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Phosphorous acid reacts with the superacidic system HE/&lR formation of HPR, water, and oxonium
hexafluoroantimonate, which crystallizes agChit SbRs~ in the triclinic space groupl with a = 6.492(6) A,b

= 7.469(8) A,c = 8.095(6) A,o. = 116.17(73, B = 93.90(7}, andy = 112.34(73, with two formula units per

unit cell. The unit cell contains two 4@, ions of approximate symmetr§@,, with an intramolecular -0
distance of 2.418(8) or 2.40(1) A, respectively. The reaction is discussed with regard to the formation of protonated
species in various superacidic media. In addition the crystal structure /i M#PFs~ which is formed by the
reaction of HPE with Me;N*F~ is reported. The salt crystallizes in the tetragonal space gedémmmwith a

= 8.564(5) A and: = 5.687(2) A, with two formula units per unit cell. TheH* distances of PFeq= 1.595(6)

A and P-F4 = 1.594(9) A for they-octahedral HPE show no significant interaction exercised by hydrogen on

the cis- andtrans-fluorine.

Introduction fluorination in anhydrous HF (eq £)we found in previous
The solutions of AsFand SbE in HF and FS@H, respec- experiments that the tetrahydroxyphosphonium salts are quan-

. . - titatively formed in the superacidic media HF/Meq 2)?
tively, belong to the strongest acitisThe superacidic systems Therefore we extended the investigation to the phosphorous acid
HF/MFs (M = As, Sh) have been used successfully for the which is known to yield HPEin anhydrous HF

protonation and isolation of very weak bases such&»HH,S,, '

SehH, and SbH.275 Besides the fact that HF/MFare slightly H,PO, + HF — H,PQFF + H,0 1)
stronger acids than FSB/SbFs, the superacidic HF systems
were found to be more suitable for preparation and crystalliza-

—_— + -
tion of the protonated species. This is largely due to the H3PO, + HF + MF; — P(OH),"MF, @)
volatility of HF, which allows a convenient isolation of the _
products at dry ice temperature. (M = As, Sh)

The use of the superacidic HF systems as powerful proto- |, 4 qdition we report the crystal structure of M&HPF; .

nating agents for the preparation of a desired Species iSthe HpE- anion is the only known main group element species
sometimes limited due to reactions between HF and the base..,ntaining five fluorine ligands and one hydrogen ligand, and
This is well-known for compounds containing silyl groups which i o#ars therefore an opportunity to study the mutual ligand
are cleaved by HF. The driving force for this behavior is the jnteraction effects on fluorines icis andtrans positionst:

thermodynamically favored formation of the-St+ bond (595
kJ/mol), which is the strongest known single bond after thé-B Experimental Section
bond (646 kJ/mol). Phosphorus compounds exhibit in some

cases a similgr reactivity, since the-P bond strength (496 standard Schlenk techniques and a standard vacuum line (stainless steel
kJ/mol) ranks in fourth place, after the-HF bond (565 kJ/molj. or glass, respectively). 420; (purum p.a., Fluka) was used without

In the course of our studies of superacidic reactions, we haveany further purification. ShF(p. synth., Merck) was fractionally
investigated the behavior of phosphoric acid in HFA\E an distilled. The syntheses of HFfand MeNF2 and the drying of HE
example of the above mentioned differences in reactivity. and CHCN' were carried out by known literature methods.

HsPQy is known to form protonated species in the superacid  Infrared spectra were recorded on a Bruker ifs 113v spectropho-

FSQ:H/SbR.” Despite the fact that phosphoric acid undergoes tometer. Spectra of dry powders were obtained on a coated CsBr plate.
The Raman spectra were recorded on a T64000 (ISA) using a CCD

detector (EEV CCD15-11) and an Ataser (514.5 nm) from Spectra

All synthetic work and sample handling was performed by employing

(1) O’Donnell, T. A.Superacids and acidic melts as inorganic chemical

reaction mediaVCH: Weinheim, 1993. Physics. The spectra were recorded in a glass cell cooled with liquid

