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K. O. Christe
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Fluorine Chemistry, on the occasion of his retirement.

Abstract

" The solvent dependency of the °F NMR shifts of the fluoride anion in CH;O0H, H;0,
CH30CH3, CHCl3, CHCl,, CHF3, CH3CN CH3N02, (CH3),S0, and CH3COCH3 solutions was
studxed by theorencal calculations at the MP2/6- 31++G(d,p) and B3LYP/6-31++G(d,p) levels of ’
theory and compared to the expenmenta] values. | "

- Iti is shown that the free gaseous fluonde anion is most shie]ded The stepwise Build—up of
a solvatxon sphere was modeled for the F/nHzo system and results in a progresswe deshleldmg ,
of the F nucleus with an 1ncreasmg number of water hgands in the first solvation sphere
Theoretical calculations predict the first solvatxon sphere of F to be compnsed of six or seven
monodentate water molecules. The F~H bond distances increase 'fro“m 142 A 'in the
monohydrate to 1.69 ~'1.87 A and 1.82 A in the penta- and hexa-hydrates, respectively, and the

transfer of negative charge from F" to the water ligands reaches its maximum for the tetrahydrate.




" The wide range'df about 70 ppm ebserved for the chemical shift of F in 'diffexent solvents
and the order of deshielding are conﬁrmed by model calculatxons involving the mteracuon |
between F and a smgle solvent molecule Furthermore xt is shown that the deshielding observed
for dxfferent solvents does not correlate with the calculated binding ertergies between F and-the
corresponding solvent molecules, but parallels the increase in the calculated shielding gnisotropy
in the case of monodentate solvent-F adducts. Since the calculated'shielding anisotropy for the
monodentate adducts can be taken as a qualitative measure for the paramagnetic shielding, the
large solvent dependency of the F shifts is best explained by varying amounts of solvent induced
paramagneuc shielding. It is also shown that the preferred structure of the F CH;0H adduct
involves hydrogen bridging through the hydroxyl and not the methyl group ‘and that the minium
energy structures of F* CH3SOCHj; and F° CH;COCH; exhibit bidentate solvent coordination. -

In solid fluorides the chemical shift of F spans more .than 190 ppm and contrary to
intuition an increasing ‘cation size results in increased deshielding of the fluoride anion. As
' prevrously shown this desh1eldmg is due to electromc overlap effects that involve for the larger
cations mamly nearest neighbor anion-cation interactions. However for Li*, the smallest catxon,"
second nexghbor anion-anion overlap becomes also 1mportant and causes additional deshreldmg ’
The MAS . NMR spectra of sohd N(CH3)4F and P(CH3)4F were also measured. The F' amonj"
in the P(CH3)4 salt is 19 ppm less shrelded than in the N(CH3)4 salt in accord with the
increased cation srze However in spite of its large size the deshleldmg caused by the N(CHa)*
cation is only comparable to that of Rb* due to the rnethyl groups not prov1dmg as good an

over_lap as the smaller but softer Cs*cation.



These results show that in both the solid state and in solution the chemical shift of FFis -
not a measure of its nakedness and that the fluoride anion is far from being naked. The onlytruly -

naked fluoride anion is the free gaseous fluoride anion.

Keywords: Fluoride ion; "i’ NMR shifts; Naked Fluoride; Deshielding; Solvent effects; Solid state effects;

Theoretical calculations;-"l’-‘_—MAS-NNm spectra of N(CH;).F and P(CH;)J"

*Corrcspondmg author. Tel.: +001-213-7408957 fax: +001-213-7406679

' E-mail address: kchriste @usc.edu (K 0. Chnste)

1. Introduction

Terms such ‘as “naked fluoride ion® or “non-coordinating ion“ are frequently and .
indiscriminately used in spite of the realization that ions i their usual states, i."e., in either
solution or the condensed stat&, are neither naked nor non-coordinating [1-6]. Nevertheless, itis -
of‘great general interest to explore methods that allow to measure the extent qf nakqdness or
weakness of coordination. Since the gaseous free fluoride anion ié not only naked but-also -
exhibits the highest degree of shielding in its '°F NMR spectrum (see below); it was interesting
to examine whether the degree of deshielding éxperienced in different environments can servé as
a realistic measure for its nakedness. | | |

The ¥F NMR shift of the fluoride anion exhibits a large solvent depéndenc‘e sphnniﬁg Y
range' from =73 ppm in (CH3),SO to ~148 ppm in CH;0H sQlution [7,8]. The shielding of a
nucleus can be separated into two main contributions, the diamagnetic -shielding and the
paramagnetic shielding. The diamagnetic shielding contribution describes the shielding of the

