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Synthesis and Characterization of the trans-IOi^s' Diamon 

Jerry A. Boatz,' William J. Casteel, Jr.,* Karl O. Christe/^* * David A. Dixon/ Michael 

Gerken,*'*^ Robert Z. Gnann,* Helene P. A. Mercier, * and Gary J. Schrobilgen,* * 

Contiihution from the Loker Hydrocarbon Research Institute, University of Southern California, 

University Park, Los Angeles, California 90089, Air Force Research Laboratory, Edwards Air 

Force Base, California 93524, Department of Chemistiy, McMaster University, Hamilton, Ontario 

L8S 4M1, Canada, and Fundamental Sciences Division, Pacific Northwest National Laboratory, 

Richland, Washington 99352 

Abstract 

■The combination of CH3CN solutions of [N(CH3)4][F] and a mixture of cis- and trans- 

[N(CH3)4][I02F4] produces the novel trans-102F5^' anion. Under the given conditions, only the 

ti-ans-IOiF^ anion acts as a fluoride ion acceptor, thus allowing the separation of isomerically pure, 

soluble cis-102Fi from insoluble tran.s-102F5^'. The trans-l02F5^' and ci^-I02F4" anions were 

characterized by infrared and Raman spectroscopy and theoretical calculations at the LDFT and 

HF levels of theory. The trans-102F5^' anion has a pentagonal-bipyramidal geometry with the two 

oxygen atoms occupying the axial positions. It represents the first example of a heptacoordinated 

main group AO2X5 species and completes the series of pentagonal-bipyramidal iodine fluoride and 

9 9 9 
oxofluoride species. The geometries of the pentagonal-bipyramidal series IO2F5', IOF5 ", IF5 ", 

lOFe", TFe, and IF?, and the corresponding octahedral series IO2F4', IOF4", IF4", IOF5, IF5, and IFe* 

were calculated by identical methods. It is shown how the ionic charge, the oxidation state of the 

central atom, the coordination number, and the replacement of fluorine ligands by either an oxygen 

ligand or a free valence electron pair influence the stuctures and bonding of these species. 
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Introduction 

Main-group fluorides and oxofluorides offer a unique opportunity to study high 

coordination numbers, the steric influence and relative repulsion effects of fluorine, oxygen and 

sterically active free valence electron pairs, and fluxionality. Of particular interest in this respect is 

the coordination number seven. Although heptacoordinated species can exist in three different 

conformations of similar energy, i. e., either as a monocapped octahedron, a monocapped trigonal 

prism, or a pentagonal bipyramid,^'^ main group elements generally prefer pentagonal bipyramidal 

structures^''* since this geometry results in a better overiap of the ligand orbitals with the 5' and p 

orbitals of the central atom. As part of our systematic studies of heptacoordination, the structures of 

main group AF5XY species have been studied where X and Y represent either fluorine or oxygen 

ligands or sterically active free valence electron pairs (E).^'^"-"* Structures for all members of this 

series have been established, except for the AO2F5 case. In this paper, the preparation and structure 

of the lOaFs^" dianion, the first example of a main-group AO2F5 species, is reported. 

Experimental 

Materials and Apparatus. All volatile materials were handled in either a Pyrex vacuum 

line equipped with Kontes or J. Young glass-Teflon valves or a stainless steel, Teflon-FEP 

vacuum line.'^ Nonvolatile materials were handled in the dry nitrogen atmosphere of a glove 

box. 

The solvents, CH3CN (Baker, HPLC Grade) and anhydrous HP (Harshav/) v/ere dried by 

storage over P2O5 and BiFs,^^ respectively, and distilled prior to their use. The syntheses of 

[N(CH3)4][F]^'^ and lOiFs^^ have been described previously. 

Preparation of [N(CH3)4][104]. Tetramethylammonium metaperiodate, [N(CH3)4][I04], 

was prepared either by a literature method^^ or by the following metathesis reaction. 

Approximately 30 mL of a 0.76 M aqueous solution of [N(CH3)4][C1] (Fluka Chemika, 98%) 



(22.80 mmol) was slowly added, with stirring, to 40 mL of aqueous [Na][I04] (Matheson Coleman 

& Bell, 99.8%) (22.77 mmol). A white precipitate formed almost immediately and the resulting 

mixture was stirred in an ice water bath for 30 min. The [N(CH3)4][I04] precipitate was filtered 

off, washed with ice cold water, and dried for 15 h at 88 °C in a d}'namic vacuum. [N(CH3)4][I04] 

was obtained in a yield of 53.7 % (3.2643 g). Infrared and Raman spectroscopy of the product 

showed no detectable amounts of water. 