(2) Christe, K. O.; Wilson, W. W.; Curtis, E. @norg. Chem.1979 18,
2578. (8) Schmutzler, RAdv. Fluorine Chem1965 5, 31.
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nitrogen. The NMR spectra were recorded with a Bruker DPX 300 Table 1. X-ray Diffraction Data of HO,"SbR~ and
spectrometer. Single crystals were placed in Lindemann capillaries in (CHz)sN"HPFs~

a co_oled strea_m of d_ry nitrogen, and an X-ray _diffraction study was formula HF,0,Sb GHysFNP
carried out using a Nicolet R3/mV automated diffractometer. =

Reaction of Phosphorous Acid with HF/Sbk and Formation of space group P1(No. 2) P4/nmm(No. 129)
HsO;*SbFs~. In a 50 mL KEL-F reactor, 1.16 g (5.35 mmol) SbF a'é 6.492(6) 8.564(5)
was dissolvedri 2 g of HF. Thesolution was frozen at-196 °C, E’A gggg% 5.687(2)
0.43 g (5.35 mmol) BPO; was added under an inert atmospherg) (N ' ; ’

X o, deg 116.17(7)

and the mixture was warmed te50 °C and kept for 2 h. No B, deg 93.90(7)
precipitation was observed. The excess of HF and the formed volatile y: deg 112.34(7)
materials were removed under dynamic vacuum—&s8 °C. The vV, A3 312.4(5) 417.1(4)
remaining colorless solid was identified ag®4"Sbk~ by vibrational Pealcd. g CNT3 2.900 1.601
spectroscopy* 1 It contained crystals suitable for X-ray diffraction Z 2 2
studies. Infrared spectral data fok®"SbR~ (cm™): 282 s, 666 vs, fw, 272.79 201.12
1028 s (br), 1657 s, 3420 s (br). u, mmt 4.479 0.355

Preparation of Me;N*HPFs~. A 190 mg (2 mmol) amount of Me temp,°C —102(2) —99(2)
NF was placed in a dried KEL-F reactor, and 2.6 g (24 mmol) of HPF A, A 0.71069 0.71069
was condensed into the reactor-at96 °C. The frozen mixture was R [l > 20(1)] 0.038 0.091
warmed to—40 °C and stirred for 2 h. The excess of HPRas R (all data) 0.039 0.094

removed under dynamic vacuum. The colorless micro crystalline  aR = J||F,| — |F||/3|Fo|. Refinement method: full-matrix least-
Me;N*HPF~ was formed in quantitative yield, and its purity was squares calculations based Bh

checked by vibrational and NMR spectroscopy. The growing of

suitable crystals for X-ray diffraction studies was achieved by ultrasonic of HF. Species containing more water molecules were not found
treatment of the microcrystals suspended in dry acetonitrile for 1 day. to be sufficiently stable to survive dehydration by HF.

Raman spectral data for Me¢"HPR~ [cm™? (relative intensity)]: 375 Although the cations kD", HsO,*, and HOs* show different

(9.6), 439 (1), 460 (4.5), 511 (1.7), 543 (1.3), 556 (0.7), 605 (5.6), 755 o iroscopic features, infrared spectra are ambiguous because

(36), 767 (10), 950 (27), 1176 (2.8), 1236 (5.1), 1289 (2.5), 1417 (4.0), of contamination of a sample by moisture during sample
1471 (40), 1536 (1.7), 2353 (10.6), 2370 (11), 2485 (5.6), 2820 (12), pie by 9 P

2889 (14), 2925 (39), 2965 (81), 2998 (64), 3043 (100). preparation and measurement. Therefore the above described
' ' ’ ’ observations were confirmed by X-ray diffraction studies. The
Results and Discussion crystal structure of oxonium hexafluoroantimonate was inves-

tigated by Christe et al. by powder X-ray and neutron
diffraction18 Later, Larsen et al. determined the single-crystal
structure'® Crystal structures of ¥D,"SbR~ and higher
hydrated oxonium hexafluoroantimonates are not known in the
literature.