" nucleus from the external magnetic field by the surrounding electrons that induce a magnetic




field opposite to the external one.The peramagnetic shielding contribution is a perturbation of
the electron density currents that geneérally. causes a dectaase in the absolute ah:eldmg It is
commonly accepted that the 1F chemical shift is dominated by the panmagnetxc s}neldmg term,
while the changes in the dxamagnetlc term are comparatlvely small [9]. The paramagnetic
shielding term vanishes in a spheﬁcally-szmmeu'_ic electron: distribution thus rendering the
gaScbus free,f'luoridc ion the most shielded F.'A large paramagnetic shielding of fluoriné has
- been correlated with increasing-‘covalency of an F-X bond [9], as exemplified by ﬂﬁorine
chemical shifts for CF4 (-63.3 ppm), NF; (146.9 ppm), OF; (250 ppm), and Fz (422.9 ppm).
Consequently, the °F chemical shift could possibly be used as a measure of tﬁe “nakedness* of
 fluoride ions, since a solvent interaction of the fluoride ion should result in an increased
polarization of the charge distribution of F leading to an increased paramagnetic shift. However,
the large deshielding of F in CH;CN solution (-74 ppm) when compared with the cortespgndiné
value of -119 ppni for an gquedus solution [7] is in marked contrast to the qxﬁecwd,.wca#r

solvation.

_ Previous studies. have investigated the correlation between fluoride shielding with

hydrogen bonding to the solvent. Miller et al. noted that a correlation between fluoride shielding

and hydrog¢h bonding ¢an only be used with great caution [10]. Symons et al. have shown that

chloride ions ‘and atomic xenon exhibit similar solvent dependencies of the ¥Cl and '"¥Xe

~ chemical shifs, r,espect_ively; compared to 8('°F) of fluoride ions. The similar shielding behavior

of atomic xenon and the fluoride anion indicates that hydrogen bending does not dominate the

YF NMR shift of the fluoride ion in solution [11].
Beside the diamagnetic and paramagnetic shielding terms, 64 and o, respectively, the

shielding of fluoride ions in solution is influenced by van der Waals interactions with the solvent,



ow, the bulk susceptibility of the solvent, o,, magnetic anisotrbpy of the salvent molegules, G,, " .
and solvent electric dipolé interactions; é. The shielding contribution from the vam der Waals
interaéﬁohs with the solvent has béen modeled by Rummens, §vho developed the reaction field.
model in order to explain the solvent dependence of '*Xe chemical shifts of dissolved atomic
xenon [12]. His model works quite well -for 12X e 'shieldings ‘within homlogbus. series of
solvents, like aIkancs, cycloalkanes, and alcohols:- However, it cannot reproduce -shieldjng trends
between solvents of different classes. - | |
. 'Beside the natute of the 1solvent, the ﬂuéride shielding is _inﬂuencéd to.a lesser extent by
-~ the f.ludric'le'ion concentration and the nature of the counter cation, which:have been studied by
Tong et al. [13] and Milier et al. [10]. At high fluoride ioﬁ concentrations the 6bserved cation
effect did not exceed 15 ppm and vat‘ infinite dilution, the cation dependence of the '°F chemical
shift was s‘howny to vanish for F in H;O and several diols [10j. “ ;
While in soi‘ution and at infinite dilution, the °F chemical shift-of F is essentially cation
independent and dominated by the nature ‘of the so}vent, in' the solid state -the chemical shift |
should be dominated by the ion-ion interactions [14-18). |
‘In the present study, the suitébility of sbluﬁon and solid ;taté MAS F- NMR
'spectroscdpy' for the evaluation of the ,,nakedness” of fluoride ions was investigated using hoth

quantum mechanical and experimental methods.

2. Results and discussiop

21 Shielding of thefreé gaseous fluoride anion
The '°F shielding of the free gaseous fluoride ion was calculated at the MP2/6-

