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Complexes of molecular LiF and LiFHF were synthesized using the metallamacrocyclic receptors [(cymene)Ru-
(CsH3NO,)]s (1), [Cp*Rh(CsH3NO,)]s (2), and [Cp*Ir(CsHsNO,)]s (3). LiBF4 complexes of 1-3 were prepared and
subsequently treated with F~ or FHF~ to give the desired products in an anion-exchange reaction. All complexes
were characterized by multinuclear NMR spectroscopy (*H, 3C, *°F, "Li). Strong scalar coupling between “Li and
F is observed for the LiF and the LiFHF complexes ({Jur = 91-103 Hz). The LiFHF adduct of 1 displays fluxional
behavior with fast exchange of the two fluorine atoms. The structures of the complexes 1:LiBF,, 2-LiBF,, 1-LiF,
2-LiF, 1-LiFHF, and 3-LiFHF were determined by single-crystal X-ray analysis. Li—F bond lengths between 1.77
and 1.81 A were found. The LiFHF complexes show a hydrogen difluoride anion coordinated in a bent fashion via
one fluorine atom to the lithium ion.

Introduction molecular LiF is due to the very high lattice energy of this

The coordination chemistry of alkali metal halide com- salt? Consequently, the crystalline form represents a thermo-
dynamic trap. A similar situation is found for the less

lexes has been studied intensively over the past 30 years. . : . .
lszing crown ethers and related m)z/;lcrocyclesp hundre)(/js ofcommon but theoretically interesting salt LiFHF. To the best

complexes have been synthesized and structurally charactergf our knowl_edge, strugtural data fo_r complexes of LiFHF
ized! There is one notable exception: complexes with are not available. Again, a very high lattice energy was

molecular LiF are virtually unknown. Some compounds with determined.

Li---F contacts have been descrifolit here the fluoride In 1983, Donald J. Cram introduced the concept of
atom is either covalently bound to other atoms (e.g., irPF  Molecular container compoun@his proved to be a very
salts) or coordinatively bound to very strong Lewis acids fruitfiul approach to the stabilization and study of highly
(e.g., to T#).2 The difficulty in stabilizing complexes of ~ feactive molecules. Cyclobutadiehesbenzyné’, or cyclo-
heptatetraerfeare among the compounds successfully cap-
*To whom correspondence should be addressed. E-mail: tured inside cagelike molecules. A drawback, however, is
k?i’)'sg‘;eg?e@)tr?c‘ﬁ"ﬁg:; F\%t‘tflg% ?_ﬁffoj-_ MMacrocyclic Chemisty  That the synthesis of these hosts (e.g., hemicarcerands) is
VCH: Weinheim, Germany, 1993. (b) Gokel, G. \@rown Ethers often very demanding. In principle, an attractive alternative

and CryptandsRoyal Society of Chemistry: Cambridge, UK., 1991.  for the construction of macrocyclic cage compounds is the
(c) Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, RGhem.

Rev. 1995 95, 2529-2586. (d) Izatt, R. M.; Bradshaw, J. S.; Pawlak,

K.; Bruening, R. L.; Tarbet, B. Them. Re. 1992 92, 1261-1354. (4) Morris, D. F. C.Acta Crystallogr.1956 9, 197-198.
(e) lzatt, R. M.; Bradshaw, J. S.; Nielsen, S. A.; Lamb, J. D.; (5) (a) Emsley, J.; Johnson, D. Rolyhedron1986 5, 1109-1110. (b)
Christensen, J. AChem. Re. 1985 85, 271-339. (f) Atwood, J. L., Emsley, JPolyhedron1985 4, 489-490.
Davies, J. E. D., MacNicol, D. D., \gile, F., Suslick K. S., Eds. (6) Cram, D. JSciencel983 219, 1177-1183.
Comprehensie Supramolecular Chemistryergamon Press: New (7) (a) Cram, D. J.; Cram, J. MContainer Molecules and Their Guests
York, 1996; Vol. 1. Stoddart, J. F., Ed.; Monographs in Supramolecular Chemistry; The

(2) Selected references: (a) Demsar, A.; Pevec, A.; GhlicPetriek,; Royal Society of Chemistry: Cambridge, U.K., 1994. (b) Warmuth,
Petric A.; Roesky, H. W.Chem. Commun1998 1029-1030. (b) R.; Yoon, J.Acc. Chem. Re001, 34, 95-105.
Plenio, H.; Diodone, RJ. Am. Chem. S0d.996 118 356-367. (C) (8) (a) Warmuth RAngew. Chem., Int. Ed. Engl997 36, 1347. (b)
Kiinzel, A.; Roesky, H. W.; Noltemeyer, M.; Schmidt, H.-Ghem. Warmuth, R.Chem. Commurl998 59-60.
Commun.1995 2145-2146. (d) Walter, S.; Klingebiel, UCoord. (9) (@) Warmuth, R.J. Am. Chem. Soc2001, 123 6955-6956 (b)
Chem. Re. 1994 130, 481-508. (e) Klingebiel, U.; Meyer, M.; Warmuth, R.; Marvel, M. AChem. Eur. J2001, 7, 1209-1220. (c)
Pieper, U.; Stalke, DJ. Organomet. Chen1991 408 19-25. Warmuth, R.; Marvel, M. AAngew. Chem., Int. E@00Q 39, 1117—

(3) For a cluster with the formula [(Cp*T#(LiF)], see ref 2a. 1119.
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connecting the metal fragments. Three oxygen atoms are
positioned in close proximity to each other, forming a high-
affinity binding site for sodium and lithium ions. The binding
constants of these organometallic analogues of [12]-crown-
3 are comparable to those of cryptands. The selectivity is
controlled by the nature of the-ligand. Generally, the
affinity for lithium salts is higher than that for sodium salts;
in one special caserfligand = C¢HsCO,Et), a Lit/Na*
selectivity of >1000 was determine§.Because cations and
anions are bound as ion pairs, the receptors can also be used
to selectively bind anions. Using the trinuclear comp8gex

we built a chemosensor for fluoride ani®hDuring the
course of this work, we were able to isolate for the first time
a complex of molecular lithium fluoride3(LiF). In the
following, we describe the syntheses and structures of two
o N new examples of LiF complexes using the metallomacro-
utilization of transnmn—me_tal—bgsed self-assembly Processes.cycles1 and2 as receptors. Furthermore, we show that the
Such processes can give rise to complex macrocyclic oganometallic hosts—3 can be used to stabilize the elusive
structures in a single step and very good yiéfdSomplexes  pqjecular form of LiFHF. The isolated LiF and LiFHF ion

of this kind are increasingly being used as hosts for organic pairs show unique structural and spectroscopic features,
or inorganic guest moleculé$!! Fujita et al. reported @ \yhich are described in detail.

palladium(ll)-based coordination cage that is able to stabilize
labile intermediates of the polycondensation of alkoxy- Experimental Section
silanes'? Raymond et al. showed that the ion [MEOH)-
PEg]* can be stabilized by encapsulation in a tetrahedral
Ga clustef? Metallamacrocyclic receptors for alkali metal