Preparation of [N(CH3)4][I02F4]. Tetramethylammonium tetrafluoroperiodate was 

prepared by analogy with a previously published^" method. In the drybox, [N(CH3)4][I04] (2.995 

mmol) was loaded into a 20 cm long, Vi-in. o.d. Teflon-FEP tube that was closed by a Kel-F valve. 

On the metal line, anhydrous HF (3.4 mL) was distilled onto the [N(CH3)4][I04]. The mixture was 

allowed-to warm to room temperature, giving a coloriess solution, and agitated for 3 days on a 

mechanical shaker. The HF and H2O were pumped off between 0 °C and 45 °C for 14 h. Fresh 

anhydrous HF was distilled onto the sample and the tube was agitated for an additional 2 days, 

followed by removal of the solvent in a dynamic vacuum to give [N(CH3)4][I02F4] in 96.8% yield 

in the form of a white, crystalline solid. The purity was verified by its low-temperature Raman 

spectrum, which showed the presence of a mixture of [N(CH3)4][c/5-I02F4] and []Si(Cii3)A][trans- 

IO2F4] (CW-I02F4-: 207 (3), 235 (<0.5), 330 (35), 366 sh, 394 (19), V4(Ai); 560 (24), V3(Ai); 610 

(74), V2(Ai); 847 (75), vi(A,); and 870 (13), 880 sh, cm"\ v 12(62); trans-102t'4: 251 (5), V6(B2g); 

380 (41), vgOEg); 560 (24), VsCBig); 571 (65), v2(Aig); and 813 (100) cm-\ v i(Aig)). Fluorine-19 

NMR spectroscopy of [N(CH3)4][I02F4] in HF solution indicated an approximate cis- to trans- 

isomer ratio of 70:30. 

Alternatively, [N(CH3)4][I02F4] was prepared from IO2F3 and [N(CH3)4][F]. In a typical 

synthesis, IO2F3 (10.774 mmol) was condensed into a 3/8-in. o.d. Teflon-FEP reaction tube 

equipped with a Kel-F valve, and 5 mL of anhydrous HF was condensed onto the solid at -196 



°C. The IO2F3 completely dissolved upon wanning to room temperature and agitation. The 

solution was transferred into a drybox and frozen in a -196 °C cold well, and [N(CH3)4][F] 

(11.050 mmol) was added. The reactor was removed from the drybox and wanned to room 

temperature resulting in a colorless solution. Removal of the HF for several hours in a dynamic 

vacuum gave colorless, friable, microcystalline [N(CH3)4][I02F4] (10.854 mmol). Its purity was 

established by Raman spectroscopy. CAUTION: The condensation of IO2F3 onto frozen 

CH3CN solutions can result in detonations when the mixtures are warmed to the melting 

point of the solvent and must be avoided. 

Preparation of [N(CH3)4]2[I02F5]. Inside the drybox, [N(CH3)4][I02F4] (1.853 mmol) 

was added to one arm of a flamed-out, H-shaped glass reaction vessel equipped with a Young 

valve on each side and one separating the two arms. A stoichiometric amount of [N(CH3)4][F] 

(1.882 mmol) was added to the other arm of the reaction vessel. Anhydrous CH3CN was 

condensed at -196 °C into both arms, and the reactor was warmed to -30 °C . The CH3C]Sr solution 

of [N(CH3)4][F] was transferred into the ann of the reaction vessel containing the [N(CH3)4][I02F4] 

solution. The mixture was stirred at -30 °C for 2 h using a magnetic stir bar. The CH3CN solvent 

was pumped off over a period of 16 h while slowly warming from -30 to 0 °C, yielding 0.7970 g of 

a fine, white powder consisting of [N(CH3)4]2[I02F5], [N(CH3)4][F], and [N(CH3)4][a5-I02F4]. 

Inside the drybox, part of the above described [N(CH3)4]2[I02F5] / [N(CH3)4][F] / 

[N(CH3)4][cf.s-I02F4] mixture (0.3433 g) was loaded into one aim of the H-shaped reaction vessel. 

Anhydrous CH3CN was distilled onto the mixture in a static vacuum at -196 °C. The mixture was 

allowed to warm to -20 °C, was agitated, and then allowed to settle. After 2 h, the CH3CN solution 

was decanted into the other arm of the reaction vessel, and the solvent was distilled back onto the 

solid residue. Washing of the solid Was repeated ten more times before the CH3CN solvent was 



pumped off on the glass vacuum line for 12 h while warming from -30 to 25 °C to yield 0.1382 g 

of a fine, white powder that consisted, based on its weight and vibrational spectra, of 75 weight % 

[N(CH3)4]2[I02F5] and 25 weight % [N(CH3)4][cis-lOi^^]• 

Alternatively, a previously described Teflon-FEP metathesis apparatus^^ was loaded in the 

dry box with [N(CH3)4][F] (2.58 mmol) and [N(CH3)4][I02F4] (2.01 mmol). On a glass vacuum 

line, approximately 10 mL CH3CN was condensed onto the solid at -196 °C. After melting of the 