31++G(d,p) level [19,20] using the GIAO method [21] and referenced to the calculated value of
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.+218 ppm for CFCls. The resulting cheniical shift of 260 ppm is 110 ppmlmpre shielded than
the most shielded value observed ﬁl] for N(CH3)(F m solution, The ,pu@qg&c shielding term »
of ‘free gaseous F is zero due to its spherical charge density. Taking the absolute shielding, i.g., |
the shielding relative to the bare fluorine nucleus, of CFCl; as 188_.7' ppm [22), the fluoride anion
has a diamagnetic shielding, o4, of 448.7 ppm. However, free gaseous F does not represent the
most Shielded fluorine envisonmeat, ¢.g., CIF ‘has a "°F chemical shift of 419.4 ppm. The
extremely high shielding of fluorine in CIF has Béen afu'ibuted‘ to a low, lying glectroﬁic }
transition which corresponds to élamon'circulation in opposite senses-on the two atoms and
results in shielding of fluorine and deshielding of chlorine [23]. The séxpe rationalization has
been utilized to explain the surprisingly low "°F chemical shift for the XeF* catién (-242.5 to -
289.8 ppm) compared to its neutral parent molecule XeF, (-‘181.8 to -199:§.ppm) [24].
2.2, Geometries and shielding of solvated flupride ions
2.2.1.‘ Stepwise build-yp of the solvation sphere in F* (H;0), .. R |
The geometries of the adducts formed between the fluoride anion and an increasing
number of water molecules were optimized, at the: MP2/6-31++G(d,p) [19,2,01, andB3LYP/6— |
31++G(4,p) [20,25} levels of theory and are shown in Figure 1. It‘sh‘oulld be 'noted th_gt in all -
cases the water molecule acts as a monodegtate hydrogen-bridged ligand, in accord with -
previous relaxation rate measurements [26]. The structures may be qualitatively described as
follows: linear H-F-H for the dihydrate, pyramidal FHj for the trihydrate, distorted square planar
for the tetrahydrate, square-py;gmidal for the p;ntahydrate, and distorted octahedral for the
hexahydrate. Due to the attractive hydrogen bonding interactions between water molecules, the
orientation of the water ligands does not adhere to the predictions of the VSEPR model, which

assumes repulsive interligand interactions. For instance, VSEPR predicts a trigonal planar



-arrangement of the ligands for the trih);drate, in contrast to the observed pyramidal g&metry. |
The latter str'uct_ure is energetically favored due to the ability of the water ligands to form three
intermolecular hydrogen bonds. * Several local -mihima were located for the tetrahydrate, F
«(H0). At the MP2/6-31++G(d,p) level, three local minima of Cy, C,, and C¢ symmetry were
found. All three structures have virtually ictentical energies, with less than 1 kcal/mol separating
the hj‘ghest (Cy) and lowest (Cy) energy structures. Similarly, at the B3LYP/6-31++G(d,p) level,
two local minima of C; and C4 symmetry were feunct, with a difference in relative energy of less
- than 1 kcal/mol. ’Th_e geometries are likewise quite similar,kbest described as distorted square
planar conformations. (Note that only the C; geometries are shown in Figure 1.) The F H bond
distances inere’ese with an _ihcre_asir(rg nurrrber of water ligantis and range from 1.42 A in the
monohydrate to 1.69-1.87 A and 1.82 A in the penta- and hexa-hydrates, respectively. As |
discussedearlier in regard to the structtrre of F-(H{));, the preferred anangemer'lt'ef the water
ligands is inﬂuenced both by the FH interaction }and hydrogen bonds between water molecules. |
With the exception of the dihydrate cornplex, the water ligands tend‘to agglomerate on ohe side
of F (thereby ‘maximizrn'g the number of intermolecular hydrogen bondsj until a sufficient
nuniber of water nrelecules ure present to fully encapsulate the anion. This hehavior‘ is in .
contrast to simple“ VSEPR structural predictions which assume reﬁpulsive, rather than attractive

(i.e., hydrogen bonding) interligand interactions.

In order to determine (a) the maximurn nur‘nber. of water .ligands which can directly
‘complex to the fluoride anion (i.e., the size of the first solvation shell) and (b) the effect, 1f any,
of outer solvation shells on the structure of the frrst solvation shell addmonal calculatlons of the
| structures of F+(H;0), (n = 7,8,12, 20 49, ,86) clusters were performed using the Effective

- Fragment Potential method [27]. In the EFP approach, the system of interest is divided into‘




“active" and "spectator” regions. The active region (the ﬂuéride anion in the present case) is
treated quantum mechanically while the chemically inert spectator region (the w'a.t_er molecules)
' ‘is reprcsented by effective fragments which interact'wi;h the active component via non-boﬂde&
interactions. Aithox;gh the internal geometry of each fragment water molecule is frozen, the

positions of each fragment relative to the fluoride anion and to the other fragments are optimized.

Dué t§ the anticipated large number of energcﬁcal]y sifnilaf local ininima; héproiimam |
stationary points were .i.nitially located using Monte Cario random Sanipling methods 1[28] and |
were subéequen.tly refined using conventional gra&icnﬁbaséd optimization methods.  All |
siationary poin£s found in this manner were confirmed as local minima via diagonalization'of the
energy second derivative matrix (i.e., the hessian matrix) to"vérify‘thc presence of all real
iharmqnic ;'ibraﬁonal frequencies. ‘All EFP calculations Qere-per'i’otmcd at thé RHF lev'.e'l,'l.lsin.g o
* the Dunning and Hay basis set augrﬂented with polarization functions and a diffuse s4p sheil on

oxygen and fluorine (denoted as DH+(d,p)) [29].