(n-ligand)M

(cymene)RuIl 1
Cp*Rh'” 2
cpir 3

General. The synthesis of all complexes was performed under
an atmosphere of dry dinitrogen using standard Schlenk tech-
. ) niques. All solvents (analytical-grade purity) were degassed and
ions have been prepared by the groups of Pecoraro, I-'ppert'stored under a dinitrogen atmosphere. The complexes [(cymene)-
and Saalfrank, among othels. RU(GH:NO,)]: (1), [CP*RN(GH:NO,)]: (2), [CpHIr(CsHaNO):

In an extension of our work on half-sandwich pyridonate (3), and [Cp*Ir(GHsNO.)]s-LiBF, were prepared according to
complexes?® we recently described the synthesis of trinuclear literature procedure’$:” 3-Hydroxy-2-pyridone and BF-2(H,0)

metallomacrocycles of the general formula-Jigand)M-
(CsH3NO,)]s (M = Ru, Rh, Ir;z-ligand = arene, Cp*) {—

were purchased from Fluka, §€30; and LiBF, from Aldrich, and
KF from Merck, and EANFHF was prepared according to a

3.1617 These compounds can be obtained by reaction of the literature proceduré For the synthesis of:LiBF, and 2:LiBF 4,

corresponding chloro-bridged complexes-[igand)MCL],
with 2,3-dihydroxypyridine in the presence of base in good
yields.

The molecular structures are very similar: the depro-
tonated 2,3-dihydroxypyridine acts as a tridentate ligand

(10) For recent reviews, see: (a) Fujita, M.; Umemoto, K.; Yoshizawa,
M.; Fujita, N.; Kusukawa, T.; Biradha, KChem. Commur2001, 509—
518. (b) Holliday, B. J.; Mirkin, C. AAngew. ChemInt. Ed. 2001
40, 2022-2043. (c) Dinolfo, P. H.; Hupp, J. TThem. Mater2001,
13,3113-3125. (d) Swiegers, G. F.; Malefetse, TChem. Re. 200Q
100, 3483-3538. (e) Leininger, S.; Olenyuk, B.; Stang, PChem.
Rev. 200Q 100, 853-908.
Selected references: (a) Amouri, H.; Rager, M. N.; Cagnol, F.;
Vaissermann, JAngew. Chem.Int. Ed. 2001, 40, 3636-3638. (b)
Umemoto, K.; Tsukui, H.; Kusukawa, T.; Biradha, K.; Fujita, M.
Angew. Chemlint. Ed.2001, 40, 2620-2622. (c) Fochi, F.; Jacopozzi,
P.; Wegelius, E.; Rissanen, K.; Cozzini, P.; Marastoni, E.; Fisicaro,
E.; Manini, P.; Fokkens, R.; Dalcanale, E.Am. Chem. So2001,
123 7539-7552. (d) Park, S. J.; Hong, J.€hem. Commur2001
1554-1555. (e) Su, C.-Y.; Cai Y.-P.; Chen, C.-L.; Zhang, H.-X.; Kang,
B.-S.J. Chem. So¢.Dalton Trans.2001, 359-361. (f) Ikeda, A.;
Yoshimura, M.; Udzu, H.; Fukuhara, C.; Shinkai, 5.Am. Chem.
Soc.1999 121, 4296-4297. (g) Miler, C.; Whiteford, J. A.; Stang,
P. J.J. Am. Chem. S0&998 120, 9827-9837. (h) Ogo, S.; Nakamura,
S.; Chen, H.; Isobe, K.; Watanabe, Y.; Fish, R. H.Org. Chem.
1998 63, 7151-7156.
(12) (a) Yoshizawa, M.; Kusukawa, T.; Fujita, M.; Sakamoto, S.; Yamagu-
chi, K. J. Am. Chem. So@001, 123 10454-10459. (b) Yoshizawa,
M.; Kusukawa, T.; Fujita, M.; Yamaguchi, K. Am. Chem. So200Q
122 6311-6312.
(13) Ziegler, M.; Brumaghim, J. L.; Raymond, K. lMngew. Chem.nt.
Ed. 200Q 39, 4119-4121.

(11)

stock solutions of LiBEwere employed. Th&H, 13C, 19F, and’Li
spectra were recorded on a Bruker Advance DPX 400 or a Bruker

(14) Selected references: (a) Pecoraro, V. L.; Stemmler, A. J.; Gibney, B.
R.; Bodwin, J. J.; Wang, H.; Kampf, J. W.; Barwinski, Rrog. Inorg.
Chem.1997 45, 83. (b) Mandal, S. K.; Young, G. V.; Que, L., Jr.
Inorg. Chem200Q 39, 1831-1833. (c) Cutland, A. D.; Malkani, R.
G.; Kampf, J. W.; Pecoraro, V. lAngew. ChemInt. Ed. 2000 39,
2689-2692. (d) Saalfrank, R. W.; lw, N.; Kareth, S.; Seitz, V;
Hample, F.; Stalke, D.; Teichert, MAngew. Chem.Int. Ed. 1998
37, 172-175. (e) Saalfrank, R. W.; Bernt, I.; Uller, E.; Hampel, F.
Angew. Chemint. Ed.1997, 37, 2482-2485. (f) Caneschi, A.; Cornia,
A.; Fabretti, A. C.; Foner, S.; Gatteschi, D.; Grandi, R.; Schenetti, L.
Chem. Eur. J1996 2, 1379-1387. (g) Saalfrank, R. W.; v, N.;
Hampel, F.; Stachel H.-DAngew. Chem.Int. Ed. Engl.1996 35,
2209-2210. (h) Rauter, H.; Hillgreis., E. C.; Erxleben, A.; Lippert,
B.J. Am. Chem. S04994 116 616—-624. (i) Blake, A. J.; Gould, R.
O.; Milne, P. E. Y.; Winpenny, R. E. B. Chem. Soc., Chem. Commun.
1991 1435-1455. (j) Lah, M. S.; Pecoraro, V. LJ. Am. Chem. Soc.
1989 111, 7258-7259. (k) Lah, M. S.; Kirk, M. L.; Hatfield, W.;
Pecoraro, V. LJ. Chem. Soc., Chem. Commd®89 1606-1608.

(15) (a) Habereder, T.; Warchhold, M.; o H.; Severin, KAngew. Chem.
Int. Ed.1999 38, 3225-3228. (b) Lang, R.; Polborn, K.; Severin, T.;
Severin, K.Inorg. Chim. Actal999 294, 62—-67. (c) Lang, R;
Schiowerth, A.; Polborn, K.; Ponikwar, W.; Beck, W.; Severin, T.;
Severin, K.Z. Anorg. Allg. Chem1999 625 1384-1390.

(16) (a) Piotrowski, H.; Polborn, K.; Hilt, G.; Severin, K. Am. Chem.
Soc.2001, 123 2699-2700. (b) Piotrowski, H.; Hilt, G.; Schulz, A,;
Mayer, P.; Polborn, K.; Severin, KChem. Eur. J2001 7, 3196~
3208.

(17) Lehaire, M.-L.; Scopelliti, R.; Piotrowski, H.; Severin, KAngew.
Chem, Int. Ed. 2002 41, 1419-1422.

(18) Piotrowski, H.; Severin, KProc. Natl. Acad. Sci. U.S.£2002 99,
4997-5000.

