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The single-crystal X-ray structures of [XFg][ShoF11] (X = ClI, Br, 1) have been determined and represent the first
detailed crystallographic study of salts containing the XF¢* cations. The three salts are isomorphous and crystallize
in the monoclinic space group P2i/n with Z = 4: [CIFg][ShoF11], @ = 11.824(2) A, b = 8.434(2) A, ¢ = 12.088(2)
A, B = 97.783(6)°, V = 1194.3(4) A3, R, = 0.0488 at —130 °C; [BrFs][Sh,F11], @ = 11.931(2) A, b = 8.492(2)
A, ¢=12.103(2) A, B = 97.558(4)°, V = 1215.5(4) A3, R, = 0.0707 at —130 °C; [IF¢][ShoF11], @ = 11.844(1) A,
b= 8617(1) A ¢ = 11.979(2) A, B = 98.915(2)°, V = 1207.8(3) A%, Ry = 0.0219 at —173 °C. The crystal
structure of [IFg][ShoF11] was also determined at —100 °C and was found to crystallize in the monoclinic space
group P2:/m with Z = 4, a = 11.885(1) A, b = 8.626(1) A, ¢ = 12.000(1) A, B = 98.44(1), V = 1216.9(2) A3,
R, = 0.0635. The XFg¢* cations have octahedral geometries with average CI-F, Br—F, and I-F bond lengths of
1.550(4), 1.666(11) and 1.779(6) [-173 °C]/1.774(8) [-100 °C] A, respectively. The chemical shifts of the central
quadrupolar nuclei, 35%Cl, %8Br, and #’I, were determined for [CIFg][AsFe] (814 ppm), [BrFs][AsFe] (2080 ppm),
and [IFg][SbsFi6] (3381 ppm) in anhydrous HF solution at 27 °C, and spin-inversion-recovery experiments were
used to determine the Ti-relaxation times of *Cl (1.32(3) s), 3'Cl (2.58(6) s), "°Br (24.6(4) ms), 8Br (35.4(5) ms),
and *?7| (6.53(1) ms). Trends among the central halogen chemical shifts and T;-relaxation times of XFs*, XO4~,
and X~ are discussed. The isotropic *J-coupling constants and reduced coupling constants for the XFg* cations
and isoelectronic hexafluoro species of rows 3—6 are empirically assessed in terms of the relative contributions of
the Fermi-contact, spin—dipolar, and spin—orbit mechanisms. Electronic structure calculations using Hartree—Fock,
MP2, and local density functional methods were used to determine the energy-minimized gas-phase geometries,
atomic charges, and Mayer bond orders of the XFs* cations. The calculated vibrational frequencies are in accord
with the previously published assignments and experimental vibrational frequencies of the XFs* cations. Bonding
trends within the XFg* cation series have been discussed in terms of natural bond orbital (NBO) analyses, the
ligand close-packed (LCP) model, and the electron localization function (ELF).

Introduction ions, respectively. The §* cation was first prepared as its
AsFs~ and ShFs salts by the reaction of Fwith AsFs!2
and Sbk.2 The coordinatively saturated natures of the CIF
and Brk' cations require that they be prepared by the
oxidative fluorination of Clis (or CIOF) and Brk. Although
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proximately 17% yield with respect to Rtfeqgs +-3), no
means of separating [CJ[fPtF¢] from the chlorine(lll) and
-(V) byproducts has been devised. In contrast,sH&

unfiltered UV

2CIF, + 2PtF, [CIFJJ[PtF,] + [CIF,][PtF{] + F,
1)

filtered UV

2CIF; + 2PtFR; [CIFIPtR] + [CIFJ[PtF] (2)

6CIO,F + BPtR,— = [CIFJ[PtFg] + 5[CIO,][PtFy] + O,
3)

incapable of oxidizing Brkto BrFs™ under similar, or
photolytic conditions$, which is consistent with the general
reluctance of bromine and other late row 4 elements to
achieve their highest oxidation state3he salts, [Clg]-
[AsFe)® and [BrR][AsFg],® can be obtained in high purity,
but in low yields (ca. 11 and<20%, respectively), by
oxidative fluorination of Cls and Brks with [KrF][AsFg] or
[KraFs][AsF¢] (egs 4, 5). The [CIE[AsF¢] and [Bri][AsF¢]

XF; + [KIF][AsF¢] — [XF[AsFg + Kr (X =Cl, Br) (4)

XFg + [Kr FAl[ASFg — [XFJ[AsFg + KrF, + Kr
(X =Cl, Br) (5)

salts are obtained as side products in these reactions as
consequence of the autodecomposition of [KrF][§sknd
[KraFs][AsFe] to Kr, F,, and Ask, and the subsequent
reaction of Ask with the halogen pentafluoride; however,
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consistent with octahedral symmetries for each member of
the series. Th&F NMR spectra of CIE",*>8°BrF¢",%°and

IFs* 1516 and the'?l NMR spectrum of IE* 16 in anhydrous

HF solution exhibit well-resolved halogeifluorine spin-

spin couplings, which are indicative of near-zero electric field
gradients at the quadrupoRR=Cl (1 = 3/,), "%81Br (I = 3/,),
and*?” (I = %) nuclei that arise as a consequence of their
octahedral coordination. Spirspin couplings have also been
observed in théF and'?l NMR spectra of powdered [WF
[AsFg];*” however, minor distortions of the cation in the solid
state result in partial quadrupolar collapse of the signals and
much broader line widths. Powder X-ray diffraction studies
of [CIF¢][AsFe],8 [BrFe][AsFg],1t and [IR][AsFg]1218 have

not afforded detailed structural information about thesXF
cations; however, the cubic morphologies of these salts
(space group,Pa3) are consistent with the octahedral
geometries of the X§& and Ask™ ions.

The present study provides the first detailed structural
characterization of the X cations by single-crystal X-ray
diffraction. The solid-state structures of theXEations and
their previously reported vibrational frequencies are com-
pared with those calculated using the Hartr€eck (HF),
MP2, and LDF methods. These calculations have been used,
in conjunction with electron localization functions, to assess
the electronic structures and bonding of thesgXEX = ClI,

Br, 1) cation series. The spectroscopic characterizations of
the XRK" cations have been extended to include %@,

S7Cl, ™Br, #Br, and'?7 solution NMR spectra of [CIg-
[AsFg], [BrFg][AsFg], and [IFs][SbsF1¢], and the determination

of the spin-lattice relaxation timesTj) of these central

both salts have significant dissociation vapor pressures atpyclei for the Xk* cations.
ambient temperature and can be removed from the nonvola-

tile [XF¢][AsFe] (X = ClI, Br) salts under dynamic vacuuftf.
The [XFg[AsF¢] (X = ClI, Br) salts can be prepared in higher
yields (ca. 42% and 32%, respectively) using the thermo-
dynamically unstable oxidant, N§F, prepared in situ by
reaction of NiR?~ with AsFs in anhydrous HF (eq 6).

[CSLINIF ] + 5ASF, + XF; — [XFJIASF] +
[Ni][ASF JJ, + 2[Cs][AsF] (X =Cl, Br) (6)

Although [CIR][AsFe] and [Briks][AsFe] can be separated
from [Ni][NiF ¢] and [Cs][Ask] on the basis of the solubilities
of the products in HF, the [X§JAsFg] salts prepared by this
method are generally of lower purity than when prepared
using [KrF][Askg] or [KroF3][AsFe].°

The vibrational spectra of salts containing the L5810
BrFs",8%11and IR+ 12715 cations have been reported and are
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Results and Discussion

The ShF;;~ salts of CIRt, Bris*, and IB" were chosen
for investigation by X-ray diffraction over the more easily
prepared Ask salts for two reasons: (1) the electron density
of arsenic is very similar to that of bromine and would not
allow for easy differentiation between the octahedral BrF
and Ask™ ions in the Fourier difference maps during the
refinement of the crystal structure of [BifAsF¢] (a similar
problem would be encountered for fIFSbF]), and (2) the
AsFs~ salts have been shown by powder diffraction to
crystallize in the cubic space groupa3212and may be
prone to disorder as a result of the high unit cell symmetry.
Salts of other octahedral anions, such asesSphénd Ptk
were avoided for similar reasons. The use of thgFgb
anion avoids both of the aforementioned problems because
of its nonoctahedral geometry and the reduced unit cell
symmetry of the [XE][SbyF;1] salts (space groud2,/n).
Furthermore, the SB;~ salts crystallize selectively from
anhydrous HF when the mole ratio SHXF¢][SbFs] > 1.