The first X-ray studies on diaquahydronium salts were
reported by Olovssdfl and later studies were reported by
Follner? Penneman and Ry&ABrown et al.?3 and Matheson
and Whitla?* In these structures, the hydrogen atoms were not
N _ determined from difference Fourier syntheses. Further X-ray
H3PQ, + 5HF + SbR;, — HPF, + H;O"SbRy~ + 2H,0 (3) investigations in this field were carried out by Mootz etit3°

and other research groufis33 who found the HO, " cation to
H,PQ; + 4HF— HPF, + 3H,0 (4) be present in crystalline hydrates of some acids. In these
structures (refs 2533), the hydrogen atoms were determined

Since HPE possesses no basic properties, reaction 4 servesfrom difference Fourier syntheses.
as a water source for the superacidic system. The resulting Crystal Structure of Hs0,"SbFs~. The crystal data are
mixture consists of oxonium hexafluoroantimonate with two summarized in Table 1. ThesB®,"SbRs~ crystallizes in the
water molecules dissolved in HF and the HPFollowing our
regular procedure for removal of HF at dry ice temperature, (18) Christe, K. O.; Charpin, P.; Soulie, E.; Bougon, R.; Fawcett, J.; Russel,

Reaction of HPO3z with HF/SbFs. Phosphorous acid reacts
with HF/SbFs with formation of HPR (eq 3) at—50 °C. The
fluorination of phosphorous acid proceeds fast under these
conditions. NMR spectroscopic measurements at low temper-
ature gave no indication of the formation of a trihydroxyphos-
phonium cation. Thus the fluorination of;PIO; (eq 4) is not
altered by the acidification of HF with SkRs it was observed
in the analogous case ofsPOy (eq 2)?

+ - i i i D. R. Inorg. Chem.1984 23, 3756.
we foung %Oi SbbFE ashthe re”la'g'”? solid .I(;]Ste.?.ddoi)the (19) Larson, E. M.; Abney, K. D.; Larsen, A. C.; Eller, P. @Bcta
expected HOs*SbR~. The HO."Sbk~ was identified by Crystallogr. B1991, 47, 206.

infrared spectra. The 40*, HsO,", and HOs* cations show (20) Olovsson, 1J. Chem. Phys1968 49, 1063.

significant differences in the region of the—® stretching (21) Follner, H.Acta Crystallogr. B197Q 26, 1544.
(22) Penneman, R. A.; Ryan, R. Rcta Crystallogr. B1972 1629

14—17 i
mode+s. At first, the removal of water from an assumed  (55) grown, G. M.; Noe-Spirlet, M. R.; Busing, W. R.; Levy, H. Acta
H7;O3* Sbks~ was surprising to us. Although HF is known to Crystallogr. B1977, 33, 1038.
form an azeotrope with water, the dehydration was not expected(24) Matheson, H. M.; Whitla, W. ACan. J. Chem1978 56, 957.
at dry ice temperature. Therefore we repeated this procedureggg mggg* g-: gf;?gk MDZZ Aﬁ;?ﬁf;!%h%gg?égﬁlzg%z 1983.
with HsO," and found that it also U'ﬂdergoes dehydration, but (27) Mootz, D.: Oellers, E.-J.; Wiebcke, Mcta Crystallogr.1988 C44,
several cycles are required to obtain purgOHSbR~. Sum- 1334.

marizing all observations on the above described experiments,(28) Mootz, D.; Oellers, E.-Z. Anorg. Allg. Chem1988 559 27.
(29) Mootz, D.; Oellers, E. J.; Wiebcke, MZ, Anorg. Allg. Chem1988

we found that HO,*SbFs™ can be obtained by careful removal 564 17
(30) Dahlems, T.; Mootz, DZ. Anorg. Allg. Chem1996 622, 1319.
(14) Ortwein, R.; Schmidt, AZ. Anorg. Allg. Chem1976 425 10. (31) Teulon, P.; Roziere, JZ. Anorg. Allg. Chem1981 483 219.
(15) Picotin, G.; RoZiee, J.J. Chim. Phys. Phys.-Chim. Bidl972 69, (32) Cotton, F. A,; Fair, C. K.; Lewis, G. E.; Mott, G. N.; Ross, F. K.;
372. Schultz, A. J.; Williams, J. M.J. Am. Chem. S0d.984 106, 5319.
(16) Gilbert, A. S.; Sheppard, Nl. Chem. Soc., Chem. Commu®71, (33) Kuz'menko, I. V.; Zhilyaev, A. N.; Fomina, T. A.; Porai Koshits, M.
337. A.; Baranovskii, I. B.Zh. Neorg. Khim1989 34, 2548;Russ. J. Inorg.