(19) Sharma, R. K.; Fry, J. L1. Org. Chem1983 48, 2112-2114.
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Advance 200 spectrometer using the residual protonated solvents(156 MHz, toluenedg): 6 (ppm) 0.36 (d1J.ir = 95 Hz).1%F NMR

(*H, 13C) as the internal standards and LiC}(’Li) and CFC}/ (188 MHz, toluenedg): o (ppm) —140.15 (g, Jr = 95 Hz).

benzenelfF) as the external standards. The spectra were recordedElemental anal. Calcd (%) forsgHs:N3OsRWs-2H,0-LiF: C 49.36,

at room temperature; exceptions are indicated. H 5.06, N 3.84. Found: C 49.59, H 5.19, N 3.64.
[(Cymene)Ru(GH3NO,)]s-LIBF 4 (1-LiBF 4). LiBF4 (4.6 mg, 48 [Cp*Rh(C sH3NOy)]s-LiF (2-LiF). To a solution of an excess

umol) was added to a solution @f(50 mg, 48umol) in degassed of KF (54 mg, 0.94 mmol) in degassed methanol (10 mL) was

acetonitrile (50 mL). The solution was heated under reflux for 1 h. added2-LiBF, (20 mg, 19umol). The resulting mixture was stirred

Evaporation of the solvent under reduced pressure gave an orange&igorously for 30 min at room temperature. After evaporation of

powder (yield: 55 mg, 100%). Red crystals were obtained by slow the solvent under reduced pressure, the product was extracted with

diffusion of pentane into a solution &fLiBF, in benzene'H NMR degassed benzene (20 mL). Evaporation of the solvent under
(400 MHz, toluenedg): o (ppm) 1.15 [d,3J = 7 Hz, 9H, reduced pressure gave a brown powder (yield: 17 mg, 90%). Red
CH(CHa),], 1.19 [d,3J = 7 Hz, 9H, CH(CH3)2], 1.52 (s, 9H, CH), crystals can be obtained by slow diffusion of pentane into a solution
2.75 [septJ = 7 Hz, 3H, (H(CHy),], 4.48 (d,%J = 5 Hz, 3H, of 2:LiBF,4 in benzene or toluenéH NMR (400 MHz, GDeg): ¢
CH, cymene), 5.47 (#J = 6 Hz, 3H, CH, cymene), 5.79 (&) = (ppm) 1.63 (s, 45H, Cp*), 5.99 (dd) = 6 Hz,3J = 7 Hz, 3H,

6 Hz, 3H, CH, cymene), 5.85 (dé&) = 6 Hz,3] = 7 Hz, 3H, CH, CH, pyridone), 6.70 (dcfJ = 7 Hz,%J = 2 Hz, 3H, CH, pyridone),
pyridone), 6.32 (d3J = 5 Hz, 3H, CH, cymene), 6.52 (d&) = 7 7.03 (dd,2J = 6 Hz,4J = 2 Hz, 3H, CH, pyridone)}*C NMR (68
Hz,%J = 2 Hz, 3H, CH, pyridone), 6.89 (dd) = 6 Hz,4J = 2 Hz, MHz, CDCk): d (ppm) 9.1 (Cp*), 91.8 [dXJrnc = 9 Hz, G(CHy)g],
3H, CH, pyridone)3C NMR (101 MHz, CRCN): & (ppm) 18.4, 112.8, 115.9, 130.8, 157.3, 169.4 (pyridorfe).NMR (156 MHz,
22.1, 23.9 (CH), 32.2 [CH(CH),], 75.5, 79.0, 84.0, 85.5 (CH,  C¢Dg): 6 (ppm) 0.43 (d,2Jr = 96 Hz). % NMR (188 MHz,
cymene), 98.6, 100.7 (C, cymene), 114.1, 116.9, 133.5, 157.4, 168.5CsDs): 0 (ppm)—124.68 (q1Jr = 96 Hz). Elemental anal. Calcd
(pyridone).”Li NMR (156 MHz, toluenedg): 6 (ppm) —0.25 (g, (%) for CysHs4N3OeRhg+1.25t0lueneH,O-LiF: C 53.76, H 5.54,
Jir = 21 Hz).°F NMR (188 MHz, toluenedg): ¢ (ppm)—149.92 N 3.50. Found: C 53.69, H 5.29, N 3.39.

(d, Jur= 21 Hz). Elemental anal. Calcd (%) forsg1siNsOsRUs* [(Cymene)Ru(GsH3NO,)]s-LiFHF (1 -LiFHF). To a solution of
0.5GHe-LiBF4: C 49.45, H 4.69, N 3.60. Found: C 49.30, H4.87, an excess of GNFHF (577 mg, 3.4 mmol) in degassed acetonitrile
N 3.43. (1.5 mL) was added an orange solution otiBF, (77 mg, 68

[Cp*Rh(C sH3NO,)]5:LiBF 4 (2-LiBF 4). LiBF4 (3.7 mg, 38&mol) umol) in degassed benzene (20 mL). The resulting mixture was
was added to a solution d (40 mg, 38umol) in degassed stirred vigorously for 20 min at room temperature. After filtration,
acetonitrile (50 mL). The solution was heated under reflux for 90 orange crystals were obtained by slow diffusion of pentane (yield
min. Evaporation of the solvent under reduced pressure gave anafter crystallization: 44 mg, 58%3}H NMR (400 MHz, toluene-
orange powder (yield: 44 mg, 100%). Red crystals were obtained dg): ¢ (ppm) 1.15 [d.2J = 7 Hz, 9H, CH((H3),], 1.18 [d,3) =7
by slow diffusion of pentane into a solution 24LiBF 4 in toluene. Hz, 9H, CH(M3),], 1.62 (s, 9H, CH), 2.79 [sept3] = 7 Hz, 3H,

IH NMR (400 MHz, CDC}): o (ppm) 1.74 (s, 45H, Cp*), 6.09  CH(CHg),], 4.74 (d, br,2) = 5 Hz, 3H, CH, cymene), 5.41 (&)

(dd,3J = 6 Hz,3) = 7 Hz, 3H, CH, pyridone), 6.46 (dd) = 7 = 6 Hz, 3H, CH, cymene), 5.80 (d) = 6 Hz, 3H, CH, cymene),
Hz,%J = 2 Hz, 3H, CH, pyridone), 6.77 (dd) = 6 Hz,4J = 2 Hz, 5.86 (dd,2J = 6 Hz,3J = 7 Hz, 3H, CH, pyridone), 6.45 (d, bt)
3H, CH, pyridone)H NMR (400 MHz, toluenedg): 6 (ppm) 1.53 = 5 Hz, 3H, CH, cymene), 6.50 (dd) = 7 Hz,4) = 2 Hz, 3H,
(s, 45H, Cp*), 5.96 (dd®J = 6 Hz,3J = 7 Hz, 3H, CH, pyridone), CH, pyridone), 6.90 (dcfJ = 6 Hz,%J = 2 Hz, 3H, CH, pyridone),
6.62 (dd3J = 7 Hz,4) = 2 Hz, 3H, CH, pyridone), 6.90 (d&) = 16.20 (br, 1H, LiFHF)!H NMR (400 MHz, tolueneds, —40 °C):