(15) Brownstein, M.; Selig, Hinorg. Chem.1972 11, 656.

(16) Dove, M. F. A,; Sanders, J. C. P.; Appelman, E.Ntagn. Reson.
Chem.1995 33, 44.
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(18) Beaton, S. Ph.D. Thesis, University of British Columbia, 1966. The
I—F bond length was estimated to be 1.75 A from powder diffraction
data.



X-ray Crystal Structures of [Xk][ShyF14]

Table 1. Summary of Crystal Data and Refinement Results for Table 2. Summary of Bond Lengths, Contact Distances and Bond
[ClFe][szFu], [BI’FG][SbgFl]_], and [|F5][Sb2|:11] Angles for [ClFa][szFll], [BI’FG][szF]_l], and [|F5][Sb2F11]
[CIFg]- [BrFel- [IFg]- [IFg]- [CIFg]- [BrFel- [IFg]- [IFg]-
[SheFu]l  [ShFu]  [SbFu]  [SheFu] [SooFu]  [SbFul  [SbR] SR
Space group P2y P2 P2un P2/m X(L)—F(L 1 5585§J Ttd Lengtggﬁ) 1778(8)  1.767(7
a(A) 11.824(2) 11.931(2) 11.844(1) 11.885(1) xglgingg 1-548543 1-65759; 1-77958; 1-780§12))
b (&) 84342)  8492(2)  861r(1)  8626(1) X(1)~F(3) 1548(5) 1.659(8)  1.774(3) L1.771(7)
c(A) 12.088(2) 12.103(2) 11.979(2)  12.000(1) X@)—F () 1551(3) 1664(10) 1789(7)  1782(6)
f (deg) 97.783(6)  97.558(6)  98.915(2)  98.44(1) X(2)—F(5) 1547(4)  1657(8)  1.773(2)  1.775(9)
V (A3) 1194.3(4) 12155(4) 1207.8(3) 1216.9(2) X(2)—F(6) 1550(4)  1.674(9) 1779(8)  1.769(6)
z 4 4 4 4 Sb(1)-F(7) 1.852(4)  1.847(9)  1.865(2)
mol wt (g morl) 601.93 646.38 693.40 693.40 Sh(1)-F(8) 1.850(5) 1.838(10) b
Pealcd (g €M) 3.348 3.969 3.813 3.785 Sh(1)-F(9) 1.841(5)  1.873(10) b
T(°C) —130 —130 —173 —100 Sb(1)-F(10) 1.846(5)  1.855(11) b
u (mm™2) 4.95 11.23 7.23 7.181 Sh(1)-F(11) 1.857(6) 1.844(11) b
Ri? 0.0488 0.0707 0.0217 0.0635 Sh(1)-F(12) 2.045(4)  2.046(9) 2.057(2)
WRP 0.1070 0.1577 0.0601 0.1689 Sh(2)-F(12) 2.019(4)  2.028(8) 2.033(2)
Sh(2)-F(13) 1.864(4)  1.858(9) 1.866(2)
AR = Y ||Fol — IFcll/ZIFo| for I > 20(1). "wRe = 3 |(|Fo| — |Fel)w*?/ Sh(2)-F(14) 1.852(5)  1.850(9) 1.841(8)
> (IFolw) for I > 20(1). Sbh(2)-F(15) 1.855(5)  1.854(10)  1.854(7)
Sh(2)-F(16) 1.862(4)  1.864(9) 1.870(8)
Syntheses of [CIE][AsF], [CIF g][SbaF14], [BrF ¢][AsFg], Sh(2)-F(17) 1.843(5)  1.838(9) 1.869(8)
[BrF g][SboF1i], and [IF ¢][SbaFig]. The salts [ClE][AsF]® Intracation Contact Distances (&)
and [BrR][AsFe]® were prepared by oxidation of GJand FlrS) Slea oo oo
BrFs with [KrF][AsF¢] at ambient temperature as previously — F(1)---F(2A) 2.198 2.363 2.510
; ; F(1)y-F(3A) 2.200 2.379 2.521
descnbe_d. The salt [HfSbsF1¢] was prepared by the reaction F(2yF(3) 5199 5351 > oa7
of IF7 with excess Shf(eq 7), and [IE][ShzF1], used for F(2y+F(3A) 2.180 2.338 2.497
F(4)-+F(5) 2.190 2.352 2.517
— F(4)+-F(6) 2.192 2.367 2.554
IF7 + 3SbR = [IF J[SbyFs (7) F(4)--F(5A) 2.190 2.344 2.520
. I L F(4)--F(6A) 2.193 2.353 2.492
its crystal structure determination atL00 °C (vide infra), F(5)-F(6) 2.192 2.356 2.526
was similarly prepared by the reaction of; Wwith 2 molar F(S)-F(6A) 2.187 2.355 2.497
equiv of Sbk in anhydrous HF. These salts were dissolved ) |nte£io7rlig Contaczt l?i757tances (AZ) -
in anhydrous HF for the NMR studies. The [§FSh,Fy] Fglg...p((l);.;) 2,914 2911 2.802
(X = Cl, Br) salts, used for the crystallographic studies, were F(2y--F(8) 2.934 [2.959] 2.898
prepared from [XE][AsF¢] by the displacement of Agfwith EEE;E&% S 580 S
SbFs in anhydrous HF (eq 8). Crystals of [X¥FSboF4] F(3)--F(8) 2.877 2.872 2.634
F(3)+F(9) 2.846 2.871 2.769
— F(4)-F(7) 2.831 2.878 [2.984]
[XFl[AsFg] + 2SbR — [XF4][Sb,F,,] + Ask; b Fi6) P P o
(X =Cl, Br) (8) F(4)--F(15) 2.870 2.911 2.882
F(5)y+F(17) 2.688 2.679 [2.974]
(X = Cl, Br, I) suitable for X-ray crystallography were grown  F(5)F(15) 2.905 2.913 [3.046]
: . F(5)y+F(13 2.998 2.946 2.836
by slowly cooling HF solutions of [XE[SbaF11] (X = CI, FEG;-"FED) [2,920] [2.901] [2.962]
Br) and [IF][SbiFd, fovTan g s arm
X-ray Crystal Structures of [XF ¢][Sb.F14] (X = CI, Br, FEG;_,FElS; 5809 5810 5732
I). The unit cell parameters and refinement statistics for X(1)--F(8) [3.451] [3.483] 3.40;
; X(1)+++F(9) [3.541] [3.560] 3.41
[CIFe][SbaoFai], [BrFg][SboFi], and [IF][SboFy] are given X(1)+-F(13) [3515]  [3527]  3.435
in Table 1. The bond lengths, contact distances, and bond x(1)---F(11) [3.715] [3.812] [3.923]
angles determined for [CHfShF11], [BrFe][SboFii], and X(2)-++F(7) [3.522]  [3.547] [3.579]
1o X , X(2)++-F(16) [3.540] [3.554] [3.491]
[|F6][Sb2|:11 are summarized in Table 2. X(2)-+-F(15) [3.460] [3.493] [3.870]
The crystal structures of [Ci{Sb,F11] (—130°C), [BrFg]- X(2)-+F(13) [4.061] [4.059] [3.499]
[SbyF11] (—130°C), and [IR][SbaF14] (—173°C) (Figure 1) Bond Angles (deg)
; ; e F(1)-X(1)-F(2) 89.9(3) 90.0(5) 90.3(1)
are isomorphous, and were solved in the monoclinic space F()-X(1)—F(3) 90.2(3) 89.3(5) 89.6(4)
groupP2,/n (Z = 4), whereas the crystal structure of {}F F(2-X(1)—F(3) 90.5(3) 90.3(5) 90.7(4)
[ShyF1y] at —100 °C was solved in the monoclinic space  F(4A)—X(2)—F() 90.0(3)  90.2(5) 89.9(4)
_ . N F(4)-X(2)—F(6) 90.0(3) 90.4(5) 91.4(1)
group P2;/m (Z = 4). The structures consist of $h; F(5)-X(2)—F(6) 90.1(2) 90.0(5) 90.7(4)
anions, which lie on general positions, and twosXEations, Sb(1)-F(12)-Sb(2)  145.2(3)  144.7(4) 144.1(1)

