH,* proton
signal appeared at 6 = 6.38 as a broad singlet in the absence of
1, while the signal of NH," C 1 appears at 6 =5.28 as a triplet
(/=53.5Hz). Intermolecular proton exchange of NH," is
sufficiently suppressed by the inclusion. On the other hand, in
the case of pyridine cage 2b,!'!l (Figure 1) the NH,* signal of
NH," C2b appears at 6 =8.34 (t, J=52.7 Hz, CD;CN/CDCl,
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1:1, v/v). The low-field shift of the ammonium proton is easily
understood by considering the hydrogen bond between
ammonium protons and the nitrogen atoms of 2b. However,
in the case of NH," C1, the NH"---N or NH"---F hydrogen
bonds are very weak, since the NH, " proton signal is shifted to
higher field through the complexation. The-high field shift of
the signal suggests that hydrogen bonds between the solvents
and the NH,* ion are broken by the inclusion. The 'H NMR
spectrum of NH," C 1 at low temperatures showed only slight
broadening and very small shift (=0.1 ppm) of the NH,*
signal. The YF-'H coupling that would imply the formation
of a C—F:--HN* hydrogen bond was not observed. The “F
NMR spectrum of NH, " C 1 showed a sharp singlet at 25°C
which splits into a doublet and a triplet (intensity=2 : 1, /=
50 Hz) at —90°C. This is consistent with the 'H NMR
spectrum at —90°C, in which the methylene signal appears as
two sets of broad, overlapped doublets (intensity=2:1).
Therefore, the splitting of the 'H and "F signals at low
temperatures results from freezing of the molecular move-
ment of the ligand 1, but not from YF-'H (ammonium proton)
coupling. Furthermore, the IR spectrum also shows the weak
hydrogen-bonded nature of NH,*C1 (v\z=3293 cm™!) as
compared with NH," C 2b (vyy=3160 cm™).

Conclusively, the inclusion of NH," occurs by C—F -+ cation
interaction, but not by the C—F---HN* or N --- HN* hydrogen
bonds. Furthermore, the reduction of F---F repulsion by
cation complexation contributes to the inclusion of the NH,*
ion. The formation of the C—F--- HN* hydrogen bond could
be expected from the crystal structure, but its presence was
not observed from NMR ('H, F) and IR spectra.

Experimental Section

The 'H and F NMR spectra were recorded at 400.1 MHz and 376.5 MHz
with TMS and CFCl; as internal references, respectively. The IR spectra
were measured as KBr pellets. The thermodynamic measurements were
performed in a temperature-controlled water bath every 10°C over the
range of 30—60+0.1°C. The initial concentrations of 1 and ammonium
picrate were 9.51 x 103 and 7.55 x 103 moldm 3, respectively (CDCly/
CD;CN 1:1, v/v). The NMR spectra were recorded at the over the time
range of three (60°C) to seven days (30°C) until the reaction equilibrated.

NH,* C1-BF, - CH;CN: A mixture of 1 (50.2 mg, 6.4 x 10~ mmol) and an
excess of NH,BF, in MeOH was heated under reflux for 24 h. After
removal of the solvent, the residue was washed with water and recrystal-
lized from CH,CL/CH;CN (colorless prisms, 47.5 mg, 79.4%). A single
crystal suitable for X-ray crystallographic analysis was obtained by slow
evaporation of the CH;CN solution of the complex.

Crystal data for NH," C 1-BF, - CH;CN: C5,H,F;(N¢B, T=23 £1°, Moy,
(Rigaku RAXIS-IV diffractometer, 1=0.71070 A), crystal dimensions
0.60 x 0.40 x 0.40 mm? (colorless prism), a=14.36(1), b=20.540(6), c=
16.10(1) A, f=106.62(6)°, V=4551.5(1) A3, Z=4, monoclinic, space
group P2/c (No.14), uyo=109cm™, M,=93478 gmol~, pua=
1.364 gem3, 20, = 55.0°, F(000) =1944.00. Number of reflections meas-
ured, 7707; number of reflections observed, 5846 [ > 3.00o(I) ]; number of
parameters 653. The structure was solved by direct methods and refined on
Sir92. Data were corrected for Lorentz polarizations. The data/parameter
ratio was 8.95. R=0.077, wR=0.077, GOF =2.53, max/min residual
electron density, +0.89/ — 0.42 ¢ A-3. All calculations were performed by
using the TEXSAN crystallographic software package of the Molecular
Structure Corporation. Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-119349. Copies of the data can be obtained free of charge on

0947-6539/00/0613-2336 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 13



C—F --- Cation Interactions

2334-2337

application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: [8]
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

9]
Acknowledgement

This research was supported by a Grant-in-Aid for COE Research “Design
and Control of Advanced Molecular Assembly Systems” from the Ministry
of Education, Science, and Culture, Japan (#08CE2005).