6 Hz,%J = 2 Hz, 3H, CH, pyridone)!3C NMR (101 MHz, toluene- o (ppm) 1.11 [d,2J = 7 Hz, 9H, CH(M3),], 1.18 [d,3] = 7 Hz,
dg): & (ppm) 8.7 (Cp*), 91.9 [dlrne = 9 Hz, G(CHa)g], 114.2,  9H, CH(CHa)], 1.55 (s, 9H, CH), 2.77 [m, br, 3H, GI(CHy),],
117.7,131.0, 158.2, 169.4 (pyridond&)i NMR (156 MHz, toluene- 4.54 (br, 3H, CH, cymene), 5.39 (br, 3H, CH, cymene), 5.88 (br,
dg): 0 (ppm) —0.37.1%F NMR (188 MHz, toluenedg): 6 (ppm) 3H, CH, cymene), 5.91 (p#J = 7 Hz, 3H, CH, pyridone), 6.49
—145.29. Elemental anal. Calcd (%) fogs854N30sRhs-2toluene (br, 3H, CH, cymene), 6.63 (#J = 7 Hz, 3H, CH, pyridone),
LiBF4 C53.70, H 5.35, N 3.18. Found: C53.71,H5.46, N 2.97. 6.95 (d,3] = 6 Hz, 3H, CH, pyridone), 16.60 (dJur = 298 Hz,
[(Cymene)Ru(GH3sNO,)]s-LiF (1-LiF). To a suspension ofan  1H, LiFHF).23C NMR (101 MHz, toluenedg): ¢ (ppm) 18.1, 22.2,
excess of KF (52 mg, 0.9 mmol) in degassed methanol (0.8 mL) 23.6 (CHy), 31.4 [CH(CH).], 75.6, 80.1, 83.3, 83.4 (CH, cymene),
was added a yellow solution df-LiBF; (20 mg, 17umol) in 98.4, 98.7 (C, cymene), 113.2, 117.5, 132.2, 157.4, 168.8 (pyri-
degassed benzene (20 mL). The resulting mixture was stirred done).’Li NMR (156 MHz, tolueneds, —60 °C): ¢ (ppm)—0.24
vigorously fa 1 h at room temperature. After filtration and  (d, }Jur = 90 Hz).°F NMR (188 MHz, tolueneds, —60 °C): ¢
evaporation of the solvent under reduced pressure, the product wagppm) —154.92 (br, LFHF), —165.23 (dd}!Jnr = 298 Hz,2Jrs =
extracted with degassed benzene (20 mL). Evaporation of the 151 Hz, LiFHF). Elemental anal. Calcd (%) for46Hsi1NsOsRus:
solvent under reduced pressure gave a yellow powder. Orange2HO-LiFHF: C 48.47, H 5.06, N 3.76. Found: C 48.41, H 5.12,
crystals were obtained by slow diffusion of pentane into a solution N 3.53.

of 1-LiF in benzene (yield after crystallization: 10 mg, 52%). [Cp*Rh(C sH3NOy)]s-LiIFHF (2 -LiFHF). To a solution of an
NMR (400 MHz, toluenedg): 6 (ppm) 1.18 [d,3] = 7 Hz, 9H, excess of ENFHF (488 mg, 2.88 mmol) in degassed acetonitrile
CH(CH3),], 1.19 [d,2J = 7 Hz, 9H, CH(QH5),], 1.67 (s, 9H, CH), (15 mL) was added a brown solution »1LiBF4 (62 mg, 58tmol)

2.88 [septd) = 7 Hz, 3H, H(CHzy),], 4.92 (br, 3H, CH, cymene), in degassed acetonitrile (35 mL). The resulting mixture was stirred
5.39 (d,%J = 6 Hz, 3H, CH, cymene), 5.80 (&) = 5 Hz, 3H, CH, vigorously for 90 min at room temperature. After evaporation of
cymene), 5.86 (difJ = 6 Hz,3J = 7 Hz, 3H, CH, pyridone), 6.51 the solvent under reduced pressure, the product was extracted with
(dd,33 =7 Hz,%J = 2 Hz, 3H, CH, pyridone), 6.69 (br, 3H, CH, degassed benzene (50 mL). Evaporation of the solvent under
cymene), 6.91 (défJ = 6 Hz,4) = 2 Hz, 3H, CH, pyridone)*C reduced pressure gave a brown powder (yield: 38 mg, 641%).
NMR (101 MHz, toluenedg): ¢ (ppm) 18.1, 22.0, 23.8 (G 31.3 NMR (400 MHz, toluenedg): ¢ (ppm) 1.58 (s, 45H, Cp*), 5.96
[CH(CHy),], 76.0, 80.4, 82.9, 83.5 (CH, cymene), 98.1, 99.1 (C, (dd,3J) = 6 Hz,3) = 7 Hz, 3H, CH, pyridone), 6.60 (dd) = 7
cymene), 113.1, 117.3, 131.9, 157.6, 169.0 (pyridofia)NMR Hz,4) = 2 Hz, 3H, CH, pyridone), 6.92 (dd) = 6 Hz,%J = 2 Hz,
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Table 1. Crystallographic Data for the LiBFComplexes ofl and 2

1-1.5GHe-LiBF4

2-tolueneLiBF4

empirical formula
molecular weight (g mol!)
crystal size
crystal system
space group
a(A)

b (A)

c(A)

a(®)

B

7 ()

volume (&)

z

density (g cm?)
temperature (K)
absorption coefficient (mmt)
© range ()

index ranges

reflections collected
independent reflections
absorption correction

max and min transmission
data/restraints/parameters
GOF onF 2

final Rindices | > 20(l)]
Rindices (all data)

largest diff peak/hole (e%¥)

G4HesoN3OsRULIBF 4
1244.01

0.26< 0.22x 0.18
triclinic
P1
12.015(4)
12.5483(17)
17.452(5)
85.198(15)
78.62(2)
87.408(17)
2569.4(11)
2

1.608
143(2)
0.938
3.21-25.03
—14—14,-13—13,—20— 20
15687
8523i(R=0.0300)
empirical
0.7630 and 0.3390
8523/5/610
1.104
R1=0.0516, wR2=0.1299
R* 0.0618, wR2=0.1414
1.472+-0.896

C52H62N30eRthiBF4
1227.53

0.25x 0.20x 0.15
orthorhombic

Pccn

36.1548(15)
15.5423(7)
17.8504(8)

10 030.6(8)
8

1.626
143(2)
0.938
3.32-25.03
—43—43,-17—18,-21—21
59019
8583 (R: = 0.0814)
semiempirical
0.9215 and 0.7835
8583/1/631
1.062
R1= 0.0476, wR2= 0.0974
R1=0.0799, wR2=0.1112
1.621+0.697

3H, CH, pyridone), 15.96 (dJnr = 317 Hz, 1H, LIFHF)13C NMR
(101 MHz, toluenedg): ¢ (ppm) 8.9 (Cp*), 91.7 [diJgrnc = 9 Hz,
Cs(CHs)s], 113.7, 116.9, 130.7, 158.4, 169.9 (pyridoné&).NMR
(156 MHz, toluenedg): 6 (ppm) 0.12 (d1J i = 98 Hz).2%F NMR
(188 MHz, toluenedg): 6 (ppm) —142.03 (m, LFHF), —168.06
(dd, br,%Jur = 317 Hz,2J+ = 161 Hz, LiFHF ). Elemental anal.
Calcd (%) for GsHsaN3OsRhs:3H,O-LiFHF: C 47.34, H 5.39, N
3.68. Found: C 47.33, H 5.86, N 3.19.