one of which lies on the origin, and the second lies in the  aetric parameters for the two crystallographically nonequivalent

center of theb—c face of the unit cell. The packing of the = ShFi;~ anions may be found in the Supporting Information (CfFyhe

equatorial Sb(:yF(8—11) bonds of the 4-fold disorderedSbFs group

(19) The structure of [I[SbsF] at —100 °C was solved in the space hgve k_)ond lengths ranging from 1.72(2) to 1.92(2)¢Kontact distar_\_ces
groupP2:/m, but exhibited higher thermal parameters for the equatorial 9iven in square brackets exceed the sum of the van der Waals radii, but are

fluorine positions of the anion and significantly higher valuesRof provided for comparisorfi The F-:F and t+F contact distances to
andszl For these reasons, the discussion of the metric parameters F(S—ll) correspond to the shortest distances of the modeled 4-fold dis-
of [IFg][ShaF14] is limited to those determined at173°C. order.
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valence shell to accommodate higher coordination numbers
(see Assessment of Ligand Close Packing Among the
Hexafluoro-Species of Groups +47).

The XK' cations have 1316 interionic F--F contacts
to neighboring anions that lie within twice the van der Waals
radius of fluorine (2.73°2.94 A2%) (Table 2). The interionic
F---F contact distances are comparable in the threg X&lts
investigated, ranging from 2.60, 2.57, and 2.55 to 2.93, 2.91,
and 2.90 A for [C'E;][szFll], [BTFG][szFll], and [”:6]'
Li2) [SbyF14], respectively. The large number of long contacts and
F(4A) F@) F(4A) F@) the formal negative charges on the interacting fluorine atoms

F(5A) ComT i .

F6)  F(BA) F(6) suggest that these catieanion interactions are diffuse and
nondirectional; consequently, significant distortions of the
octahedral XE" cations are not observed. Although all three
XFg™ cations have six #X contacts between the fluorine
atoms of the anions and the central halogen atoms that are
close to the sum of the fluorine (1.3%1.47 A2Y) and central
halogen (Cl, 1.86% 1.75%* Br, 1.952°1.852 1, 2.152°1.98
A21) van der Waals radii, the shortest are observed foj{IF
[ShyF11] (Table 2). In addition, there are two longef-£X
contacts that approach the centers of two triangular faces of
each cation octahedron that are trans to each other (Table
2). The shorter +t-F contacts to the SB;;~ anions may

. 20 contribute to the contraction of the HJfSb,F;1] unit cell
{ ¢ volume relative to that of [Br[[ShF,4] (Table 1).
Fsigulie 1 Igg S(r:ystal ZtrUCtTreSS ckJ)f '(:a) [Cd]E1$7b§Fg] (;&3O°C)k,_(b) ([jBrFs]- The equatorial fluorine atoms of the S, anions of the
gf%)lilc(lFe][szFl)l']"’i‘Q része[s'%é]r[“agvéﬂo(f the thre)é m[’fsgj‘lfu']”(gx fgcrﬁm CIFs* and Brfs" salts have staggered conformations with
Br, 1) salts. The thermal ellipsoids are shown at the 50% probability level. respect to each other. In contrast, theFep anion of the

IFs* salt exhibits a 4-fold rotational disorder of the equatorial

[XFe][SboF14] salts is best described in terms of layers of fluorine positions of Sh(1) about the F(Z$b(1)-F(12) axis

FeL FER F(5) PF(6A)

Br(2)

F(13)

XFg* cations and Sff1;~ anions lying parallel to thé—c (Figure 1c). This axis is nearly collinear with the 3-fold axis
face of the unit cell (Figure 1d). It is noteworthy that the passing through the F(4), F(5), F(6) face of the cation. The
unit cell volume increases on going from [GJSb,F14] superposition of the 3-fold symmetry of a cation face with
(1194.3(4) A) to [BrRel[ShoFiy] (1215.5(4) &), but the 4-fold symmetry of the Sb(£F(8—11) group does not
decreases slightly from [BgHSb:Fi1] to [IFg][SboFii] afford an energetically favorable conformation for the
(1207.8(3) R). The contraction of the [If{ShoF4] unit cell fluorine atoms on the anion, and likely accounts for the

may be attributed, in part, to the lower data acquisition observed disorder. In contrast the ordered equatorial Sh(2)
temperature {173 °C) used for this salt when compared F(14-17) group of this salt is likely a consequence of the
with that used for the lighter halogen analogued30°C); F(12)-Sb(2)-F(13) axis not being aligned with a 3-fold axis
however, at-100 °C, the unit cell volume of [IE][Sb.Fi4] of the cation.

(1216.9(2) R) is comparable to that of [Bg{Sh,F] at The Sb(1)-F(12)-Sb(2) bond angles lie within a narrow
—130°C. For comparison, the unit cell volumes of [JF range for the [XE|[ShoFi] salts (Cl, 145.2(3) Br,
[AsFe] obtained at 22C increase in the order [BgfAsFq] 144.7(43; 1, 144.1(1)). A recent computational study of the
(829.0 B)® < [CIFe][AsFq] (849.3 A)'* < [IFJ[AsFe] (854.7  gas-phase geometry of theSb anion has shown that the
A3).22Thus, the unit cell volume is not rigorously dependent energy-minimized structure of the $;~ anion hasDa,
upon the cation size, but is also influenced by the packing point symmetry, with a fluorine bridge angle of r8énd

efficiency of the ions in the solid state (vide infra). an eclipsed equatorial fluorine conformat#Che fluorine
Although the XE™ cations are constrained to lodalsite bridge angle was shown to be highly deformable, and the

symmetries by th&2,/n space group, theisF—X—Fbond  potential energy surface of the anion was shown to be

angles were not differentiable from 9@t the+30 (99.7%)  insensitive to the relative conformations of equatorial fluorine

confidence limit (Table 2). The average-X bond lengths  atoms. Thus, the conformational geometry and fluorine
(CI—-F, 1.550(4) A; BF-F, 1.666(11) A; +F, 1.779(6) A)  pridge angle of the SBi~ anion are expected to be
increase in a near-linear manner with increasing atomic dependent on crystal packing. Edwards and co-wotkefs
number,Zyx, of the central halogen atom. The ranges of the

intra-ionic F-+F distances in CI§ (2.180-2.200 A), Bris* (20) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell

(2.338-2.379 A), and |G+ (2.492-2.554 A) are small, with o University Press: thica, | Ng&lasagem 260.
. . . . ondi, A.J. Phys. Che , .
the average #F distance Increasing down the group, (22) Sham, I. H. T.; Patrick, B. O.; von Ahsen, B.; von Ahsen, S.; Willner,

reflecting the increasing size and ability of the central halogen H.; Thompson, R. C.; Aubke, FSolid State Sci2002 4, 1457.
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have investigated the effects of the close packing arrange-of Q, or a combination of the two in accord with the line
ments of the light atoms in fluorine-bridged species. These width factor, (2 + 3)/[I?(2] — 1)]Q% The merits of the
studies showed that when the metal atoms lie within the 3537CI, 7%81Br, and'?"l nuclides with regard to these require-
octahedral interstitial sites of hexagonal close-packed oxygenments have been discussed previod&oreover, narrow

and fluorine atoms, the ideal bridge bond angle is°18zhen

line widths are known to arise from quadrupolar nuclei

the metal atom lies within the octahedral interstitial sites of residing at the center of a highly symmetric ligand environ-
a cubic close-packed lattice of oxygen and fluorine atoms, ment (e.g.On or Ty) for which the values okqandy are

the ideal bridge bond angle is 180The fluorine atom
packings and fluorine bridge angles in the f{Bb,F1;] salts

low.®® The local octahedral environments of the central
halogen nuclides in the %F (X = Cl, Br, I) cations have

most closely resemble hexagonal close packed-arrangementzonsequently allowed the characterization of all three
Thus, the staggered and bent geometries of the anions irhexafluoro cations in anhydrous HF solution BY3'CI,

these salts may be attributed to solid-state packing effeébs.
8531C|, 7981Br, and 1 NMR Parameters of XFg" (X =

Cl, Br, I). The quadrupolar natures of tRe3'Cl (I = 3/,),

7981Br (1 = %/,), and*?l (I = 5,) nuclides tend to produce

79.818r, and?l NMR spectroscopy in the present study.
The NMR spectra of the central halogen nuclei of

[35'37C|F6][ASF5], [79’818I'F6][ASF5], and P27|F6][Sb3|:15] dis-

solved in anhydrous HF at 27C are shown in Figure 2.

extremely broad resonances as a consequence of the highlirhe 27 NMR spectrum of the IE" cation has previously

efficient quadrupolar relaxation mechanism, and generally been reported for [Iff[AsF¢],'® but has been obtained for
do not allow the spectra of these nuclei to be exploited for [IF¢][ShsFig] in HF solvent in the present study, demonstrat-
chemical studies. Nevertheless, the few NMR studies in ing that the anion has little effect on the chemical shift or
which the 3537C|,16:30-33 79,8y 163435 g 127]16,17,31,34,36,37 1J(127|_19|:)_ The 35CI, 37Cl, 7Br, 81Br, and 1?7 spectra of
nuclides have been employed have clearly demonstrated thehe XR* cations are binomial septets having intensity ratios
usefulness of these nuclides, under certain conditions, forof 1:6:15:20:15:6:1 as a consequence of coupling to the six
chemical characterization in solution. The relaxation of a chemically equivalent®F nuclei. The well-resolvetll(**F—
quadrupolar nucleus, under the conditions of extreme nar-"X) couplings are consistent with near-zero electric field

rowing, is described by eq 9, whene;,; is the line width

at half-height;T, is the spir-spin relaxation timeT; is the
spin—lattice relaxation time| is the nuclear spin quantum
number; Q is the nuclear quadrupole momermy is the
electric field gradient (EFG); is the asymmetry parameter
for the EFG; andr. is the isotropic rotational correlation
time 38 Equation 9 reveals that line widths are dramatically

_ 1 _ 1 _ (32\[ 2+3 \(eqQ?, 7’
v == (e ) h ) 5
)

reduced for nuclides having a high valuelp& small value

(23) Edwards, A. J.; Jones, G. R; Sills, R. J.XC.Chem. Soc. A97Q
2521.

(24) Edwards, A. J.; Steventon, B. R.Chem. Soc. A968 2503.

(25) Edwards, A. J.; Jones, G. R.Chem. Soc. A968 2511.

(26) Edwards, A. J.; Jones, G. R.Chem. Soc. A968 2074.

(27) Vij, A;; Tham, F. S.; Vij, V.; Wilson, W. W.; Christe, K. Onorg.
Chem.2002 41, 6397.

(28) Minkwitz. R.; Reinemann, S.; Seelbinder, R.; Konikowski, D.; Hartl,
H.; Brudgam, |.; Hegge, J.; Hoge, B.; Sheehy, J. A.; Christe, K. O.
Inorg. Chem 2001, 40, 4404.

(29) Vij, A.; Wilson, W. W.; Vij, V.; Tham, F. S.; Sheehy, J. A.; Christe,
K. O.J. Am. Chem. So@001, 123 6308.

(30) Saito, Y.Can. J. Chem1965 43, 2530.

(31) Lindman, B.; Forse S. INNMR, Basic Principles and ProgresBiehl,

P., Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: New York, 1976;
Vol. 12, p 326.

(32) Drakenberg, T.; Fofse S. In The Multinuclear Approach to NMR
SpectroscopgyLambert, J. B., Riddell, F. G., Eds.; NATO ASI Series
C; Reidel: Boston, 1983; p 405.

(33) Lindman, B. INNMR of Newly Accessible Nucldiaszlo, P., Ed.;
Academic Press: London, 1983; Vol. 1, p 233.

(34) Levason, W.; Ogden, J. S.; Spicer, M. D.; Young, N.JAChem.
Soc., Dalton Trans199Q 349.

(35) Gillespie, R. J.; Spekkens, P. Kr. J. Chem.1978 17, 11.

(36) Kren, R. M.; Dodgen, H. W.; Nyman, C. lhorg. Chem.1968 7,
446.

(37) Evans, J.; Levason, W.; Spicer, M. .Chem. Soc., Dalton Trans.
199Q 2307.

(38) Abragam, AThe Principles of Nuclear Magnetisi@xford University
Press: London, 1978; Chapter 8.

gradients at the quadrupol&3"Cl, 7°8Br, and*?l nuclei,
and octahedral cation geometries.

(a) 33TCIFgt, 8BrFg", and ?1IF¢" Spin—Lattice
Relaxation Times.The353Cl, %81Br, and'? spin—Ilattice
relaxation timesTy, for [CIFg][AsFg], [BrFe|[AsFe], and [IK]-
[ShsF1¢] in anhydrous HF solutions obtained by the spin-
inversion-recovery technique for th¥-coupled cations are
summarized in Table 3. THE-relaxation times for thé>Cl
(1.32(3) s).2Cl (2.58(6) s),°Br (24.6(4) ms)8&Br (35.4(5)
ms), and'?/ (6.53(1) ms) nuclei of the X§ cations were
found to be somewhat longer than those reported for 0.1 to
1.4 M solutions of [N(GHs)4][*°CIO,4] (0.810-1.150 s),
[N(C2H5)4][798r04] (133_228 mS), and [N(§H5)4][818r04]
(18.7-31.9 ms) and 1.0 to 0.05 M solutions of [N4&5).]-
[*?1104] (3.9—6.1 ms) in CHCN.'® The T;-relaxation time
obtained for [IF][ShsFyi¢] is comparable to, but slightly
smaller than, that previously obtained for {JJAsFg] (9.7
ms) by use of line fitting techniqué&*3 The T;-relaxation
times of the central quadrupolar halogen nuclei decrease with
increasing width factor of the nuclide, with the values
obtained in this study being similar to those obtained for
the XO,~ (X = ClI, Br, I) anions. The similaif;-relaxation
times determined for the central halogen nuclei of thg ™XF
and XQ;~ ions are not surprising considering that both ions
have cubic point symmetries, resulting in near-zero electric
field gradients at the central nuclei. In addition to the highly
symmetric environment around the central halogen atom, the

(39) Sanders, J. C. P.; Schrobilgen, G. J.Nhltinuclear Magnetic
Resonance in Liquids and Solid€hemical ApplicationsGranger,
P., Harris, R. K., Eds.; Kluwer Academic Press: Netherlands, 1990;
pp 157186.

(40) Sundholm, D.; Olsen, J. Chem. Phys1993 98, 7152.