A more detailed analysis of the EFP/DH-»(d,p) structures of thg ‘ F -(1-120); (n = |
7,8,12,20,49,86) clusters will be reported elsewhere [30]; herg we simply report that the ﬁrst'_’ ‘
solvation shell typically is found to éonsist of seven water molecules arranged in an apprc;:;imatq h
pe'ntagonal bipyrarrﬁdal geometry around the fluoride anion, \_avithvthe F..H bond lengths rangmg
' frorﬁ 1.84 t02.34 A. In the case of the Fe(H:;0)2 f:lustcr, the first solvation shell was found to

contaiﬂ an a'ppro;i‘rn~ately octahedral arréngement of six water molecules .about the’ central
fluoride anio_n,v Qith F..Hbond léngths. ranging frolm 1.84 t0 1.89 ar{gstroms. Therefore, the first :
- solvation shelf is §redicted to :cémtz'ﬁn at mdst seven water molecules, with all additional Watgr
molecules residiﬁg in outer solvation spheres. However, dué to the vast number of possible local

minima, there is no guarantee that the optimized structures obtained here are in fact the global



minima.- Therefore, ﬁese results should be regarded as merely suggestive rather than deﬁnitive'
predictions of the structure of the first solvation shell. |

Thé extent of negative charge transfer from F to the water ligands was calculated using
the Natural Populaﬁon Analysis (NPA) [31] and Léwdin’s population analysis [32] methods.
Charge transfer from F to the surrounding water molecules is maximized at F'*4H,O (see Figure
2). Clcarly, the amount of charge transfer is governed not only by the number of ligands but aiso
by the FH ‘bond distances which increasé with an-increasing number of ligands.

Thé F chemical shifté were calculated using the GIAO method <[2i] é.'nd are summarized
in Table 1 and Figure 3. Although the trends in Figures 2 and 3 are similar, é plot of the chemical
shifts againsi the atomic charge on ﬂuoririe (Figure 4) does not result in & straight line but
exhibits signiﬁcant curvature indicating that thc,chermfc':al shift is not totally ‘dependent upon the
exient of chérge transfer. The chemical shift of about ~136 ppr calculated at the MP2 level for a
| ‘complcte first solvation sphere is in fair agreement with the observed value of —119 ppm for an

aqueous solution [7], particularly if oﬁe keeps in mind the neglect of the outer solvation spherés.-
22.2. Solvent dependence of the chemical shif of F | |

The geometnes of adducts between fluoride and one solvent molecule of H;0, (CH;),S0,
(CH;)zCO CH;CN, CH3;NO,, CH30CH3, CH3OH CHF;, CHCl,, and CH;CI; were optimized at
the MP2/6-31++G(d,p) lgvel of theory, and the structural parameters are summarized in Figures
1 and 5. For CH;0H ‘.where fluorine bridgiﬁg could occur through either the hydroxyl or the |
methyl group, the hydroxyl-bridged structure was found to be energetically favored by 20.8
kcal/mol. In the cases of CH3CN and CH3NO,, the energetically favored bﬁdging mode involves
one of the hydrogén atoms of the methyl groups. Inv compounds containing only one rhethyl

group, monodentate bridging was always favored over multidentate bridging and is in accord




with the preference for monodentate bridging of water. In the two compounds containing two

methy] groups and either an S=O or C=0 bridge, the oxygen atoms force two hydrogens from

different methyl groups into positions favoring bidentate minimum energy structures. These .

structures differ from those of the monodentate ones but their chemical shifts are predicted

equally well by the theoreticai calculations (se¢ below). In CH;OCHj; the methyl hydrogens are

further apaﬁ and moniodentate bridging is favored. The °F NMR shifts of these adducts were
also calculated By the GIAO method [21] and are given in Table 2.

T,hecilculated 19F chemical shifts of these mono-adducts are 76 + 9 ppm ppm lower than
the observed ones [7-9] which is in fair agreement with the calculated difference of -67 ppm

“between the monohydrate and the hexahydrate (see above), particularly if the neglect of

'secondary solvation effects is kept in mind. The only exception was the previously‘ 'r'eported‘

chemical shift for F in CH3;NO; solvent (-150 ppm) [7] which was inconsistem with the
calculated chzmlcal shxft after correction for full solvauon (-67 ppm) An NMR spectroscoplc
remveshgatxon of N(CH3)sF in CH3N02 solution at temperatures close to the freezing point of
the solvent (at -25 °C) showed only a doublet.at -147.5 ppm in the '°F and a triplet at 17.0 ppm

in the 'H NMR spectrum ('J("H-"’F) = 121 Hz) due to the HF;" anion. No evidence was found

for free fluoride indicating an immediate attack of CH3;NO; by F even at low temperature

rendering the previous assignment of the ’F NMR resonance at -150 ppm to F erroneous.