[Cp*Ir(C sH3NOy)]s-LiFHF (3 -LiFHF). To a suspension of an

sets but one 2-1.5GHeH0O-LiF). For 2-tolueneLiBF, and
1-1.25GHs"H,O-LiF, a semiempirical method (MULTHSCANY2

was employed, whereas an empirical method (DIFAB®gas used

for the remaining structures. Structure solutions were determined
with ab initio direct method$* All structures were refined using
full-matrix least-squares df 2 with all non-H atoms anisotropically
defined. The hydrogen atoms were placed in calculated positions
using the “riding model” withU;s, = aU(C) (wherea is 1.5 for
methyl hydrogen atoms and 1.2 for other atoms and C is the parent

excess of KFHF (115 mg, 1.48 mmol) in degassed methanol (300 carbon atom). Some disorder problems were encountered during

uL) was added a yellow solution &LiBF,4 (41 mg, 29«mol) in

the refinement of1-1.5GHsLiBF, and 1:1.25GHgH,0-LiF

degassed acetonitrile (15 mL). The resulting mixture was stirred (disordered BE~ anion and GHs solvent molecules). Particular

vigorously fa 1 h at room temperature. After filtration and

attention was paid to #D and HF molecules, for which hydrogen

evaporation of the solvent under reduced pressure, the product wagtoms are isotropic and free. In such cases, constraints deal with
extracted with degassed benzene (20 mL). Evaporation of thethe X—H and H--H distances for water molecules, whereas, in
solvent under reduced pressure gave a yellow powder (yield: 38the case of HF, they concern the fH and H-F distances. Space

mg, 96%). Yellow crystals were obtained by slow diffusion of

pentane into a solution &LiFHF in benzene!H NMR (400 MHz,
CeDg): O (ppm) 1.59 (s, 45H, Cp*), 5.90 (dd) = 6 Hz,3) =7
Hz, 3H, CH, pyridone), 6.69 (d&J) = 7 Hz,4J = 2 Hz, 3H, CH,
pyridone), 7.06 (dd3J = 6 Hz, 4J = 2 Hz, 3H, CH, pyridone),
15.85 (d,pr = 324 Hz, 1H, LiFHF).'3C NMR (101 MHz,
CsDe): 0 (ppm) 9.2 (Cp*), 83.2 [(CHsy)s], 114.1, 117.9, 131.7,
158.8, 171.9 (pyridoneYLi NMR (156 MHz, CDg): o (ppm)
—0.25 (d,1Jir = 103 Hz).1% NMR (188 MHz, GDg¢): 0 (ppm)
—142.26 (dq,Mr = 103 Hz,2Jrr = 159 Hz, LIFHF), —169.29
(dd, Wpr = 324 Hz,2Jrr = 159 Hz, LiFHF). Elemental anal. Calcd
(%) for CysHs4N3Oglrs-CeHg-LIFHF: C 42.73, H 4.29, N 2.93.
Found: C 42.47, H 4.33, N 2.80.

Crystallographic Investigations. The relevant details of the

group determination, structure refinement, and geometrical calcula-
tions were carried out on all structures with the SHELXTL software
package, release 521 Graphical representations of the molecular
structures in the crystal were generated with the program ORTEP.

Results and Discussion

LiBF , Complexes.Because of the low solubility of LiF
and LiFHF in organic solvents, complexes of these salts are
best prepared in situ. For this purpose, we have first
synthesized the adducisLiBF,, 2:-LiBF4, and 3-LiBF 4.’

The weekly bonded tetrafluoro borate anion is then ex-
changed with F or FHF in a salt metathesis reaction. The

crystals, data collection, and structure refinement are listed in Tables(20) Oxford Diffraction Ltd., Abingdon, Oxfordshire, U.K., 2001.

1-3. Diffraction data were collected at 143 K using Maadiation
on different equipment: an Oxford Diffraction diffractometer with

(21) Otwinowski, Z.; Minor, W.Methods in EnzymologyCarter, C. W.,
Jr., Sweet, R. M., Eds.; Academic Press: New York, 1997; Vol. 276:
Macromolecular Crystallography, Part A, pp 36326.

a kappa geometry equipped with a Sapphire CCD detector (22) Blessing, R. HActa Crystallogr. A1995 51, 33-38.

(2-tolueneLiBF,, 1-1.25GHs H,0-LiF), and a mar345 imaging

plate detector (all of the remaining structures). Data reduction was

performed with CrysAlis RED 1.6/° and marHKL 1.9.3!
(2-1.5GHs"H,0-LiF). Absorption correction was applied to all data

(23) Walker, N.; Stuart, DActa Crystallogr. A1983 39, 158-166.

(24) Sheldrick, G. MActa Crystallogr. A199Q 46, 467—473.

(25) Sheldrick, G. M. Bruker AXS, Inc.: Madison, Wisconsin, 1997.

(26) ORTEP 3 for Windows, version 1.074. Farrugia, L.JJ.Appl.
Crystallogr. 1997, 30, 565.
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Table 2. Crystallographic Data for the LiF Complexes biand 2

Lehaire et al.

1-1.25GHe H20-LiF

2:1.5GHe*H20-LiF

empirical formula
molecular weight (g mol!)
crystal size
crystal system
space group
a(A)

b (A)

c(A)

a (%)

B

7 ()

volume (&)

z

density (g cm?3)
temperature (K)
absorption coefficient (mmt)
© range ()

index ranges

reflections collected
independent reflections
absorption correction

max and min transmission
data/restraints/parameters
GOF onF 2

final Rindices | > 20(l)]
Rindices (all data)

largest diff peak/hole (e%)

G260 N30/RWLIF
1174.69
0.26< 0.21x 0.17
triclinic
P1
14.8439(11)
18.8894(13)
20.9897(12)
115.783(6)
103.291(5)
97.565(6)
4974.1(6)
4
1.569
143(2)
0.957
3.51-25.03
—17—17,—-22—22,—-22— 24
29 404
15 40R; = 0.0399)
Semiempirical
0.9941 and 0.7595
15 404/33/1118
1.055
R1=0.0779, wR2=0.1928
R%* 0.1011, wR2=0.2128
2.211+-2.267

Table 3. Crystallographic Data for the LiFHF Complexes band 3

C54H65N307R|'bLiF
1202.76

0.30x 0.26x 0.21
monoclinic
C2lc

44.177(9)
12.390(3)
20.164(4)

90

112.44(3)

90

10 201(4)
8

1.566

143(2)
1.017
1.06-27.59
—57—57,—-15— 15, 25— 26

29 489
10 389Rn; = 0.0317)

none
10 389/3/630

1.041
R1= 0.0469, wR2= 0.1256
R1= 0.0512, wR2= 0.1284
1.562+1.165

1-1.75GHe LiIFHF 3-CgHe-LiIFHF

empirical formula Gs.He2.N306RWLIF 2 Cs1H61N306lrsLIF
molecular weight (g moft) 1215.73 1433.57
crystal size 0.23% 0.20x 0.16 0.18x 0.15x 0.12
crystal system triclinic orthorhombic
space group P1 Pccn
a(h) 9.880(2) 36.438(2)
b (A) 22.193(4) 15.100(3)
c(A) 23.801(4) 17.742(4)
o (%) 92.737(14) 90
B () 94.985(15) 90