(41) Legon, A. C.; Thorn, J. GChem. Phys. Lettl993 215 554.

(42) Bieron J.; Pyykdo P.; Sundholm, D.; KellpV.; Sadlej, A. J.Phys.
Rev. A 2001, 64, 1.

(43) Suzuki, M.; Kubo, RMol. Phys.1963 7, 201.
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Figure 2. The (a)3Cl, 3Cl, (b) °Br, 81Br, and ()21 NMR spectra of [CIE][AsF¢], [BrFg][AsFg], and [IFs][SbsFig] in anhydrous HF at 27C.

Table 3. Spin—Lattice Relaxation TimesTg) and IsotopicT; Ratios for3537CI, 798Br, and1?7 of CIFs", Bris*, and IR* 2

T Q Av1/(X) obs® Av1AX)caicd® Av1/2(X)obs —
cation (s) (108 m?) TJTY (Q¥Q31 (Hz) (Hz) Avi(X) caicd (Hz)
BCIFs 1.32(3) —0.08165(803} 36 02 3.4
CIFe* 2.58(6) —0.06435(6) 051(2) 0.621(9) 3.2 0.1 31
T9BrFgt 0.0246(4) 0.313(3 } 25.0 12,9 121
B1BrFet 0.0354(5) 0.262(3) 0.692) 0.70(1) 16.8 9.0 7.8
12F gt 0.00653(1)  —0.710(10) 55.5 48.8 6.7

aData were obtained from th&:3CI, 798Br, and12l NMR spectra of [CIE][AsFg], [BrFe][AsFe], and [IFs][ShsFig] recorded in anhydrous HF solvent
at 27°C. ® The line widths are given for the central line of each spectitifihe line widths are calculated fromv, = (2T1) L. 4 From ref 40. From refs

40 and 41f From ref 42.

comparatively larg€l; values of the XE" and XQ,~ ions

times, z., that result from solvation and ion-pair formation.

are also attributed to the physical shielding of the central The concentration dependence Taf was not investigated

nuclei by their respective fluorine and oxygen ligands.
Although this effect is not clearly evident when tfg-
relaxation times of XF~ and XQ,~ are compared, the
relaxation times of the spherically symmeffi€I~ (23.8 ms),
81Br~ (0.953 ms), and?1~ (0.190 ms) anions are signifi-
cantly shortet* and may be attributed to electric field

for the XKt cations; however, with the exception of [G}F
[AsF¢], the present solutions were more dilute than the most
dilute solutions used for th&; investigations of the X¢r
anionst® The use of dilute solutions minimizes ion-pairing
effects, which, according to eq 9, should give rise to smaller
7. values and longer;-relaxation times as noted in thg

gradients induced by interactions with the aqueous solvent(44) Hertz, H. G.: Holz, M.: Klute, R.: Stalidis, G.: Versmold, Ber.

used in the latter studies and by larger rotational correlation
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determinations of X@ . In addition to the concentration Table 4. Chemical Shifts and Coupling Constants forgXRX = Cl,
effect, a comparison of the %F and XQ;~ Ti-relaxation B )°

times is complicated by the effect different solvent viscosities _ 3(™X) LJ(MX—19F) 1K(X—|2:)
and dielectric constants have arand, hence, offi; in these cation (ppm) (H2) (1FTNAZ M)
studies. *CIFs 814.3 339 3.057
o . ClFs* 814.7 283 3.065
If the T;-relaxation time is dominated by the quadrupolar g5+ 2079.9 1575 5541
mechanism, then it follows from eq 9 that the line widths  sBrFs* 2079.3 1699 5.545
calculated fromAvy, = (#T1) " should equal those measured ~ **Fs* 3380.6 2744 12.046
directly from the one-dimension&iCl, 3’Cl, *Br, #Br, and a parameters were obtained from #&'Cl, 7818r, and!?l NMR spectra

127 NMR spectra. A comparison of the line widths obtained of [CIFe|[AsF], [BrFe][AsFe], and [IFs][SbsF16] recorded in anhydrous HF
by the two methods (Table 3) reveals that the observed line S°Ve at 27°C-

widths are consistently greater than those derived from the
T,-relaxation times; however, the differences are small
enough to support quadrupole relaxation as the dominant
Ti-relaxation mechanism. Th&'l line width observed for
[IF¢][SbsF1g] (55.5 Hz) is narrower than those reported for
[IF¢][AsFg] in HF solutions acidified with Asg(1701° 70
Hz'%). The ShF;s~ anion is expected to be extensively
solvolyzed in HF, generating 2 molar equiv of Sp#hich
serves to acidify the solution. This trend is in agreement with
the fluorine exchange mechanisms proposed by Brownstein
and Selig® (eqs 10, 11), which are expected to be suppressed

shifts of 3°Cl (814.3 ppm)’Cl (814.7 ppm),”*Br (2079.9
ppm), 8Br (2079.3 ppm), and®1 (3380.6 ppm) are
consistent with the high formal oxidation state of the central
halogen and formal positive charge of the cation. THe
NMR chemical shift of [IE][SboF1] is slightly higher in
frequency than that reported for FfAsFe] (3361 ppm)®
Despite the higher electronegativity of fluorine relative to
that of oxygen, even higher frequency halogen chemical
shifts are observed fGPCIO;~ (1050 ppm)° 3CIO,~ (1009
ppm)i6 798BrO, (2489 ppm)® and!?10,~ (4121 ppm)®

and are presumably a consequence of the higher bond orders

5 - of the X—0O bonds in the latter species.
IFe  +HF, =IF;+HF (10) The tendency for chemical shift ranges to increase with
”:6+ + 2HF = IF, + H2F+ (11) increasing atomic number within a group is well documented

for the main-group and transition metal nuclides and has been
as the acidity of the HF solution increases. The minimal correlated with the nonrelativistic and relativistic values of

broadening of the central halogen line widths of [g]IksFg] the radial termsi~*(3, and 1L, for the v.alen'ce P and d
and [BrR][AsFq in HF solution in the absence of excess electrons of the free atofiThe paramagnetic shielding term,

AsFs implies that ligand exchange routes analogous to thoseWhiCh_ is prqportional tolr L f_;md _mismd’ dominates t_he
proposed in eqs 12 and 13 are unlikely for the CIBNd chemical shifts of heavy nuclei as illustrated by the simple

_iN-a- 47 A .
BrFs* cations, and is consistent with the fact that Ciird ~ &tom-in-a-molecule approach (eq I3)” whereP;andD;
BrF, are unknown. represent the degrees of imbalance of valence electrons in

The dominance of the quadrupolar mechanism is further the p and d orbitalsAE is the average excitation energy,

confirmed for the®s3Cl and 7°#Br nuclei by considering is the Bohr magneton, and is the permeability of a vacuum.
the T1(33CI)/T1(®Cl) andTy("*Br)/T.(8'Br) ratios. These ratios .2
Op ~ _(‘uo g

hould be i I tional to t ti f th ~ -
should be inversely proportional to th@? ratios of these Er)( AE)[m 3mp P+ (D] (13)

nuclei multiplied by the spin factoffi(= (21 + 3)/(12(2] —

1)]) ratio as illustrated in eq 12. The nuclidéxl, *'Cl, . . . _ .
The relationships between the chemical shifts and the atomic

T.*X)  [HCX)|[Q%BX) numbers of the central halogen nuclei of XFe*, and XQ~
By A > A (12) illustrate that this trend holds for the halogens (Figure 3).
T,CX)  \i(CX)\Q("X) Excluding the halide ions, X which serve as chemical shift

references for chlorine, bromine, and iodine, the relationships
between chemical shift artk are linear with positive slopes
for both series. Both anion series also exhibit linear relation-
ships betweeZy and [&,/r3}, where values fofa*/r3,
have been obtained from the atomic spectra of chlorine
(7.16), bromine (13.55), and iodine (1849).