CH3CN solvent at -31 °C, the reaction mixture was kept at -31 °C for 2 h and periodically stirred 

resulting in the formation of copious am.ounts of white solid. The apparatus was inverted and the 

reaction mixture was quickly pressure filtered, followed by removal of the CH3CN in a dynamic 

vacuum at ambient temperature. Inside the dry box, the apparatus was disassembled and 0.550 g of 

a white solid from the filter cake (containing [N(CH3)4]2[I02F5], [N(CH3)4][cw-I02F4], and trace 

amounts of [NiCH3)4Ktrans-102FS and 0.250 g of a white filtrate residue, containing 

[N(CH3)4][F] and isomerically pure [N(CH3)4][cz>-I02F4], were collected. 

In another modification, clear solutions of [N(CH3)4][F] (2.90 mmol) in 15 mL CH3CN and 

[N(CH3)4][I02F4] (2.04 mmol) in 7 mL CH3CN were combined inside a dry box in a 100 mL 

Teflon bottle. Instantaneously, a copious white precipitate formed that was pressure-filtered 

through a Teflon filter (Fall Corp). The white filtercake was transferred into a %" o.d. Teflon 

ampoule equipped with a stainless steel valve and pumped to dryness for 2 h at ambient 

temperature. Vibrational spectroscopy of the filtercake showed the presence of [N(CH3)4]2|I02F5], 

1TS[(CH3)4] [CZ5-I02F4], and trace amounts of [N(CH3)4] [trans-102¥4]). 

Raman Spectroscopy. The low-temperature spectra were recorded either with a Jobin- 

Yvon Model S-3000 spectrometer, using the 514.5 nm line of an Ar ion laser and an Olympus 

metallurgical microscope (model BHSM-L-2) for focusing the laser, a Gary Model 83GT with 

488 nm excitation from an Ar ion laser, or a Spex Model 1403 with 647.1 nm excitation from a 



Kr ion laser. Spectra were recorded at low temperature using microcrystalline samples of 

[N(CH3)4]2[I02F5] / [N(CH3)4][cf,y-I02F4] sealed in Pyrex melting point capillaries. 

Theoretical Calculations. Electronic structure calculations were done at the local 

density functional theory (LDFT)^^'^^ and the Hartree-Fock (HF) level.^^ The LDFT calculations 

were done with a polarized valence double q basis set (DZVP).^' The HF calculations were 

done with a polarized valence double c, basis set augmented by diffuse functions^ on O and F 

and a polarized valence double q basis set on I with an effective core potential. Geometnes 

were optimized and second derivatives were calculated at the optimized geometries. The initial 

LDFT calculations vvere done with DGauss^^ (using the Al charge fitting basis set) and the final 

LDFT and HF calculations were done with Gaussian 98.^^ The second derivatives were 

analyzed by using the program BMATRIX developed by Komomicki.^° Raman intensities were 

determined analytically at the HF level and numerically at the LDFT level. Because we did not 

use a large basis set with diffuse functions to get accurate polarizabilities, the Ramati intensities 

provide only qualitative information. 

Results and Discussion 

Synthesis of [N(CH3)4][I02F4]. The N(CH3)4^ salt of the known IO2F4' anion was 

prepared by two synthetic routes. In analogy to the reported preparation of [Cs][I02F4], a nuxture 

of cis- and trans- [N(CH3)4][I02F4] in a 7 : 3 isomer ratio was obtained from [N(CH3)4][I04] upon 

repeated treatments with a large excess of anhydrous HF (eq(l)). 

HF 
[N(CH3)4][I04] + 4HF ►    [N(CH3)4][I02F4] + 2H2O (1) 

Altematively, [N(CH3)4][I02F4] was synthesized by the reaction of IO2F3 with [N(CH3)4][F] in 



CHsCN solution (eq (2)). 

[N(CH3)4][F] + IO2F3        ^^^ ► [N(CH3)4][I02F4] (2) 

Synthesis of [N(CH3)4]2[I02F5]. A mixture of cis- and trans- [N(CH3)4][Ip2F4] was 

allowed to react with one mole equivalent of [N(CH3)4][F] in CH3CN either at -30 °C or at ambient 

temperature. The solvent was pumped off in a dynamic vacuum, yielding a white product 

consisting of \NiCH^\]2[trans-102F5] and [N(CH3)4][czi'-I02F4]. The reaction was also carried out 

in CHF3 solution at 0 °C, but is less convenient due to the high vapor pressure of the solvent and 

the presence of some unreacted [!<liCH3)4][trans-l02F4] in the product. These results show that 

under the given reaction conditions only trans-lOiW reacts with F, yielding the trans-102F5' 

anion according to eq. (3). 