° 99.633(17) 90
volume (&) 5115.2(17) 9762(3)
z 4 8
density (g cnm?3) 1.579 1.951
temperature (K) 143(2) 143(2)
absorption coefficient (mr) 0.935 8.218
© range () 3.13-25.03 3.38-25.03

index ranges

reflections collected
independent reflections
absorption correction

max and min transmission
data/restraints/parameters
GOF onF 2

final Rindices | > 20(1)]
Rindices (all data)

largest diff peak/hole (e%9)

—-11—11,-26— 26,—28— 28
31029
16 91B;{ = 0.0360)
empirical
0.6510 and 0.1800
16 913/5/1278
1.094
R1=0.0560, wR2=0.1310
R* 0.0684, wR2=0.1407
1.253/-0.802

—41—42,-17—17,-19—21
56 251
8511Rint = 0.0667)
empirical
0.6070 and 0.1360
8511/2/599
1.113
R1= 0.0425, wR2= 0.0963
R1=0.0589, wR2= 0.1055
1.84411.279

LiBF4 adducts were obtained by reaction of the metallo- shown that there is a strong preference for binding of the
macrocyclesl—3 with NaBF,; in acetonitrile (Scheme 1). guest as an ion palf.For 1-LiBF,, a similar coordination
All complexes were characterized by NMR spectroscddy (  mode is confirmed by NMR spectroscopy because the spectra
13C, F, 7Li), elemental analysis, and single-crystal X-ray display coupling between th&.i and °F atoms (toluene-
crystallography. dg). In the "Li NMR spectrum of 1-LiBF4, a quintet is
The presence of LiBFguest molecules results in signifi-  observed. This points to a BFanion directly bound to the
cant changes in théH NMR spectra of the macrocyclic Li* ion with fast exchange between bridging and terminal
receptors: the signals of theligands as well as the signals fluoride atoms. Contrary to what is found fafLiBF,, the
of the pyridone ligands are shifted toward lower field. In all “Li and the'°F spectra of the complex@sLiBF, and3:-LiBF,4
cases, the exchange of the guest is slow compared to theshow simple singlets, indicating solvent-separateg Béns.
NMR time scale. Previous studies with LiCl guests have Apparently, the sterically demanding Cp* ligands disfavor
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Scheme 1. Synthesis of the LiBFFComplexes ofL—3

-

o—mM!

~7
N
LiBF, 7\ 0/ (BF4) \\
CH;CN =N .7, O
-3 Li— o]
\ N
M SN
o—/ 1\
M=Ruy, Rh, Ir

the simultaneous binding of tiand BR~ to the metalla-
macrocyclic receptor in solution.

The structures ofl:LiBF, and 2-LiBF, were deter-
mined by single-crystal X-ray crystallography (Figure 1).
In both cases, the lithium ion is coordinated to the three
adjacent oxygen atoms of the metallamacrocyclic receptors
with the remaining coordination site being occupied by the
BF,~ anion, which is connected by one bridging fluorine
atom.

Although the overall structures of the lithium complexes
1-LiBF, and 2-LiBF, are similar [pseud@s-symmetric
structures with a Li-F)BF; guest molecule], the bond
lengths around the lithium ion show pronounced differences.
The Li—F bond distance of the Cp*Rh compléxLiBF,
[1.968(11) A] is significantly longer than what is found for
the (cymene)Ru complekLiBF,[1.836(9) A]. The complex
[(PPhy)2Pt(u-O)]2-Li(u-F).BF,, for comparison, shows a
Li—F bond distance of 1.89(2) &.These structural data
suggest a very weak interaction between the and BR~
ions for complex2-LiBF,, in agreement with the results of
the NMR study described above.

LiF and LiIFHF Complexes. LiF complexes of the
receptorsl and2 were obtained in a metathesis reaction of
the LiBF,; adducts with KF and subsequent extraction with
benzene. Clear evidence for successful anion exchange wa:
provided by the’'Li and *°F NMR spectra. In théLi NMR
spectra, doublets were observed instead of the quintet for
1-LiBF4 or the singlet for2-LiBF,. The J= coupling
constants of 95 Hz1¢LiF) or 96 Hz @-LiF) are large
compared to what is found for other compounds with 45
contacts. The %F NMR spectra show the corresponding
quartets ath = —140.15 ppm I-LiF, tolueneéds) ando =
—124.68 ppm Z-LiF, C¢Dg).

Hydrogen difluoride is a unique anion because it is the
simplest example of a molecule with a strong hydrogen
bond?® In FHF salts, a typical +F distance between 2.24
and 2.28 A is found, with the proton being located in the
center between the two fluoride atofiS he experimentally
determined value for the hydrogen bond energy is 45.8
1.6 kcal/mol® Numerous theoreticéll and NMR spectro-
scopic studie® on the FHF anion have been carried out to

(27) Li, J. J.; Li, W.; Sharp, P. Rnorg. Chem.1996 35, 604-613.

(28) Strong hydrogen bonds are typically characterized #yBAseparations
that are at least 0.25 A less than the sum of the van der Waals radii.
See: Hibbert, F.; Emsey. Adv. Phys. Org. Cheml99Q 26, 255—

379.

Figure 1. ORTEP drawings of the molecular structuresldfiBF, (top)
and2-LiBF4 (bottom) in the crystal. Displacement ellipsoids are drawn at
the 40% probability level. The hydrogen atoms are not shown for clarity.
The lithium atoms are hidden by the boron atoms.

unravel the peculiar bonding situation in FHAt is only
recently that hydrogen difluoride has been recognized as a
ligand for transition metal complexes. Although still rare,
FHF complexes of the metals Mo, W, Ru, Ni, Pd, and Pt
have been synthesized and characterZekb the best of

dur knowledge, structural data for complexes contain-

ing molecular MFHF (M
available.

The complexedl-LiFHF, 2-LiFHF, and 3-LiFHF were
obtained by reaction of the corresponding LiEducts with
KFHF or E4NFHF. The'H NMR spectrum of3-LiFHF

alkali metal ion) are not

(29) (a) Boenigk, D.; MootzD. J. Am. Chem. Sod 988 110, 2135-
2139. (b) Farnham, W. B.; Dixon, D. A.; Middleton, W. J.; Calabrese,
J. C.; Harlow, R. L.; Whiteney, J. F.; Jones, G. A.; Guggenberger, L.
J.J. Am. Chem. S0d.987, 109 476-483. (c) Emsley, JChem. Soc.
Rev. 1980 9, 91-124. (d) Ault, B. SAcc. Chem. Red4982 15, 103—
109. (e) Ibers, JJ. Chem. Physl1964 40, 402-404. (f) McGaw, B.
L.; Ibers, J. AJ. Chem. Physl963 39, 2677-2684. (g) Freel, L. K,;
Rinn, H. W.Acta Crystallogr.1962 15, 286-286. (h) McDonald, T.
R. R.Acta Crystallogr.196Q 13, 113-124.