(17) Pavia, A. C.; Giguee, P. A.J. Chem. Phys197Q 52, 3551. Chem.1989 34, 1457.
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Table 2. Bond Lengths (A), Selected Angles (deg), and Interionic
Distances (A) for HO,"SbR~ 2

Sh(1)-F(1) 1.855(5)  F(1}Sb(1-F(6)  178.8(2)
Sb(1)-F(2) 1.881(4)  F(2¥Sb(1-F(5)  178.8(2)
Sh(1)-F(3) 1.875(5)  F(3}Sb(1-F(4)  176.7(2)
Sb(1)-F(4) 1.869(6)  F(1}Sb(1-F(2)  90.5(2)
Sh(1)-F(5) 1.865(5)  F(1}Sb(1-F(3)  92.2(2)
Sb(1)-F(6) 1.882(5)  F(2}Sb(1-F(4)  90.2(2)
O(1y--O(la)  2.418(8)  O(2)-0O(2b) 2.40(1)
O(1)-H(11) 1.130(6)  O(2YH(21) 0.938(6)
O(1)-H(12) 0.961(6)  O(2YH(22) 0.967(6)
O(1)-H(13) 1.209(6)  O(2yH(23) 1.200(6)
O(1)+-F(2c) 2.79(1) O(2)-F(4e) 2.724(8)
O(1)-++F(3d) 2.7329)  O(2)-F(6c) 2.66(1)

a Symmetry transformations: (a)x, =y, 1 —z (b) 1 —x, -y, —z
Ce)xy—1,zWd)—x~-y,-zE€)1l-x1-y,1—-z

&) A
F(5b) F(1b)
triclinic space grougPl with two formula units per unit cell. Figure 1. Projection of the two O," species and their secondary
For the data reduction, a semiempirical correction determined contacts to neighboring SbFions in O, "SbFs". Thermal ellipsoids

are drawn at the 50% probability level. Symmetry transformations: (a)

from y-scan data and structure solution and refinement programs= "~ V1+Z(0)-x1-y 2 (@OKy—-12-1

in the SHELXTL package and PARST were usé&® The
antimony layers were found by the Patterson method. All atoms
including protons were found in the difference Fourier synthesis, trimethylamine with HPE or reaction of the triethlyamine
and a final refinement with anisotropic (except for H _atoms) HF adduct with phosphi’ne derivates, respectivélys The
thermal parameters gave a valuerot= 0.038. The relatively ¢4 mation of the HPE- salts proceeds probably via an inter-
large valueR(int) of 0.10 is probably caused by the crystal e qiate formation of HF salts and PE More recently, Christe
quality, since the crystals undergo dehydration on the surfaces; 51 described the formation of Meé*HPFs~ by pyrolysis
during removal of HFS S and hydrolysis of MgN*PF,~ and reported a synthesis analo-
Bond lengths and selected angles are summarized in Tablegous to eq 514647 The HPE~ anion was characterized by

2. The lengths of the SbF bonds and the £Sb-F angles  NMR and vibrational spectroscopy, and structural parameters
show only small deviations from an ideal octahedral geometry paye been predicted by ab initio calculatidhd®46 but

and are in good agreement with known octahedral hexafluoro- experimental data for bond lengths and angles are still unknown.
antimonate anion¥3° The crystal packing contains two The MaN*HPFR~ can alternatively be prepared by the
|ndependenf[ I5Dz_+ ions. B(_)th ions have an inversion center reaction of HPFwith Me,;NF (eq 6) used already by us for the
and almost identical ©-O distances (2.4;%_73%8) and 2.40(1) A) preparation of CsHRE8 The MeNF reacts with HPFat —40
comparable to those of knowns&; " salts?>"*° The HO ends  °c wijthin 2 h with formation of the hydridopentafluorophos-

of the HO,* ions share one proton located in the inversion phate, which was identified by NMR and vibrational spectros-
center of the ion which is approximately of symme@y,. copy.