The dominance of the paramagnetic shielding terms in
these species can also be assessed by comparing the ratios
of the central halogen chemical shifts, referenced to the
highly shielded X anions, where the paramagnetic shielding

"Br, and®Br each have a nuclear spin guantum number of
3/,, which conveniently eliminates the spin-factor terms for
these cations. For C{F, the ratio of the3*Cl and 3Cl
T;-relaxation times is 0.51(2) and is lower than the value of
0.621(9) estimated from the nuclear quadrupole moments
of 35Cl (—0.08165(80)x 1028 m? A)4° and®’Cl (—0.06435-
(64) x 10722 m? A).4%41 The ratio of the’Br and®Br T;-
relaxation times is 0.69(2), and is in excellent agreement with
the value of 0.70(1) calculated from the quadrupolar moments
of 7°Br (0.313(3)x 10722 m? A) and®Br (0.262(3)x 102

m? A).42 (45) Jameson, C. J.; Gutowsky, H. 5.Chem. Phys1964 40, 1714.
(b) 337, 788y, and 121 Chemical Shifts. The 33TC, (46) Griffith, J. S.; Orgel, L. ETrans. Faraday Socl957, 53, 601.
798Br, and!?’l chemical shifts obtained for the %Fcations “7) 3S:h1”f7“.jer’ W. G.; Buckingham, A. Discuss. Faraday S0d962

are summarized in Table 4. The high-frequency chemical (48) Barnes, R. G.; Smith, W. \Phys. Re. 1954 93, 95.
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Figure 3. Plots of the halogen chemical shifts of ¥F XO,~, and X
ions (X = ClI, Br, 1) versus atomic humbeEx.

Table 5. Comparison of the Central Halogen Shielding Range Ratios
and 13§ Ratios for ClIf", Bris™, and IR*

central halogen

X Y AxIAy 2 m’ﬂx/m’ﬂy b
C“:eJr BI'FG+ 0.392}
Clo, BrO,~ 0.405, 0.528
CIFs+ IFe" 0.241}
Clos 104~ 0.24% 0.398
BrFs" = 0.615}
BrO;- 10, 0.603; 0.753

aThe shielding ratios are defined @s/Ay = [o(XFs") — o(X7))/
[0(YFeh) — a(Y )] and Ax/Ay = [0(XO4™) — (X )/[o(YOs™) — o(Y ).
b The values oft—3[J are from ref 48° The ratios ofAx/Ay and 33/
30y for the X0y~ (X = ClI, Br, I) anions were obtained from ref 49.

term is minimal, with the corresponding ratios @f 3[4,
(Table 5). Although the magnitudes of both ratios differ
slightly, they exhibit the same periodic trends. It is note-
worthy that the chemical shift ratios for the ¥Fand XQ;~
ions*® exceed ther [, ratios, whereas the opposite is found

Lehmann et al.

deshielding upon cation formation is a consequence of the
paramagnetic contribution to nuclear magnetic shielding (eq
13), which is negative and proportionalo(4,, the electron
imbalance termsP; and D;, and the average excitation
energy. Contraction of the valence p orbitals with increasing
charge may be anticipated to be reflected in thePXbond
lengths. With few exceptions, the uncertainties in the average
X—F bond lengths of the majority of cationic and neutral
fluorospecies do not allow the correlation between deshield-
ing of the central X nucleus and bond length contraction to
be verified>®% Significant bond length contractions do,
however, occur for the XefXeF, and XeR"/XeF,; couples,

and support the correlation (see ref 67 for details). In
addition, a change in symmetry about the central nucleus is
expected to result in a change in orbital mixing, when
compared with the parent molecule, which leads to increased
electron imbalance terms and nuclear deshielding. These
interpretations are, at best, qualitative and ignore possible
variations in the average excitation terii:.

(c) Coupling Constants,’3J(™X —°F), *K(X—F), and K-
(X—F)rc of the Group 14—18 Hexafluoro SpeciesThe
magnitudes of the isotropic coupling constamtd(xX —°F)|)
and reduced isotropic coupling constanfd(X—F)|) ob-
tained for the XE' cations in the present work are sum-
marized in Table 4. ThelJ(™X—1%F)| coupling constants
measured from the NMR spectra of the central halogen nuclei
are in good agreement with those previously obtained from
the®F NMR spectra [CIE|[AsF¢] (|*I(3°CI—1°F)|, 338—340;
|FICG'CI-19F)|, 283-285.3 Hz)%° [CIFg][SbFe] (|*I(3Cl—
19F)|, 340; |XI(]"CI—19F)|, 283 Hz)8 [CIF¢][PtFs] (|*I(°Cl—
19F)|, 337;|1(3"CI—19F)|, 281 Hz)? [BrFg][AsFe] (|*I("Br—
19F)|, 1587; |LJ(BBr—1F)|, 1709 Hz)® [BrFg][SbyFi;]
(1N("°Br—19F)|, 1575;|3(31Br—19F)|, 1697 Hz)¢ and [IF]-
[AsFe] (11I(*21—1°F)|, 2730 Hz}>%in anhydrous HF solu-
tion. The value of J(*21—1%F)| for [IF¢][AsFe] (2740 Hz)16

when corresponding ratios are compared for compounds ofin anhydrous HF, has also been determined from*tfie

the late group 14{°Sn and?°"Pb¥° and group 16 (Se,
125Tep! elements. The reversal within the XFseries may
be a consequence of the high oxidation staté)(of X, the
highly ionic natures of their bonds, and neglect of &
contribution?®

The 27 chemical shift of the IE" cation is deshielded
relative to that of IF (3095 ppm)® and is in accord with the
deshieldings exemplified by thé’Se, 1%Te, and ?°Xe
chemical shifts of the fluoro cations of selenidttel-
lurium,>® and xenof% relative to those of their neutral
parent fluoride®5355:56(also see details in ref 57). Nuclear

NMR spectrum'® Although seldom extolled in the literature,

(57) The’’Se,*?5Te, and'?’Xe chemical shifts of Seff (1135 ppm, S@
CIF solvent)?2 TeRs™ (671.2 ppm, S@solvent)?3 XeF" (=574 ppm,
SbFs solvent)>*55XeRs* (595 ppm, SbhEsolvent)®> and Xek™ (12.7
ppm, HF solvenf are all significantly deshielded with respect to
their parent fluorides; S@R1083 ppm, CHF solvent):2 TeF, (606.6
ppm, SQ solvent)?® XeF, (—2009 ppm, CFGlsolvent)>® XeF; (202.9
ppm, CFC4 solvent)®® and Xek (—60.8 ppm, a tetramer in GEl,/
SQO,CIF solvent)?®
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J-couplings are more accurately determined from the NMR their usual meanings and valué¥/,s x(0)|? and |W,s {0)|2
spectra of the high-spin quadrupolar nuclei than from the are the s electron densities of the valence orbitals at the
NMR spectrum of the spifk nucleus coupled t6X owing nuclei of the X and F atoms, anillxr is the mutual

to the shorter relaxation times 8K relative to'°F 3968 Thus, polarizability of thens orbitals of X and F and is equivalent
the |XJ(™X—19F)| coupling constants determined from the 10 the P%sx2sr (PAE)~! terms in the formalism of McCon-
spectra of the central high-spifX nuclides in the present  nell,”> wherePysxi2seis the s bond order term afdE is an
work, and previously for [If][AsFe]'® are somewhat larger ~ average triplet excitation energy. For closely related series,

than those obtained from tH& NMR spectra. the magnitudes of the coupling constants are expected to be
(i) Dominant Contributions to J(™X—19F). The mag- proportional to the s electron densities at the spin-coupled
nitudes and signs df(™X —19F) ("X = 35CI, 79Br, 127)) for nuclei and to the square of the s bond ord®ex/2sr