CH3CN or CHF3 
[N(CH3)4][ft-an^-I02F4] + [N(CH3)4][F]       ►    maii)A]2[trans-l02Vs\   (3) 

The observation that exclusively the trans-lO:?^ ion reacts with the F ion can be 

rationalized by kindtic effects. Because the oxygen double bond domains are larger and more 

repulsive than those of the fluorine single bonds,^'^' the F ion approaches the IO2F4' ion in the 

direction of the least repulsion, i.e., through a triangular F3 face in cf5'-I02F4~, and through an F2O 

face in trans-lO'^i. In the latter case, the additional fluorine ligand can easily slip into the existing 

equatorial fluorine belt, resulting directiy in the energetically favored trans-lOiPs structure of Dsk 

symmetry. In the case of cJ5'-I02F4", however, the analogous approach results in an intermediate 

structure that cannot easily rearrange to Dsh symmetry without the kinetically unfavorable, 

complete breakage and reformation of an I-F bond. This type of argument can also explain the lack 

of easy cis/trans-homenzs&on in pseudo-octahedral species, such as IO2F4", and the ease of this 

isomerization in pseudo trigonal-bipyramidal species thi-ough a Berry pseudorotation mechanism. 

Although most of the unreacted [N(CH3)4][ci5'-I02F4] salt can be extracted from the 
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product mixture using CH3CN, not all of the [N(CH3)4][cw-I02F4] was removed even after 

numerous washings. Removal of the solvent from the washings afforded isoraerically pure 

[N(CH3)4][m-I02F4], containing only some [N(CH3)4][F], as shown by infrared spectroscopy. 

Although isomerically pure trans-lOzFf had previously been prepared,^'' this procedure represents 

the first isolation of isomerically pure cz5-I02F4~- 

Attempts to grow single crystals of [N(CH3)4][CJ5-I02F4] from the CH3CN extract of the 

crude [N(CH3)4]2[I02F5] / [N(CH3)4][cw-I02F4] / [N(CH3)4][F] reaction product yielded crystals of 

[N(CH3)4]2[I02F2][HF2] instead.^'' The reducing agent required for the reduction of I(Vn)02F4" to 

I(V)02F2" is most likely CH3CN. Tetramethylammonium fluoride may play a crucial role in this 

reduction because it is known to readily abstract a proton from CH3CN yielding the CH2CN' 

•       17 anion. 

Vibrational Spectra and Structure of the trans-lO^Fs^' Anion. The Raman spectrum of 

[N(CH3)4]2[I02F5] containing about 25 weight % of [N(CH3)4][cw-I02F4] is shown in Figure 1. 

The observed vibrational frequencies for I02F5^" and their assignments based on the theoretical 

calculations are summarized in Table 1. After subtraction of the bands belonging to the N(CH3)4* 

cation,^^ the CW-IO2F4" anion, and trace amounts of CH3CN, four new Raman bands at 789, 517, 

395, and 368 cm"^ and four new infrared bands at 847, 490, 390, and 330 cm'' remain that can be 

assigned to the novel pentagonal-bipyramidal I02F5^" anion of Dsh symmetry with the oxygen 

atoms in the two axial positions (see Figure 2). 

A total of 18 vibrational m.odes are expected for the I02F5^~ anion of Dyn sym^m.etry which 

span the irreducible representations F = 2Ai' + 3Ei' + 2E2' + 2A2" + E/' + E2". Of the resulting 11 

fundamental vibra:tions, five are Raman active (2A/, 2E2', and Ei")> five are infrared active (2A2" 

and 3Ei'), and the E2" mode is inactive. Of the expected five Raman and five infrared active 

vibrations, four were observed in each spectrum. The Raman band at 789 and the infrared band at 

847 cm"' represent the symmetric (vi(A]0) and antisymmetric (v3(A2")) stretching modes of the 

axial IO2 unit, respectively. Their large frequency separation and mutual exclusion establish 

beyond doubt the linearity, i.e., the fz-an^-configuration, of the O-I-O group. For the cis- 



configuration and the monocapped octahedral and monocapped trigonal prismatic geometries, the 

symmetric and the antisymmetric IO2 stretching modes would be both Raman and infrared active. 

This conclusion is further supported by a comparison with the spectra of trans-lOiFA' m its 

N(CH3)/ salt, where the mutually exclusive IO2 stretching modes were observed at 813 and 880 

cm''?° The observed decreases in frequency from IO2F4" to lOiFs^" are consistent with the greater 

I-O bond polarity in the lOiFs^" anion resulting from the increased negative formal charge in the 

dianion (see below). 