All terminal H atoms of the cations have contacts to fluorine
atoms of neighboring anions and are located along theFO Me,N"F~ + HPF, — Me,N"HPF,~ (6)
axes, which have distances in the range between 2.66(1) and
2.79(1) A. The linkage of the anions and cations via the

secondary H-F interactions (see Figure 1) results in a three- ohained by this reaction is only slightly soluble in acetonitrile.
dimensional network in the crystal. Growing of single crystals suitable for X-ray diffraction studies

Synthesis of M@N*tHPFs~. The first synthesis of a hydri-  \yas achieved by ultrasonic treatment of MEHPR;~ sus-
dopentafluorophosphate was described by Nixon and Swain inpended in acetonitrile.

Later, HPE~ salts were observed during treatment of

The microcrystalline (size less thang&n) colorless solid

19691941 They obtained KHP§by a reaction of KHE with Crystal Structure of Me4,N*HPFs~. The characterization
PR in acetonitrile (eq 5). of Me4NTHPF;~ by NMR- and vibrational spectroscopy is well
discussed by Christe and co-work&ré! Therefore we describe
PF; + KHF, — KHPF; 5) here only the crystal structure of this salt. The single crystal

investigated by X-ray diffraction studies was checked by Raman
spectroscopy to confirm that its composition was identical to

(34) Sheldrick, G. MSHELXTL PLUS An Integrated System for.8d,

Refining, and Displaying Structures from Diffraction Daténiversity that of the bulk sample. ) ) _
of Guttingen: Gatingen, Germany, 1987. The crystal data are summarized in Table 1 (see also Figure
(35) Nardelli, M.Comput. Chem1993 7, 95. 2). The MeN*HPR;~ crystallizes in the tetragonal space group

(36) More details about the crystal structure are available at the Fachin-
formationszentrum Karlsruhe, Gesellschétftfissenschaftlich-tech-
nische Information mbH, D-76344 Eggenstein-Leopoldshafen, under
the number CSD-408130 for s8,"Sbk~, or CSD-408129 for (42) McFarlane, W.; Nixon, J. F.; Swain, J. Rol. Phys.197Q 19, 141.

P4/nmmwith two formula units per unit cell. For the data

MesNTHPFs™, respectively. (43) Cowley, A. H.; Wisian, P. J.; Sanchez, Morg. Chem.1977, 16,
(37) Hartl, H.; Nowicki, J.; Minkwitz, RAngew. Chem1991, 103 311; 1451.

Angew. Chem., Int. Ed. Engl991, 30, 328. (44) Riesel, L.; Kant, MZ. Chem.1984 24, 382.
(38) Minkwitz, R.; Kornath, A.; Lennhoff, D.; Preut, HZ. Anorg. Allg. (45) Lindemann, D.; Riesel, LZ. Anorg. Allg. Chem1992 615, 66.

Chem.1994 620, 509. (46) Christe, K. O.; Dixon, D. A.; Sanders, J. C. P.; Schrobilgen, G. J,;
(39) Minkwitz, R.; Kornath, A.; Krause, R.; Preut, A. Anorg. Allg. Chem. Wilson, W. W.J. Am. Chem. S0d.994 116, 2850.

1994 620, 632. (47) Christe, K. O.; Dixon, D. A.; Sanders, J. C. P.; Schrobilgen, G. J.;
(40) Nixon, J. F.; Swain, J. Rnorg. Nucl. Chem. Lett1969 5, 295. Wilson, W. W. Inorg. Chem.1994 33, 4911.

(41) Nixon, J. F.; Swain, J. Rl. Chem. Soc. A97Q 2075. (48) Minkwitz, R.; Liedtke, A.Z. Naturforsch. BL989 44B 679.
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equal F atoms arranged in the equatorial positi{fP{ Feq) =
1.595(6) A) and one axial PFax bond with 1.594(9) A. The
electron density map indicates aH bond strictly in the axial
direction. The P-H distance of 1.5(2) A is of rather poor
accuracy. However, because it is difficult to determine hydro-
gen atoms, we repeated the X-ray measurements on two other
crystals, but the results were quite the same. Refinements of
the structures with a fixed distance of 1.4 A for R, which is
common for P-H bonds3®! showed no significant influence
on the P-F distances. Thus, we are confident in determining
correct geometrical parameters for the;Bkeleton. The crystal
packing contains no interionic distances shorter than the van
der Waals radii.