(10]
- (11]
[1] a) T. A. Evans, K. R. Seddon, J. Chem. Soc. Chem. Commun. 1997,
2023-2024; b) X. Wang, K. N. Houk, J. Chem. Soc. Chem. Commun.
1998, 2631 -2632.
L. Shimoni, J. P. Glusker, Struct. Chem. 1994, 5, 383 -397.
L. Shimoni, J. P. Glusker, C. W. Bock, J. Phys. Chem. 1995, 99, 1194 —
1198.
J. D. Dunitz, R. Taylor, Chem. Eur. J. 1997, 3, 89 -98.
J. A. K. Howard, V.J. Hoy, D. O’'Hagan, G. T. Smith, Tetrahedron [12]
1996, 52, 12613 -12622.
H. Plenio, R. Diodone, Chem. Ber. 1997, 130, 633 —640.
H. Takemura, N. Kon, M. Yasutake, H. Kariyazono, T. Shinmyozu, T.
Inazu, Angew. Chem. 1999, 111, 1012-1014; Angew. Chem. Int. Ed.
1999, 38, 959-961.

S

9=

3=

H. Takemura, H. Kariyazono, M. Yasutake, N. Kon, K. Tani, K. Sako,
T. Shinmyozu, T. Inazu, Eur. J. Org. Chem. 2000, 141 —148.

a) H. Plenio, R. Diodone, Angew. Chem. 1994, 106, 2267 -2269;
Angew. Chem. Int. Ed. Engl. 1994, 33, 2175-2177; b) H. Plenio, R.
Diodone, Chem. Ber.1996, 129,1211-1217; ¢) H. Plenio, R. Diodone,
J. Am. Chem. Soc. 1996, 118, 356 -367; d) H. Plenio, Chem. Rev. 1997,
97,3363-3384; ¢) H. Plenio, R. Diodone, Chem. Ber. 1997, 130, 963 —
968; f) H. Plenio, J. Hermann, R. Diodone, Inorg. Chem. 1997, 36,
5722-5729; g) H. Plenio, R. Diodone, D. Badura, Angew. Chem. 1997,
109, 130-132; Angew. Chem. Int. Ed. Engl. 1997, 36, 156—158.

A. Bondi, J. Phys. Chem. 1964, 68, 441 —451.

a) H. Takemura, T. Inazu, J. Syn. Org. Chem. Jpn. 1998, 56, 604 -614;
b) H. Takemura, N. Kon, K. Tani, K. Takehara, J. Kimoto, T.
Shinmyozu, T. Inazu, J. Chem. Soc. Perkin Trans. 1 1997, 239-246;
¢) H. Takemura, T. Shinmyozu, T. Inazu, Coord. Chem. Rev. 1996, 156,
183-200; d) H. Takemura, T. Shinmyozu, T. Inazu, J. Am. Chem. Soc.
1991, 773, 1323-1331; e) H. Takemura, T. Shinmyozu, T. Inazu,
Tetrahedron Lett. 1988, 29, 1789—-1792; f) H. Takemura, T. Hirakawa,
T. Shinmyozu, T. Inazu, Tetrahedron Lett. 1984, 25, 5053 —5056.
Recently, thermodynamic parameters, logK, AH, and TAS of
complexation reactions between fluorocryptands and Group 1 and 2
cations were reported. H.-J. Buschmann, J. Hermann, M. Kaupp, H.
Plenio, Chem. Eur. J. 1999, 5, 2566 —2572.

Received: November 25, 1999 [F2157]

Chem. Eur. J. 2000, 6, No. 13 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0613-2337 $ 17.50+.50/0 2337