Similariy, the Raman band at 517 cm"\ which corresponds to the symmetric stretching 

mode, V2(Ai'), of the five equatorial I-F bonds, is considerably lower in frequency than the 

corresponding band found at 571 cm"^ for the four I-F bonds in trans-lOzI'i. The second Raman 

active IF5 stretching mode, V9(E2'), was not observed because of its low intensity and interference 

with the 457 cm'^ band of NCCHs)/. The infrared active antisymmetric IF5 stretching mode, 

V5(Ei'), was observed as a very strong IR band at 490 cm"\ in accord with the predicted frequency 

and intensity values. The Raman band at 368 cm'^ is assigned to the IO2 rocking mode, vgOEi"), of 

lOjFs^", in accord with its predicted frequency and high Raman intensity. "'^^ The only remaining 

Raman band occurs at 395 cm'\ in excellent agreement with the frequency predictions for the IF5 

scissoring mode, vio(E2')- Of the three expected infrared active deformation modes, the IO2 

scissoring mode, veCEi'), and the IF5 umbrella deformation mode, V4(A"), were observed at the 

expected frequencies. The remaining antisymmetric IF5 in plane deformation mode, VTCE/), was 

not observed because of its low frequency and predicted near zero infrared intensity. The observed 

vibrational spectra are in excellent agreement with the qualitative predictions and calculated 

frequencies for trans-lOiPs^' of Dsh symmetry and confirm the existence and symmetry of this 

novel anion beyond doubt. 

The pentagonal-bipyramidal Dsh geometry of I02F5^" is in accord with the VSEPR models^ 

and with the structures previously established for JFs^' and I0F5^".'°'^^ All three anions possess a 

pentagonal IF5 plane with the two axial positions occupied by free valence electron pairs or oxygen 

atoms. This is in accord with the doubly bonded oxygen and the free valence electron pair domains 



being more repulsive than those of the fluorine ligands^ and, therefore, occupying the less crowded 

axial positions. In this manner, they achieve maximum avoidance. 

It is interesting to examine the frequency trends for the pentagonal planar IF5 group within 

the IF7, lOFe", lOaFs^", lOFs^', and IFs^" series. In the isoelectronic IF?, lOFe", and I02F5^" sequence, 

the oxidation state of iodine remains the same (+VII), whereas the axial fluorine ligands are 

stepwise replaced by formally negatively charged O ligands thereby increasing the overall negative 

charges. Tn the lOaFs^", lOFs^', and IFs^' sequence, the axial oxygen ligands are stepwise replaced 

by free valence electron pairs, causing a stepwise reduction of the iodine oxidation state from +VII 

to+111. 

As shown in Table 2, the IF5 stretching modes are most strongly influenced by the ionic 

charges and the resulting polarity of the I-F bonds, and to a lesser extent by the replacement of 

oxygen by a free valence electron pair. Similariy, the IF5 in-plane deformation frequencies 

decrease with an increase in the ionic charge, but change only little upon replacement of an oxygen 

ligand by a free valence electron pair, especially for the replacement of the second oxygen atom by 

a free valence electron pair. The out-of-plane deformation modes change much less. Apparenfly, 

the lengthening and weakening of the I-F bonds by their increasing polarity is counteracted by the 

increased repulsion resulting from the replacement of an axial fluorine ligand by either a more 

repelling oxygen ligand or an iodine free valence electron pair. 

Although no main group Dsh AO2X5 species had previously been reported, the crystal 

stmcture^^ and infrared spectrum?'' of pentagonal-bipyramidal UOaFs^' were published in 1954 and 
■20 

1968, respectively. A comparison of the vibrational frequencies and assignments listed for 

UOaFs^" with those of traiis-lOJPs^' casts serious doubts on the published vibrational analysis of 

UOiFs^". Particulariy disturbifig are the high frequencies attributed to the U-F stretching modes in 

this trianion. 

Vibrational Spectra of [N(CH3)4][cw-I02F4]. The availability of isomerically pure 

[N(CH3)4][cf5'-I02F4], of previous data for the isomerically impure cesium salt,^° and of calculated 

frequencies and intensities permitted conclusive assignments for this anion (see Table 3). With the 
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exception of ve and V15, which based on the theoretical predictions have vanishing infrared and 

Raman intensities, all fundamental vibrations can be assigned to the experimentally obsei-ved 

fi-equencies, assuming double coincidences forvs /vu and vy /vn , respectively. This assumption is 

supported by the theoretical calculations which predict that their frequencies are almost identical. 