Our simplified theoretical model of a gaseous.fluoride anion with only one solvent

molecule, confirms the chemical shifts‘ observed for the fully solvated ions, their widg shift‘ ,l

range, and the solvent orders. Furthermore, secondary effects must be minor, and the observed

shifts must correlate with properties that are derivable from the ab initio and isotropic shielding
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calculations. The decrease in the calculated shielding for the monodentate solvent F adducts | ;s
paralleled by an increase in the calculated shielding anisotropy, Ao, whicﬁ is defined by eq. (D),
Ac = o33 - (62t on)/2- - L S | 0y
(with 053 20n 2 011)
where o33, o2, and oy; are the diagonal components of the shielding tensor in the principle axis
system in which all off-diagonal elements  of the shielding’ ;teﬁsor. are zero. Since in the
monodenté.te CHC13 and CHF; ac.lducts, the shielding is axially symmetric and in‘ the H;O,
Cﬁ3CN, CH;NO;, CH3;0CH;, CH30H, and 'CH2C12 adducts it is approximateiy' axially -
syminetﬁc, the shielding anisotropy can be taken as a crude, qualitative measure for the size of -
the paramagnetic shielding. However; Ac provideé a quantitative nieasure of the paramagnetic
shielding only for linear moleculés, in which the paramagnetic' shielding componen.t parallel to . |
the molecular aﬁs, cf , is zero [33). For F in the monodeﬁtét_e F adducts, the largest calc.uiated :
shielding components in the princii:le axi§~system (o33), which corresponds to the o component
in linéar molecules, deviate only slightly (+ 11 ppm) ‘from the diamagrietiéshielding.o_f 478 ppm
found fOrA frée gaseous F . This indicates a negligible paramagnetic contrib,utibn to o33 and
supports the validity of the ﬁualitaﬁve correlation of A;r and of. Therefore, the large. solvenf :
dependency of the F shifté is best eiplained by varying amounts of . solvénti induced
paramagnetic shielding. |
The binding energies of the mono-adducts of F with the different solvent molecuies.
were calculated at. the MP2/6-31++G(d,p) [19,20] and tCCSD(T)/6—311++G(d,p)//MP2/6-
31++G(d,p) [20,34,35] levels of thepry and are inciuded in Table. 2. The calculated binding
energies correlate well, as expected, with the calcuiated F~H bond distgnces, but show no

correlation with the observed '°F chemical shifts. The influence of the bulk susceptibility on the

11




" ®F chemical shift w;s not included in the shift caleuldtions, and is not expected to ‘play a
dominating role in the solvent depéndeﬂce"of the '°F chemical shift of the fluoride ion [36].
2.3, Chemtcal shzeldmg in the solld state

AII alkah metal ﬂuondcs are face-centered cubic. If these salts were completely ionic and
there were no ion-ion interactions, the fluoride ions should be isotropic, there should be no
p#ramagnetid- contributions to the shielding, and the ciiémagnetic shieldin'gbf the Fion should-
'be comparable in all salts and‘approximate that of the free ion. In reality, the chemical shifts
observed for the solid alkali metal ﬂuoﬁdcé are stfongly deshielded and span more than 200
ppim, indicéting significant paramagnetic contributions that are cation dependent (see Table 3).
Although the solid state ’F NMR spectra of the alkali metal ﬂucmdes have been the subject of
~ numerous expérimental [18,37-40] and theoretical [l4-1’8,37,38,41-43j studies, it was interesting
to obtain experimental data for the noncubic N(CH;)sF and P(Ch3)4F salts. The N(CH;)4F salt is
hexagonal [7] and its F anion is octahedrally surrounded by six N(CH;),* cations with an anion-
 cation separanon of R =3. 80A."

The solid state '’F MAS NMR spectra of N(CH;).F and P(CH;)/F were recorded and are
given in Figure 6 and Table 3, together thh those of KFP and RbF and literature values for LiF, ..
NaF, and CsF [18]. Our °F chemical shms of ~132 and -91 ppm for KF and RbF, respecnvely.
agree well with those previously reported [18,37,38]. The alkali n.actal fluorides, excluding LiF,
show a decrease in shielding with increasiﬁg‘ cation radius. The samib trend has been observed for -
the **C1, ™Br, and "7’ NMR shifts of alkali metal chlorides, bromides, and iodides [18]..On first .
sight, this trénd is counter-intuitive, since the ‘”F chem'ical‘shifm of these isostructural fluorides
should be determineéd mainly by the cation-anion interactions and the largést cation should give