(30) Wenthold, P. G.; Squires, R. R. Phys. Chem1995 99, 2002—
2005.

(31) Kawahara, S.-I.; Uchimaru, T.; Taira, &hem. Phys2001, 273 207—
216 and references cited therein.

(32) (a) Petera, S. A.; Bartlett, R.J. Am. Chem. So@00Q 122 1231—
1232. (b) Ludman, C. J.; Waddington, T. C.; Pang, E. K. C.; Smith,
J. A. S.J. Chem. Soc., Faraday Trans.1®77 73, 1003-1014. (c)
Cousseau, J.; Gouin, L.; Pang, E. K. C.; Smith, J. AJSChem.
Soc., Faraday Trans. 2977 73, 1015-1019. (d) Martin, J. S;
Fujiwara, F. Y.J. Am. Chem. So&974 196,7632-7637. (e) Martin,
J. S.; Fujiwara, F. YCan. J. Chem1971 49, 3071-3073.
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Figure 2. 19 NMR spectrum of3-LiFHF in CsDs with (bottom) and
without (top) coupling to*H.

T T T
Table 4. NMR Data for the LiF and the LiFHF Complexes bf-3 17.0 16.5 16.0 ppm

(ppm, Hz) Figure 3. H NMR spectra ofl-LiBF, in tolueneds in the region of the

complex 8 (L) e S (19F) Ue 23 acidic hydrogen at various temperatures.

1-LiF? 0.36 95  —140.15 - -

2:LiFP 0.43 96 —124.68 - - % \

3:-LiFbe 0.00 101 —-124.65 - - w f |

1-LiIFHF2d  —0.24 90 —154.92,—165.23 298 151 ji‘\"‘a J f M E;‘i

2-LiIFHF® 0.12 98 —142.03,—168.06 317 161 / \.\ z‘\, \”fs
oL b - - - N

3-LiFHF 0.25 103 142.26,— 169.29 324 159 M \l S ,,.,_wf W .60°C

aToluenedg. P CsDs. ¢ Reference 174 —60 °C.

(CeDs) exhibits a doublet aty = 15.85 ppm with alJur

coupling constant of 324 Hz. This coupling is associated with

the distal fluorine as determined BSF NMR spectroscopy

(see below§* Coupling between the acidic hydrogen and MWNWW
the proximal fluorine is not observed. For comparison, the '
IH NMR spectrum of the free FHFanion is a triplet with - 162 ppm

alJyr coupling constant of 121 HZe The value oftJyr for Figure 4. 1% NMR spectra of1-LiFHF in tolueneds at different
HF is strongly solvent-dependent and ranges from 410 to temperatures.

529 Hz%2d Thus, the value ofJyr found for 3-LiFHF lies )

between those for the hydrogen difluoride anion and HF. A & doublet of a quartet @ = —142.26 ppm. This resonance

similar behavior is found for transition metal complexes with IS @ssigned to the proximal fluorine atoT with coupling to
FHF- ligands: the value ofJyr of the distal fluorine atom  the lithium and to the distal fluorin€Je- = 159 Hz). The
is large compared to that of the free FHRnion, and second signal, assigned to the distal fluorine, is observed at

coupling to the proximal fluorine atom is small or not © = ~169.29 ppm and appears as a doublet of a doublet. In

observed? An adequate description of MFHF complexes is 1€ **F NMR spectrum o8-LiFHF, recorded with decoupling
therefore a metal fluoride complex hydrogen bonded to a to 'H, the latter signal is a simple doublet, whereas the former
HF molecule (MF--HF). The’Li NMR spectrum of3-LiFHF signal is not affected, in agreement with the assignments
(CeDe) shows a doublet ab = —0.25 ppm resulting from ~ made (Figure 2). . .

coupling to the proximal fluorine. The i coupling constant The NMR spectra of the Cp*Rh complexLiFHF are

of 103 Hz is even larger than what was found for the LiF Similar to those for the Cp*Ir compleX-LiFHF (Table 4).
complexes ofL—3. In the 19F NMR spectrum of3-LiFHF The spectra of-LiFHF, on the other hand, show pronounced

(CsDs), two resonances are observed. One signal appears agl‘_ifferences. At room temperature, the acidic proton gives
rise to a very broad signal @& ~ 16.4 ppm (toluenels).

Upon cooling to—60 °C, the resonance sharpens into a

AR iy 26°C

T
- 166

- 154 - 158

(33) (a) Kirkham, M. S.; Mahon, M. F.; Whittlesey, M. IChem. Commun.

2001, 813-814. (b) Jasim, N. A.; Perutz, R. N.; Foxon, S. P.; Walton,

P. H.J. Chem. Soc., Dalton Tran8001, 1676-1685. (c) Roe, D. C.;
Marshall, W. J., Davidson, F.; Soper, P. D.; Grushin, V.Ofgano-
metallics200Q 19, 4575-4582. (d) Jasim, N. A.; Perutz, R. N.
Am. Chem. SoQ00Q 122, 8685-8693. (e) Archibald, S. J.; Braun,
T.; Gaunt, J. A.; Hobson, J. E.; Perutz, R. N.Chem. Soc., Dalton
Trans.200Q 2013-2018. (f) Braun, T.; Foxon, S. P.; Perutz, R. N.,
Walton, P. HAngew. ChemInt. Ed.1999 38, 3326-3329. (g) Gil-
Rubio, J.; Weberndter, B.; Werner, HJ. Chem. Soc., Dalton Trans.
1999 1437-1444. (h) Murphy, V. J.; Rabinovich, D.; Hascall, T;
Klooster, W. T.; Koetzle, T. F.; Parkin, G. Am. Chem. S0d.998
120, 4372-4387. (i) Whittlesey, M. K.; Perutz, R. N.; Greener, B;
Moore, M. H. Chem. Communl997, 187—-188. (j) Murphy, V. J.;
Hascall, T.; Chen, J. Y.; Parkin, G. Am. Chem. Sod 996§ 118
7428-7429.

(34) The fluorine bound directly to the lithium is referred to as proximal,

and the fluorine bound via the hydrogen bond as distal.
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doublet (Figure 3).

TheF NMR spectrum ofi-LiFHF shows a broad singlet
at room temperature, whereas at0 °C, a spectrum
comparable to that @:LiFHF with two chemically distinct
fluoride atoms is observed (Figure 4). The underlying
dynamic process is most likely an intramolecular exchange
between the proximal and distal fluorines via a pentacoor-
dinated lithium ion (Scheme 2). A similar dynamic process
has been observed for the palladium complex {fPd-
(Ph)(FHF)]2¢ The fact that this exchange is only observed
for the LiIFHF complex of receptot can be explained by
the reduced steric bulk of the cymene ligands as compared
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Scheme 2. Dynamic Equilibrium between Tetra- and
Pentacoordinated Lithium Cations for Compl&xiFHF2

F
/
H
F/ /H\
£ OF
||_i _— \Li/
o \\0 o \\0
(o] (0]

aOnly the oxygen atoms of the receptor are shown for clarity.

to the Cp* ligands, allowing for a Li(-F);H coordination
mode. It is interesting to note that the energy-minimized
structure for isolated NaFHF molecules in the gas phase also
shows a cyclic Na{-F),H geometry (B3LYP/6-31+G**). 3