The observed spectra are in accord with the theoretical predictions and those of the closely related 

a5-Os02F4 molecule^^ which exhibits a very similar spectrum. The following geometry was 

calculated for CW-IO2F4" at the HF/ECP/DZVP level of theory: I-O 1.731 A; I-Fax = 1.843 A; I-Feq 

= 1.856 A; O-I-O =104.4 °; 0-I-Fax = 95.3 °; 0-I-Feq = 89.3 °; Feq-I-Feq = 77.0 °; with the energy of 

the cw-isomer being 3.3 kcal/mol, 2.3 kcal/mol, and 1.8 kcal/mol higher than that of thetrans- 

isomer at the HF/ECP, NLDFT, and LDFT levels of theory, respectively. The 1-0 and I-F bond 

lengths in the cw-isomer are very similar to those (T-O = 1.731 A and I-F = 1.855 A) of the trans- 

isomer at the same level of theory. 

Theoretical Calculations 

Normal Coordinate Analysis of trans-IOzFs^'- Because doubly charged anions, such as 

lOaFs^", exhibit only very little solubility in common solvents and, in solution, revert to the singly 

charged anions and free fluoride, it was not possible to grow single crystals for x-ray diffraction. 

Therefore, theoretical calculations of the vibrational frequencies and intensities and their fit with 

the observed spectra were used to determine the structure of I02F5^" and to evaluate the stuctural 

trends resultino^ from changes in the form.al ionic charge, the oxidation state and coordination 

number (CN) of iodine, and the replacement of of an oxygen ligand by either a free valence 

electron pair or a fluorine ligand. Because our previous work had shown that for closely related 

iodine and xenon compounds HF/ECP/DZVP and LDFT/DZVP calculations, after appropriate 

scaling, approximate the experimental values quite well, the same approach was chosen for the 

present study. 

As shown in Table 1, the agreement between the observed and calculated frequencies and 

intensities is good for lOaFs^', thus confirming its D.^ geometry (see Figure 2). Based on a general 
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comparison of calculated and experimental geometries for the closely related six-coordinated series 
9 9 7 

IO2F4", IOF4', IF4", IOF5, IF5, and We*' and the seven-coordinated series IO2F5", IOF5", IF5 ", lOFe", 

IFg', and IF7 (see Figures 3 and 4, respectively), the following bond lengths are predicted for trans- 

lOzF,-^': ri.F= 1.97 A and ri.o= 1-78 A (see Table 4). 

In view of the importance of the vibrational spectra for the identification of the novel 

tmns-IOiVs^' anion, a normal coordinate analysis was carried out using the scaled LDFT/DZVP 

frequencies from Table 1. The results are summarized in Table 5 and confirm the assignments and 

approximate mode descriptions given in Table 1. As can be seen from the Potential Energy 

Distribution (FED) in Table 5, all modes are highly characteristic, except for ve and v? which are 

symmetric and antisymmetric combinations, respectively, of the IO2 scissoring and the IF5 

antisymmetric in plane deformation motions. The I-O and I-F stretching force constants have 

values of about 5.64 mdyn/A and 2.42 mdyn/A, respectively, and correlate well with the predicted 

bond distances. 

Analysis of cis-lOJFs^'. The stability of cw-isomers of lOzFs^' was also explored 

computationally at the LDFT/dzvp level of theory. Only one stable isomer was found which is 

shown in Figure 5. It possesses one axial and one equatorial oxygen atom and is 19.6 kcal/mol 

higher in energy than the tmns-isomov. The equatorial oxygen ligand requires more space than the 

fluorine ligands and is displaced from the equatorial plane by about 20 °. This displacement causes 

a tilt of the adjacent axial fluorine ligand by about 14 °. The remaining FaxIF4 fragment of the ion is 

part of an alm-ost perfect pentagonal bipyramid. The geom.etr}' and unsealed vibrational frequencies 

of the m-isomer of I02F5^" are summarized in Table 6. The poor correspondence between 

calculated and observed frequencies and intensities rules out the possibility of assigning the 

observed spectra to the trans-isom&r. 

General Trends. Figures 3 and 4 also allow us to study the influence of the coordination 

number and oxidation state of iodine and of the ionic charge on the structures of these species. 

Because the HF/ECP/DZVP bond lengths approximate the experimental values better than the 

LDFT/DZVP results, the former values were used. In spite of IFe' having in its N(CH3)4* salt a 

12 



monocapped octahedral structure,''^ a pseudopentagonal-bipyramidal structure was used for our 

study to allow a better comparison with the other members of this series. This is not unreasonable 

because the three possible structures, a monocapped octahedron, a pentagonal bipyramid, and a 

monocapped trigonal prism are very close in energy, ' 

An analysis of these figures reveals the following effects. 