Cis- and Trans-Effect. Mutual ligand interaction effects in
monosubstitutegy-octahedral complexes have been the subject

Figure 2. Asymmetric part of the unit cell of Mé\"HPF;~. Thermal of several studie®. >3 Shustorovich and Buslaev proposed a
ellipsoids are drawn at the 50% probability level. Summetry transfor- qualitative model to predict such effects, and they introduced
mations: (a) 0.5~ y, X, z (b) —x, 0.5+ y, —z (c) 0.5+ y, 0.5+ X, the termstrans- and cis-effect>* The cis-effect dominates in
=z (d)15-y,xz(e)15+x1-y1-zf1l-y —Xx1-7 the case of a central atom in its highest oxidation state (formally
©@2-y05+x -z (") 05+x 15+y, -z () x 05—y, 1+ preserving nas? lone pair) if the substituting ligand causes a
ZMO15-y15-x1+z strengthening of the axial bond at the expense of a weakening
Table 3. Bond Lengths (A) and Selected Angles (deg) for of the equatorial bonds. The ternmans-effect is used for the
(CH3)sN*HPRs~ 2 opposite case. Following the general considerations of Shus-
P(1)-F(1) 1.595(6) C(1N(D) 1.486(8) torovich and Buslaev the effect should be large for molecules
P(1)-F(2) 1.594(9) C(LFH(2) 1.07(6) with large differences in the donor ability of the ligands. Such
P(1)-H(1) 1.5(2) C(1H(3) 0.82(9) a case is given in the HBFion. Applying the qualitative model

. _ of Shustorovich and Buslaev, the hydrogen ligand should cause
,EEB _F,;((ll))__';((ll?) 13?:??5()1 ) ggjﬁﬁg_gﬁgg }83'_8% acis-effect. This was supported by Christe et al., who predicted
F(1)-P(1)-F(1c) 89.98(1) C(LFN(1)-C(1f) 109.7(3) r(P—Fa) = 1.628 A andr(P—Fe = 1.649 A on the basis of
F(1)-P(1)-F(2) 88.8(2) C(1dyN(1)—C(le) 109.7(3) ab initio calculationd! However, the X-ray diffraction studies

F(1)-P(1)-H(1) 91.2(2)  C(1dyN(1)-C(1f)  109.0(7) show no significantly different PF distances, and the prediction
F2)~-P(1)-H(D) 180.00(2) ~ C(1eyN(1)—-C(1)  109.7(3) can be neither confirmed nor rejected, since the effect is too
a Symmetry transformations: (a) 0:5y, X, z, (b) 0.5— %, 0.5, small to be determined beyond doubt. Furthermore, the effect
zZ(€)y,05-%z (d)y+051-x1-2()15-%x05-yz can be overlaid by thsite-effect in the crystal which is imposed
H1l-yx-051-z on the HPE~ anion by the crystal field, which is clearly evident
from the band splitting of the PH stretching vibration.
reduction, a semiempirical correction determined frprscan Another effect, which is confirmed by the X-ray study, is

data and structure solution and refinement programs in the the slight but significant compression of thgFP—Feq bond

SHELXTL package and PARST were us¥d® The tetra-  angle, which indicates that the effective repulsion from the

methylammonium skeleton NGand the PFfragment of the  hydrogen is somewhat larger than that from the fluorine ligand.

anion were found by direct methods. The H atoms were found Acknowledament. This work was supported by the Deutsche

in the difference Fourier synthesis after anisotropic refinement E h gment. haft PP y

of the heavier atoms. The final refinement was carried out ' ' > Ungsgemeinscnait.

without any constrained €H and P-H bonds3® _ Supporting Irjformation Availabl_e: Lis_tings of crystal data and
The bond lengths and angles of the anion and cation are intensity collection parameters, anisotropic t_her_mal para_me?ers_, and all

summarized in Table 3. The GNkeleton of the cation has an bond Iengt?s an(:lhan?jles (9 pages). Ordering information is given on

almost ideal tetrahedral symmetry with—@Gl bond lengths any current masthead page.

(1.486(8) A) which are normal for the M+ ion49% The IC971252C

anion has a slightly distortegl-octahedral symmetry with four

(51) Appleton, T. G.; Clark, H. C.; Manzer, L. Eoord. Chem. Re 1973
10, 335.
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