rise to the moét naked fluoride, i.e., the fluoride with the highest shielding. However, Kondo and
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Yamashita have successfully correlated the observed chcmiéal shifts in the alkali metal halides
with the increasing overlap between the nearest ncighbofs, 1 e., the halide anions and the alkali °
metal caﬁons, resulting from the increasing cation size. The fact that the smallest alkali metals do
not follow the general trend has been attributed to fhe small size of these caﬁons, resulting in.
sécond nea?est neighbor contacts, i. e., anion-anion overlap that causes additional deshielding
[15]. The observed trends in the '’F NMR shifts have recently been matched well by density
functional calculations for the LIF, NaF, KF, RbF series and correlated with the ion-ion repulsive
Aenergy term, -Q,,QJRZ,A where ‘R represents t.ﬁe shortest anion-cation distance in the crystal latﬁce ‘
and Q, and Q. are the ionic charges> [42,43]..However, the o‘bservcd. shift of CsF does not fit this '
correlation and the values of 0.7, 1.0, 1.0, and 1.0, assumed for the ionic charges of LiF, NaF,
KF, and ‘RbF , respectively, are not in accord with the gcnerally assumed value§ of 0.74, 0.75,
0.84, and 0.86 for the ionicity of these alkali metal fluorides [44]. When the latter values for the |
ioniéities are used, the correlation with the ion-ion repulsive energy term becomes very po;r;
indicating the need for a better correlation. |

Tetramethyl ammonium fluoride an& P(CH;),F have '°F chemical shifts of -91 and =72
ppm, respectively, that are close to that of RbF. While N(CH;).F is an jonic compound thag
" crystallizes in the hexagonal system [7], P(CH;)/F has been shown to exist as a covalent
compound in the gas phase with pentacoor'di'nate' phosphoms [45]. However, in the. golid state -
P(CH;)4F exhibits an ionic.stmcture [45) and, therefore, its solid state '°F NMR s-hifﬂ can be:
compared to that of the tetramethyl ammonium salt. Although the sizes of the N(CHs),* end
P(CH3)4*i cations are considerably larger than that of Cs*, the fluoride anions in these salts are
less deshielded. This can be attributed to the lower polaﬁzability of the methyl groups whén

compared to the much softer alkali metal cations resulting in less overlap. The fact that the F

13




anion in P(CH3)¢F is 19 ppm more deshielded than that in N(CH;)sF can be a;tﬁbufcd to the

larger size of the P(CHs)4" cation.

3 Experimental
| The preparations of N(CH;)4F [7] ahd P(CHj3)F [45] havc‘previously been described. The
| KF and RbF were dried by fusion in a platiﬁum crucible. The hot clinkers were immediately
’trahsfencd to the dry nitrogen atmosphere of a glove box thch was also used for loading the B
MAS NMR rotors. ‘
| Theoretical Methg@: The geometﬁes of Fe(H:O0)y(n = 1-6) and FS (S = (CH;),S0,
(CH;),CO, CH3CN, CH3NO,;, CH;0CH;, CH;OH, CHF;, .CHCl;, and CH;Cig) -were fully
optimized at the MP2/6-31++G(d,p) level [19,20]. The F-(HzO)n clusters were also optimized
using ‘density functional theory methods, at the B3LYP/6-31++G(d,p) level ‘[20,25']. Each
structure was verified as a local minimm-nrvia diagonalization of the matrix of energy second
derivatives with respect to nuclca;' coordinates (i.e., the hessian matrix). Atomic charges jwcre‘ ‘v
computed using tl;e Natural Populatibn Analysis (NPA) [31) and Léwdin’s population gnalysiS
[32] methods. Binding energies of :.each single-molecule adduct with F were computed at the
CCSD(T) [34] level u;ing the 6-311++G(d,p) [46-48] basis set. The geometries of the larggr
water clusters F(H,0), (n = 7,8,12,20,49,_86) were optimi_zed at the RHF/DH+(d,p) level [29]
using the Effective Fragment‘ Potential . (EFP) method v[27]‘. Al calculations were performed

using GAMESS [49], Gaussian98 [50], and ACESII [51].
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4. : Comlnsions

The above study shows that Bg NMR shlfts are not a measure for the nakedness of the
ﬂuonde anion. Th1s apphes to both solution and sohd state spectra In solutlon the chermca} shlft
of the ﬂuonde anion is strongly mfluenced by solvent indiced paramagneuc “shielding, while'in -
the solid state the deshieid{ng'is govemned by electronic 'overla‘b effects involv’ing mainly nearest
‘heighbour, anion-cation, interactions, except for the cases where one jon' is much smaller than
the other and second-nearest neighbor; anion-anion or cationfcatton, interactions l;ecome also
importantt Furthermore, it is shown that both in solution and in the solid state a truly naked -
fluoride ion does not exist and that the gaseous free fluoride ion is the only naked fluoride ion. .