(i): The hexa- and hepta-coordinated compounds exhibit similar general trends, except for 

the bonds in the hepta-coordinated compounds being longer than those in the hexa-coordinated 

ones. Whereas this difference is very pronounced for the equatorial iodine-fluorine bonds (-8-10 

pm), it is much smaller (-1-2 pm) for the other bonds. Because in these two series the equatorial 

fluorine ligands preferentially form semi-ionic, multi-center bonds,^■'^^"'*^ they are much more 

susceptible to changes induced by hypervalency and increased bond ionicity. 

(ii): The equatorial I-F bond lengths are most strongly influenced by the ionic charges of 

the ions and the oxidation state of the centi-al iodine atom (see Figure 6), This is not surprising in 

view of.Statement (i), because both, an increased negative charge and a reduced effective 

electronegativity of the central atom, increase the ionicity of the equatorial I-F bonds. 

(iii): The axial I-F bonds are predominantly covalent and, therefore, similar in the hexa- 

and hepta-coordinated species. They also gain substantial ionicity from an increase in the ion 

charge (see Figure 7). 

(iv): The axial I-O bonds are also similar in the hexa- and hepta-coordinated species, but 

are m-uch less influenced by changes in either the ion charge or the oxidation state of the central 

atom (see Figure 8). 

(v): As one might expect, the replacement of axial fluorine ligands by less electron 

withdrawing oxygen ligands and the replacement of oxygen ligands by electron feeding free 

valence electron pairs both decrease the effective electronegativity of the central atom and, thereby, 

increase the ionicity of the remaining I-F bonds. However, because these changes always go hand- 

in-hand with changes in the ion charge and the oxidation state of the central atom, they cannot be 

assessed independently in a more quantitative manner. The combination of these effects causes 

13 



IFe", with a positive ion charge, an iodine oxidation state of (VE), a CN of six, and no oxygen 

ligands or free iodine valence electron pairs, to exhibit the shortest I-F bond (1.75 A), while IF5', 

with two negative ion charges, an iodine oxidation state of (El), a CN of seven, and two free iodine 

valence electron pairs, has the longest I-F bonds of 2.095 A. This wide range in the I-F bond 

lengths is quite remarkable. • 

(vi): The 0-I-F bond angles in IOF4" and lOFs^', which contain one oxygen atom and one 

free valence electron pair in the two axial positions, provide information concerning the relative 

repulsion domains of doubly bonded oxygen and a sterically active free valence electron pair. In 

both ions, the 0-I-F angle is somewhat larger than 90 °, indicating that, in these compounds, the 

doubly bonded oxygen domain is slightly more repulsive than that of the free valence electron pair. 

(vii): The experimentally observed bond distances (see Figures 3 and 4) are in accord with 

the calculated trends except for the axial I-F bond reported for lOFs."*^ The reported electron 

diffraction data did not permit an ilnambiguous determination of this distance and a 

redetermination of this structure by x-ray crystallography or other methods is called for. In accord 

with a previous study," we predict that the axial bond length is about 1.815 A, close to that of the 

equatorial I-F bonds. 

(viii): The observed structures and bonding in these iodine fluorides and 

oxofluorides are in accord with previously proposed bonding models. ' Based on these models, the 

oxygen-iodine a-bonds and the free valence electron pairs of iodine seek high i' character by 

utilizing 5p" orbitals of the iodine atom, while the remaining fluorine ligands preferentially form, 

highly ionic, multi-center bonds.^'^''^^"^ 

Conclusions 

The fluoride ion acceptor properties of cis-l02pi and trans-lOzFi have been studied. 

Because of an expected large activation energy barrier in a d5'-I02F4' / F adduct toward 

rearrangement to the energetically favored Dsh trans-lOzFs'^' strucmre, only the trans-lOzP^' anion 

acts as a fluoride ion acceptor. The resulting novel trans-lOzPs'^' anion has been isolated and 

characterized, and is presently the only known main-group AO2F5"" species. Based on its 

14 



vibrational spectra and electronic structure calculations, the I02F5^" anion has the pentagonal- 

bipyramidal geometry preferred by main-group fluorides and oxofluorides with CN 7. An analysis 

of the calculated structures of six- and seven-coordinate iodine fluorides and oxofluorides reveals 

systematic trends that are dominated by changes in the ionicity of the I-F bonds due to the formal 

ionic chai-ges of the species and the oxidation states of the central atom. 
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Table 4. Calculated Unsealed and Predicted Geometries for lOaFs^" 

HF/ECP/DZVP LDFT/DZYP predicted 

R(I-F),A 1.948 2.057 1.97 

R(I-0),A 1.751 1.824 1.78 

ZF-I-0,deg 90 90 90 

ZF-I-F,deg 72 72 72 

26 



Table 5.  Sym 
from the Scalec 

metry Force 
fLDFl/DZ 

cm"' 
calcd 

Constants' and Potential Energy Disti-ibution'' of Dsh lOjFs^" Calculated 
VP Second Derivatives 

freq 
obsd sym force constants PED 

Ai'       789 781 F„ = 5.74 

Fi2 = 0.128 

100(1) 