(i) Periodic Trends in *K(X—F). The spin-spin coupling
constants of the Xf series are not directly comparable
becauséJ(™MX—°F) is also proportional to the product of
the gyromagnetic ratios 6X and*°F. The reduced coupling
constantK(X—F) (eq 15), removes the nuclear dependence

the XR* cations have recently been calculated using
relativistic density functional theory (the ZORA-DFT
method)?® The magnitudes of the calculated isotropic
J-coupling constant$CIFs" (344 Hz),BrFst (1398 Hz),
and ?1Fgt (2793 Hz), are in good agreement with the
experimental values (vide supra). The signs of the calculated 4723("X —1%F)
coupling constants were found to be negative in each case KX —-F)=
and are in accord with a previous empirical prediction (vide

infra) that the signs of'K(X—F) for the isoelectronic  of the spin-spin coupling by factoring out the gyromagnetic

hexafluoro species of groups +47 are all negativé. ratios of the spin-coupled nucl&/4allowing comparisons
Ramsey’s nonrelativistic formalisihdescribes the indirect ~ to be made among spirspin coupling constants of different

coupling of nuclear spins in terms of three coupling mech- nuclides of the same element and nuclides of different

anisms, which contribute to the isotropijecoupling: the elements. The-values are positive for the naturally occur-

Fermi-contact (FC) term and noncontact terms consisting of ring spin-active nuclides of groups 14, 16, and 17, but are

the spin-orbit (SO) mechanism, which is subdivided into negative for those of group 15. Thus, the signiéfX—F)

diamagnetic (DSO) and paramagnetic (PSO) contributions, iS also dependent on the group that X belongs to.

and the spir-dipolar (SD) contribution. The FC mechanism  The substitution of eq 14 into eq 15 gives eq 16, which

is customarily assumed to be the dominant coupling term; shows that'K(X—F) is proportional to the products of

however, the remaining noncontact terms can also makel%nsx(0)/> and Ilxs when it is dominated by the FC

significant contributions. For example, the PSO mechanism Mechanism. Thellxs and [W2«0))* terms, to a first

is dominant for XF (X= CI, Br, 1) and XeF.%° Both - " 16 ) ) )

noncontact terms are dependent®riC, the expectation KX = 7F) = = g | Wog x(O) W25 dO) Ty (16)

value of the inverse cube of the electramuclear distance

of the valence p orbitals, which have a periodic dependenceapproximation, may be treated as constants for the structur-

15
hy Ve (13)

and are comparatively large for the halogéhs. ally related and isovalent group 447 hexafluoro species,
The indirect nuclear spirspin coupling tensors of the SO that plots ofK(X—F) versus|Wwsx(0)* are expected to
XFs" cations calculated using the ZORA-DFT metpodid yield linear relationships having slopes that are proportional

to |Wns {0)|?IIxe. The s electron densities of the valence
orbitals at the nuclei of the main-group elements have been
calculated for their free atoni8and can be used as estimates
of |Wns x(0)]? and|Wys {0)|? for the group 14-17 hexafluoro
species assuming that bonding has a negligible effect on the
valence s orbital electron densities at the spin-coupled nuclei.
Relativistic corrections have been applied|#s x(0)|? of

the main-group elements of rows-8,”® with the corrected
values denoted by s x(0)|%e, but have not been applied

to the row 3 elements where relativistic effects are

not separate the FC and SD terms; however, thetHF€D
contributions dominated the isotropic indirect spspin
coupling. The PSO term was shown to be highly dependent
upon the number of electron lone pairs on the central heavy
atom and was minimal for the %F cations, which displayed
low PSO/(FC+ SD) ratios for Cligt (14/86), Bris™ (24/
76), and 1" (18/82)5° In the ensuing discussion, the relative
roles of the FC term and of the noncontact terms, SD and
PSO, are assessed, semiempirically, for the hexafluoro
species of groups H17 by examining trends among their
isotropic reduced coupling constants. (68) Chevalier, YMagn. Reson. Chen1986 24, 404.

The present discussion of the FC contributions to the g?gg Eg’nﬁesé}?" N":;Fvgﬁjgf'zhsnigié%‘frgbghem'2002 41, 3091.
1J(™X—1%F) coupling constants of the X%F cations and (71) Pople, J. A.; Santry, D. Aol. Phys.1964 8, 1.
isovalent spe_cies of groups $47 and rows 36 makes use g:z’;g m;gc?r?,nilIlyr*ﬂﬂﬁlwﬁﬂhlce:g?mMFl;hxﬂséggr?, 34 Ig(?.(;lPlenum Press: New
of the formalism developed by Pople and Saritryhe FC York, 1987; Appendix, pp 623629.

term is given by eq 14, where all undefined symbols have (74) The values of the gyromagnetic ratios used in this study'¥re
(25.1815x 10" rad s T1), 35CI (2.6242x 10" rad s T7Y), 37Cl

(2.1844x 10" rad s* T71), ™Br (6.7256x 10" rad s* T71), 81Br

10 41“0“32 ) ) (7.2498x% 107 rad s1 T-1), and'?7 (5.3896 x 10" rad s T-1) and
"X =)= — —— W (0)4IW... L0)°TT 14 were taken from ref 73.
( ) O VXVl Wis O Wos (O Tl (14) (75) PyykKq P.; Wiesenfeld, LMol. Phys.1981 43, 557.
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Figure 4. Plots of the reduced coupling constantk(X—F)|, of the XRs",
XFe, XFg~, and XR?~ series versug¥ns x(0)|%e.. The coordinates for the
row 6 hexafluoro anions are as follows: BiF (*K(X—F)|, 20.60;
|ans,X(0)‘2rel 56-54) and Pbdz7 (llK(X_F)lr 14-01;|"pns,x(0)|2rely 40-99)-
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Figure 5. Plots of the reduced coupling constants{(X—F)|, versus

atomic numberZy, for the isovalent group 1417 hexafluoro species.

negligible. Relativistic effects for the heavier elements result

in contraction of the valence s orbitals such thB{s x(0)|%el
is invariably greater thanW.sx(0)|% The relationship
between|*K(X—F)| and [Ws x(0)/%e for the group 14-17

hexafluoro species is shown in Figure 4. The correlations
for groups 14-16 are nearly linear with positive slopes that

intersect near the origin. Although the ¥Fcations exhibit

a nonlinear relationship, with a line of best fit having a slope
that is intermediate with respect to those of the group 14

and 15 species, the general observation tRE(X—F)|

increases with increasind s x(0)|%e and approaches zero

as | W x(0)|%e approaches zero is also consistent with the
overall dominance of the FC term for these octahedral species
and is consistent with the smaller PSO contributions that have

been calculated for the %F cations®®
The relationship betweepiK(X—F)|*? and Zx has been

previously described for the isovalent hexafluorides of
periods 14-178 Similar trends are noted in the present work

when |'K(X—F)| is plotted againsZy (Figure 5), where the

value of |'K(X—F)| increases, within each group, in a near-

linear fashion with increasingx for rows 3-4. The plots

also increase, with positive slopes, from left to right across
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Figure 6. Plots of the reduced coupling constanfd¢(X—F)|, of the
isoelectronic group 1417 hexafluoro species versus the averagé->bond
length.

the periodic table within each isovalent series, intersecting
near the origin. The increase [W s x(0)|%e With increasing

Zx across each row is also an established tférahd is
reflected in plots of|'K(X—F)| versusZy; however, the
halogen series deviates from the near-linear trends observed
for groups 14, 15, and 16. The most notable deviations occur
for CIFs™ and Bris*, where the value gftK(CI—F)| for CIFs"

is similar to |'K(S—F)| of SRk and |'K(Br—F)| of BrFs" is
lower than |!K(Se—F)| of Sek. This anomaly may be
attributable to the noncontact contributions identified in the
previous theoretical study of the XFcations, where the
PSO terms accounted for 14% (Gify, 24% (Brk*), and
18% (IR") of |*K(X—F)|.8° Although the anomalous behav-
iors of Bris* and, to a more limited extent, GIF are
noteworthy and may result from different relative contribu-
tions from the contact and noncontact terms, it is not possible
to comment further on these anomalies in the absence of
the PSO/(FC+ SD) ratios for the hexafluoro species of
groups 14-16.