Single-crystal X-ray structural analyses were carried out
for the complexed:LiF, 2-LiF, 1-LiFHF, and3-LiFHF. As
for the LiBF, complexes, the lithium cation is coordinated
to the three oxygen atoms of the receptors. The fourth
coordination site is occupied by either the fluoride or the
hydrogen difluoride anion. For compléxLiF, two chemi-
cally similar but crystallographically independent molecules
are found in the crystal with HF bond distances of
1.771(14) and 1.810(14) A. A similar value is observed for
2-LiF [Li —F = 1.782(6) A]. These values are among the
smallest Li-+F distances reported so fahighlighting the
unique situation of monomolecular LiF inside these macro-
cyclic hosts. In crystalline LiF, for comparison, a-i:F
distance of 2.009 A is observé®iFor both LiF complexes,

a hydrogen-bonded water molecule is found in close proxim-
ity to the fluorine atom with F-O distances of 2.644(4) A _ _ _
(2:LiF), 2.632(8) A (-LIF, molecule A), and 2.622(9) A  FMIES: ORTEP drasings of he moleulr scures b o (o)
(1-LiF, molecule B) (Figure 5). The water molecules create at the 40% probability level. The hydrogen atoms and the side chains of
a more complicated hydrogen-bond network (infinite one- thez-ligands are not shown for clarity.

dimensional chain) linking external oxygen atoms of a
symmetry-related complex [0 = 2.861(9)-3.135(4) A).

In 2-LiF, the guest molecule is tightly encapsulated by
the host compound: four short C+HF contacts between the
methyl groups of the Cp* ligands and the fluorine atom are
observed (CH:F = 2.14-2.27 A). These distances are
significantly smaller than the sum of the van der Waals radii
of H and F (2.54 A®’ Contacts of this kind are thought to
be of an attractive natufeand to contribute to the overall
stability of the hostguest complex. Together with the
hydrogen atom of the water molecule a distorted octahedral
geometry around the fluorine atom is observed (Figure 6).
For the (cymene)Ru complek-LiF, on the other hand, a

Figure 6. ORTEP drawing of the first coordination sphere of the guest
molecule in2-LiF highlighting the close CH-F contacts. Displacement
(35) Bach, R. D.; Dmitrenko, O.; Glukhovtsev, M. 8. Am. Chem. Soc.  €llipsoids are drawn at the 40% probability level.

2001, 123 7134-7145. T . . ith th .
(36) Wells, A. F.Structural Inorganic Chemistrysth ed.; Claredon Press: ~ MOre open binding site is observed with three aromatic

Oxford, U.K., 1975; p 375. protons pointing toward the fluorine atom (&H = 2.38—
(37) Rowland, R. S.; Taylor, RIl. Chem. Phys1996 100, 7384-7391. 261 A)
(38) For attractive CH-F?~ interactions, see: (a) @ado-Rodiguez, M.; : : . . .
Ariza-Castolo, A.; Merino, G.; Vela, A.; N, H.; Bakhmutov, V. I.; In accordance with the NMR studies, the LiFHF com-

Contreras, RJ. Am. Chem. So2001, 123 9144-9152. (b) Gale, P. i if- i i i
A.; Hursthouse, M. B.; Light, M. E.; Sessler, J. L.; Warriner, C. N,; plexes display a Lit-F)HF coordination mode with only one

Zimmerman, R. STetrahedron Lett2001, 42, 6759-6762. (c) Corey, bridging fluorine atom (Figure 7). As expected, the acidic

Eég%; Egogg, ::;léJ.(;d )FiECher? A Cvzinéioega, Mbtitra%edron Eet/&- hydrogen atoms are difficult to locate, and therefore, we
f 3 —o0. arnnam, . b.; Roe, D. C.7 bixon, D. A.] . . . s .
Calabrese J. C.: Harlow, R. . Am. Chem. S0d99Q 112, 7707 restrict the discussion to the lithium and fluorine atoms. For

7718. 3-LiFHF, a slightly bent geometry is observed fth—F =
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Figure 7. ORTEP drawings of the molecular structuresldfiFHF (top)
and3-LiFHF (bottom) in the crystal. Displacement ellipsoids are drawn at
the 40% probability level. The hydrogen atoms and the side chains of the
m-ligands are not shown for clarity.

Table 5. Selected Bond Lengths (A) and Angle {or the LiFHF
Complexes ofl and3

complex Li-F Li—0? F—F Li—F—F
1-LiFHF (A) 1.810(10) 1.93 2.319(5) 126.9(4)
1-LiFHF (B) 1.769(11) 1.95 2.300(6) 123.2(4)
3-LiFHF 1.814(18) 1.96 2.247(11) 159.4(6)

a Average values are given.

159.4(6Y]. The F--F distance of 2.247(11) A is similar
to that found for simple hydrogen difluoride salts in the
crystal (2.24-2.28 A)2° The proximal fluorine atom in
3-LiFHF is not as closely encapsulated by the Cp* ligands
as it was in2-LiF: six methyl groups are pointed toward
the fluorine atom with CH-F distances between 2.29 and
2.73 A

For the two independent molecules btiFHF, the Li—
F—F angles [123.2(4) and 126.9¢#are much smaller than
those found foB:-LiFHF [159.4(6}]. As a result, the distal
fluorine atom in1-LiFHF approaches the cymene ligands,
and CH:+F contacts between 2.24 and 2.34 A are observed.
The F--F distances [2.319(5) and 2.300(6) A] are in the
range of what is found for transition metal FHF complexes
(2.28-2.40 Ap3 but larger than what is found f@LiFHF.
The main structural features of the LiFHF complexes are
summarized in Table 5.

Figure 8 shows space-filling representations of the mo-
lecular structures of-LiF, 2:-LiF, 1-LiFHF, and 3-LiFHF
in the crystal (view along the pseud-symmetric axis). It
is evident that the binding site of the cymene complexes (a
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Figure 8. Space-filling representation of the molecular structures of (a)
1-LiF, (b) 2-LiF, (c) 1-LiFHF, and (d)3-LiFHF in the crystal.

and c) is more open and accessible than those of the Cp*
complexes (b and d). As a result, a dynamic behavior for
the LiFHF complex ofl can be observed. For the Cp*Ir
complex3-LiFHF, on the other hand, a dynamic behavior
is disfavored because of the steric bulk of the Cp* ligands.
The space-filling representation dfLiFHF (Figure 8c)
shows nicely how the FHFanion is bent toward the cymene
ligands to maximize the interaction with the CH hydrogen
atoms.

Conclusions

Metallamacrocyclic complexes of (cymene)RCp*Rh",
and Cp*If"" have been used to stabilize the molecular forms
of LiF and LiFHF. This provided the opportunity to study
the structural and spectroscopic features of the isolated ion
pair. Two interesting characteristics observed are the very
short Li—F bond distances and the strong scalar coupling
betweer'Li and *°F. The geometry of the host molecule was
shown to influence not only the structure but also the
dynamics of the encapsulated guest molecule.

The results presented in this paper underline the potential
of self-assembled coordination compounds to act as stabiliz-
ing hosts for unusual guest molecules. In view of the fact
that the ability to construct complex inorganic host com-
pounds has increased dramaticaflyt is conceivable that
many more examples will be presented soon.
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