517 505 F22 = 2.86 100 (2) 

A2"       847 856 F33 = 5.54 

F34= 0.225 

. 95 (3) 

330 338 F44=1.70 100 (4) 

El'        490 537 F55 = 2.45 

F56 =-0.521 

F57 = 0.195 

90(5), 7(6), 2(8) 

390 389 F66 = 2.45 

F67 =-0.450 

78 (6), 21 (7) 

- 244 F77=1.18 58 (6), 41 (7) 

El"       368 340 Fgg = 0.947 100 (8) 

E2'     ■ - 449 F99 = 2.18 

F9,io= 0.194 

88(9), 12(10) 

395 393 Fio.io=2.11 84(10), 15(9) 

E2"       - 158 Fii,ii = 0.598 100(11) 
—                I.      A           —r-~~r 

Stretching constants in mdyn/A, deformation constants in mdynA/rad , and stretch-bend 

interactions constants in mdyn/rad. The force constants were scaled with the square of the scaling 

factors used for the corresponding frequencies.'' PED in percent; symmetry coordinates: Si = v sym 

IO2; S2 = V sym IF5; S3 = V asym IO2; S4 = 5 umbrella IF5; S5 = v asym IF5; Sg = 5 scissoring IO2 ; S7 

= 5 asymlFs in plane ; S8= 5 rockI02 ; S9 = v asym IF5 ; Sjo = 5 scissoring IF5; Sn = 5 puckering 

IF5. '      . 
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Table 6. Geometry and Unsealed Vibrational Frequencies (Infrared Intensities) of the cw-isomer of 
lOaFs^' Calculated at the LDFT/DZVP Level of Theory in Point Group Cs 

freq, cm'' (IR intens) geometry 

a'780.6 (123) R(I-02) 1.846 
734.5 (86) R(I-03) 1.830 
477.0 (135) R(I-F4) ,,   2.038 
439.4 (30) R(I-F5) 2.100 
422.3 (0.25) R(I-F7) 2.066 
372.9 (5.7) 

337.4 (66) Z(02-I-03) 110.0 

323.3 (37). Z(02-I-F4) 85.2 

303.9 (4.4) Z(02-I-F5) 78.0 

224.2 (0.03) Z(03-I-F5) 89.6 

91.3 (0) Z(03-I-F7) 91.2 

Z(F4-I-F5) 93.7 

a"455.5 (258) Z(F4-I-F7) 76.3 

423.0 (2.2) Z(F5-I-F7) 68.4 

367.9 (72) Z(F7-I-F8) 69.1 
350.3 (1.3) 
282.3 (0.08) 
205.7 (0.03) 
28.5 (0.08) 
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Diagram Captions 

Figure 1. The Raman spectrum of [N(CH3)4]2[I02F5] containing about 25 weiglit % of 

PsT(CH3)4][cw-I02F4], recorded at -113 °C using 514.5 nm excitation. The trans- 

lO-^s'', CW-IO2F4", and N(CH3)4 bands are indicated by ±, *, and • respectively. 

Figure 2. Z)5/i geometry of the ?ra725'-IO2F5 " anion. 

Figure 3. Geometries of the hexacoordinated IO2F4", IOF4', IF4',IOF5, IF5, and IFg* ions and 

molecules, calculated at the HF/ECP/DZVP level of theory. The calculated bond 

lengths and bond angles are given in bold and regular fonts, respectively, and the 

experimentally observed values are shown in brackets. 

Figur6^4. Geometries of the heptacoordinated I02F5^', lOFs^', IFs^", lOFe", IF6','and IF7 ions 

and molecules, calculated at the HF/ECP/DZVP level of theory. Tne calculated 

bond lengths and bond angles are given in bold and regular fonts, respectively, 

and the experimentally observed values are shown in brackets. 

Figure 5. Minimum energy structure of cis- loops'' calculated at the LDFT/DZVP level. 

Figure 6. Changes of the equatorial I-F bond lengths with increasing formal ion charge and 

decreasing oxidation state of the central iodine atom. The arrangement of the 

individual compounds is identical to those in Figures 3 and 4, and the italic and 

regular numbers represent the hexa- and hepta-coordinated species, respectively. 

Figure 7. Changes of the axial I-F bond lengths with increasing ion charge and decreasing 

oxidation state of the central iodine atom. Italic and regular font numbers 

represent the hexa- and hepta-coordinated species, respectively. 

Figure 8. Changes of the axial I-O bond lengths with increasing ion charge and decreasing 

oxidation state of the central iodine atom. Italic and regular font numbers repre- 
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sent the hexa- and hepta-coordinated species, respectively. 
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