Simplified mode}l caleulations at the MP2 level involving -adducts between,:the free
ﬂuoride‘ anien and only one solvent molecule were successfully used to reproduce the observed
solvent shifts and to explain the nature of the deshielding. Furthermore, the stepwise build-up of
the water solvent sphere was modeled showing that the first solvent sphere of F contains . |
maximum of 6-7 water molecules. |

The MAS '°F NMR spectra of N(CHs)eF and P(CH,)sF were meastn'ed and compared to -
those of the alkali ‘metal fluorides. It is shown that the ion size is not the only factor determining
the deshielding of F in these two salts and that other effects, such as the -polarizability of the

cations, may 'also pla); a significant role in influéncing the ion-ion overlap.
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Table 1 |
Calculated (MP2) *F chemical shifts of the fré fluoride ion. and its water adducts,

5(*°F), ppm
F -260.0
F(H,0) -203.4
FEO),  -1810
F(H,0); -162.8
FE,0). _1489
FH0)s  -142.3
F(H;0)s -135.9
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| Table2

Observed and calculated MP2 'F chemical shifts, calculated shielding amsotroples (Ac), bmdmg

energies, and F'H bond distances of the fluoride anion in different solvents.

3("F), ppm

Ao,ppm _ F(X)Binding ry.. A
energy, keal/mol
caled. & O obsd. for -
O caled. for  corrected for solutions of  caled. caled! caled.
" monosolvate®  full solvation® [N(CHy)dI[FI* |
.. F (free gaseous ion) -260
Monodentate
F(HOCH,) 2153 -140.5 .148 K% 29.129.8) 1374
. F(CH;OH)" (-212.6 ) . . . ]
F(CH;OCH) 2077 1329 £ 93.1 9007 1872
F#;0) 2034 -128.6 -119 92.7 27.4(21.5) 1415
' F(CHCh) -1868 -112.0 113 94.5 31.1(32.2) 1377
F(CH,Cl) -182.4 -107.6 -109 112.9 23.7024.5) 1.544
F(CHFy) -169.9 -94.8 -107 1209 27:121.9) 1.536
F(CH;CN) -153.1 783 74 176.4 22.1(23.2) 1571
F(CH;NOy) 13438 -60.0 3 192.4 257(27.1) 1.449
:Bidentate '
~ F(CH;COCHy) -184.8 -110.0 -103 723 21.2(21.8) 1.962
~ F((CH»),S0) 1572 -82.4 43 89.5 $29.7(30.4) 1.876

. Obtamed by subtraction of the calculated isotropic shxeldmg of the Fmonosolvates from that of CFCl; (+217.9 ppm.)

®. An empirical correction of 74.8 ppm was applied to give the best fit with the observed data.
€ Values taken from ref [7] except for the value for CH,Cl, that was taken from refs [2,3].
4 CCSD(T)/6-311++G(d,p)//MP2/6-31++G(d,p) binding energies are given in parentheses.

* Less stable than the hydroxyl bridged isomer by 20.8 kcal/mol.
f Not observed due to low solubility.

§ The previously reported chemical shift of —150 ppm was found to be erroneous and has to be attributed to the HF; anion.
Tetramethylammonium fluoride reacts with CH;NO; even at -25 °C thus, no experimental 5(’F) for fluoride in CH;NO,

. ‘could be obtained.
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Table 3

Observed solid state °F chemical shifts for various fluorides.

5(°F), ppm

LiF -204*

- NaF -221*
KF -132°
RbF 91°
CsF , -8
[N(CH;)4)[F] -91°
[P(CHs)4][F] 72

* Values from ref [18].
® Values from this study.
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Diagram Captions:

Fig. 1. Stepwise build-up of the .hydration sphere of the fluoride anion. Minimum energy
structures of the free mono- to hexa-hydrates of the fluoride afiion at the MP2/6-31++G(d,p) and
B3LYP/6-31++G(d,p) (in parentheses) levels.

Fig. 2. Plot of the calculated NPA and Léwdin atomic charges on fluorine as a function of the
number of water ligands during the stepwise build-up of the fluoride anion hydration sphere.

" Fig. 3. Plot of the calculated '>F NMR shifts against the number of water ligands in the stepwise

build-up of the hydration sphere of the fluoride anion.

" Fig. 4. Plot of the calculated St NMR shifts against the huclcar charge transfer from the

fluoride ion to the water ligands during the stepwise build-up of the hydration sphere of the

fluoride anion.

Fig. 5. MP2/6-31++G(d,p) calculated structural parameters for adducts between fluoride and one

~ molecule of CH;SOCHj3, CH;COCH3;, CH;Cl;, CH;0H, CH;0CH;, CH3NO,, CHCl3, CHF;, and

CH;CN.

‘Fig. 6. Observed MAS '°F NMR spectra of P(CH;)iF, RbF, N(CH;).F, and KF.
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]
C, : i
F1-H2 1.415(1.385) o
H2-03 1.051(1.066)
03-H4 0.963(0.964]
- P1-H2-03 174.9(175.4) —y
H2-03-Hd 102.4(102.8) e’ 2D :
©(F1-H2-03-H4)  0.0( 0.0) | o A N
ol , . F1-H2 1.618(1.613)
) ‘ : Y ad F1-H4 . 1.786(1.776)
g H2-06 0.996(1.000)
_ _ H4-08 0.982(0.985)
___a.... . . 06-H10 0.963(0.964)
, c 08-H12 - 0.967(0.969)
: _ 1 : H2-F1-H3 125.2(126.4)
: F1-H2 1.855(1.880) H2-F1-HQ" 81.6( §2.7)
F1-H3 : 1.751(1.757) Fl-H2-06 170.7(169.9)
L F1-H4 1.872(1.881) F1-H4-08 159.3(159.0)
C, (Can) F1-HS 1.78%(1.806) H2-06-H10 103.6(103.9)
2(Cap : F1-H6 1.685(1.664) H4-08-H12 100.5(100.8)
F1-H2 1.533(1.519) H2-07 0.978(0.980) O (H2-F1-H3-H4) -105.0
H2-04 1.014(1.019) - H3-08 0.963(0.986) (-106.7) '
04-H6 . 0.963(0.964) He-09 10.97%(0.980) -H2-06- .
F1-H2-04 173.2(173.2) H5-010 0.982£0.984) @(F1-H2-06-H10) (782,'3) .
H2-O4-H6 - 102.3(102.7) H6-011 0.988(0.993)
©(F1-H2-04-H6) -6.6( 0.0) 07-H12 0.969(0.972) O(F1-Hi-08-H12) 3.3
N 08-H13 0.968(0.970) :
- 09-H14 0.969(0.972) -
010-H15 .~ 0.968(0.971)
011-H16 0.963(0.964)
H2-F1-H6 118.5(119.7) -
H3-F1-H6 115.7(117.9)
H4-F1-H6 119.5(119.6)
HS-F1-H6 .  131.5(127.8)
H2-F1-H4 121.4(120.5)
H3-F1-HS 112.8(114.3)
H2-07-H12 100.8(100.9)
H3-08-H13 101.1(101.1)
H4-09-H14 100.7(100.8)

HS-010-H1S5 0101.1(101.1)
HE6-011-H16 103.0(103.6)

Cs ©(H2-F1-H6-H4) -171.1
F1-H2 1.649(1.603) ’ (-174.5)
H2-05 0.995(1.003) o (H3-F1-H6-HS 179.7
05-H8 - 0.965(0.965) ( ) (-179.7)
H2-F1-H3 88.4( 99.0) CH-a7-H1%) .18 8
F1-H2-05 -  163.8(169.9) OO e e s S
H2-05-H8 101.2(102.4) 5 : - 6 oo
©(F1-H2-05-H8) 34.1( 26.1) O(FL-H3-08-HL3)  -29-2 . F1-H2 1.821(1.819) :
, : -08 . . '
@F1-H4-09-H14) -40.8 0419 0.967 (0.969)
e (-40.1) H2-08-H14 101.5(101.8)
®(F1-H5-010-H1S5) -48.3 H2-F1-H3 102.7(102.2)
(-44.4) " H2-F1-HS 77.3( 77.8)
o(F1-H6-011-H16) 0.8 . ©(F1-H2-08-H14) -50.6 (-49.0)

(0.8)
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.
- cs
F1iH2 1.544
H2-C3 . 11,337
- C3-H4 1.085
. cs o C3-G15 1.791
. F1-H2-C3" 171.4
F3-H6 - 1.962 ,
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Are ”F NMR shifts a measure for the nakedness of fluoride ions?

M. Gerken®, A. Boatz®, A. Kornath® R. Haiges," S. Schneider,*T. Schroer,*
K.O. Chnste" *

“Loker Hydrocarbon Research Institute, University of Southern California, Los Angeles, CA 90089, USA
bAir Force Research Laboratory, Edwards AFB, CA 93524 USA

Fluoride ions in either solution or the solid stateexhibit a wide range of 19F NMR shifts

due to paramagnetic contributions from solvent interactions or ion-ion overlap. The only
truly "naked” fluoride is the free gaseous ion. The MAS ’F NMR spectra of N(CH,)F

and P(CH,),F are reported and exhibit '°F chemical shifts of ~91 and ~72 ppm, respectively.
The stepwise build-up of a sphere and the electron charge transfer from F to H,0O were
modeled for the F/H,0 system. The minimum energy structures of the 1:1 adducts of F* with
CH,0H, H,;0, CH;0CH;, CHCl,;, CH,Cl,,CHF;, CH,CN, CH;3;NO,, (CH,),SO, and
CH,COCH,; were calculated, and the calcylated F NMR shift trends agree with the
observed ones. ‘