A plot of |*!K(X—F)| versus X-F bond length exhibits a
positive slope within each group (Figure 6), but of greater
interest is the relationship betwegK(X—F)| and the X-F
bond lengths across each row. Plots |8K(X—F)| for
isoelectronic members of rows 3 and 4 versus theirFX
bond lengths exhibit significant deviations from linearity
when compared with the plot for the row 5 species. Although
the PSO contribution is expected to be small when there are
no electron lone pairs on the central atéhi,is clear from
lines of best fit that|*K(X—F)| increases with decreasing
bond length within each row, suggesting a dependence on
i3}, and significant contributions from noncontact terms.
The observed trends, however, are also consistent with
|Wns x(0)|%e and s bond order trends, which increase across
each row and down each group, and provide significant
contributions to the FC mechanism.

(ii) Absolute Signs of 1J(™X—°F) and K(X—F). The
relative signs of théK(X—F) coupling constants involving

(76) Jameson, C. J. Iklultinuclear NMR Mason, J., Ed.; Plenum Press:
New York, 1987; Chapter 4, p 100.
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main-group elements have been surveyed by Jamésun,
definitive assignments of the absolute signs for the majority
of spin—spin couplings have not been made. On the basis
of similar trends observed fofK(X—F)|, when plotted
againstZx, X—F bond length, andWsx(0)|2e for the
hexafluoro species of groups 147 (Figures 4-6), and
recent confirmation that the isotropic coupling constants of
the XR" cations are negativ@,it may be inferred that the
signs of the reduced coupling constants of the hexafluoro
species of groups 117 are all negative. In contrast, the

y-values of the group 15 nuclides are all negative, suggesting

that the trends depicted in Figures@are preserved because
the1J(™X —1%F) couplings of Pk, Asks~, Sbk~, and BiR~
are positive.

The established trends among group-14 hexafluoro
species also have implications relating to the signs of
1J(*?°Xe—1%F) andJ(*3Xe—1%F) for known xenon fluoride
species and the hypothetical octahedral Xe(VIll) species,
XeFRs?". Becausé??Xe (I = %,) has a negative-value and
BXe (I = 3%,) a positive value,1J(**°Xe—°F) and
1J(*3Xe—1%F) will have opposite signs. The previously
discussed trends indicate tRK{Xe—F) is negative and, from
the assumption that alkK(X—F) values in Figures 46 are
negative,’J(**°Xe—1°F) for XeR?", which is isoelectronic
with the row 5 hexafluoro species, is predicted to be positive
with an estimated magnitude of 4808 930 Hz. The
predicted sign is also in accord with the relative signs
predicted from plots of experimentd®F chemical shifts
versus-J(*?°Xe—19F) for the known Xe-F bonded derivatives
of xenon’® The latter relationship indicates that all
1J(*?°Xe—1%F) couplings involving Xe(ll) and Xe(IV) have

Table 6. Comparison of the Experimental and Calculated Bond
Lengths (A) for CIR*, BrFst, and IR*"

catior? expt (av) HF MP2 LDF

ClFs* 1.550(4) 1.547 1.623 1.612
Bris"™ 1.666(11) 1.663 1.731 1.730
IFe" 1.779(6) 1.811 1.874 1.869

a2The geometries of the X cations were optimized wit®, symmetries,
and the DZVP basis set was used for each calculation.

(b) Vibrational Frequencies. The infrared and Raman
frequencies of the CHF,3758710 BrFs+6911 and IR™ 12715
cations have been previously determined. These octahedral
cations are expected to have 15 normal modes of vibration,
Alg + Eg + Fzg + 2F, + Foy, where the/l(Alg), Vz(Eg), and
vs(F2g) modes are Raman active, the(Fi,) and va(Fi)
modes are infrared active, and thg(F,,) mode is both
Raman and infrared inactive. The previously reported
experimental frequencies and intensities of thesGIBriFs",
and IR cations are listed in Table 7, where they are
compared with those calculated by HF, MP2, and LDF
methods. The unscaled vibrational frequencies of thg"XF
cations were consistently overestimated by the HF calcula-
tions and underestimated by the MP2 and LDF calculations.

The inactive vg(F2) mode of Clg" was previously
assigned at 353 cmi on the basis of the first overtone of
ve(Faw) (Ag + Eg + Fo9 at 706 cm? in the infrared
spectrurfiand is bracketed by the calculated frequencies (HF,
383 cntl; MP2, 308 cmt; LDF, 296 cnt?). The vg(Fay)
modes of Brgt and Ik" have never been directly or
indirectly observed; however, the calculations predict that
their frequencies lie between 231 and 306 tand between

negative signs whereas those of Xe(VI) have the smallest179 and 234 cm, respectively.

magnitudes and can have either negative or positive signs

. In contrast with the CIE" cation, where (A1) is at higher

The relationship assigns positive and negative signs to thefrequency thany(Ey), the frequency order of these vibra-

axial and equatoriat?®>Xe—1°F couplings, respectively, of
the XeR*' cation. These empirical relationships also predict
a positive value for théJ(*?°Xe—1%F) coupling of XeQF,
(991—-1015 Hz)’® which is the only Xe(VIIl) species for
which a'?°Xe—°F coupling constant has been determined.
These empirical assignments of the signsJ§f>°Xe—1F)
have been recently supported by ZORA-DFT calculatfdns,

tional modes is reversed for ByF(v1(A1g), 658 cnml; v

(Ey), 668 cml) and IR (v1(A1g), 708 cnl; vy(Ey), 732
cm ). The frequency orders of these bands are correctly
predicted by the HF and MP2 calculations, but not by the
LDF calculations, whereas the frequency orders of the
remaining bands are correctly predicted by the three methods.

The calculated infrared and Raman intensities for thg"XF

which also assigned positive signs to the axial and equatorialcations are in semiquantitative agreement with the relative

1J(**°Xe—1%F) coupling constants of the unknown XeF
cation but did not consider either the X€F cation or
XeOsF,.

Computational Results. (a) GeometriesThe energy-
minimized structures of the CJF, BrFs*, and IR™ cations
have been calculated with, symmetry using the HF, MP2,
and local density functional (LDF) methods (Table 6). The
ClIFst, Bris*, and IRt bond lengths calculated by the HF

experimental intensities. Although the experimental absolute
extinction coefficients of the infrared-actives(Fy) and
v4(F1u) bands of the XE" cations have not been determined,
it is clear that the experimental transition moment ;)

is greater than that afs(F1,). The experimental intensities
are consistent with the intensities calculated by HF, MP2,
and LDF methods, which provideg(F1.):v4(F1,) intensity
ratios of 9.0, 22.2, and 16.1 for GIF; 2.3, 3.7, and 4.0 for

method provided the best agreement with the averageBrFs*, and 1.5, 2.0, and 4.0 for §F. The experimental

experimental value. In the case of eachsXEation, the X-F
bond lengths determined by MP2 and LDF methods were
found to be similar, but were consistently longer than the
experimental values.

(77) Jameson, C. J. IMultinuclear NMR Mason, J., Ed.; Plenum Press:
New York, 1987; Chapter 4, p 92.
(78) Gerken, M.; Schrobilgen, G. Coord. Chem. Re 2000, 197, 335.

Raman intensity o¥1(A1g) is invariably greater than those
of vy(Eg) and vs(F,g), and this trend is reproduced by the
calculated intensities.

(c) Natural Bond Orbital (NBO) Analyses. The atomic
charges and Mayer bond orders calculated for the™XF
cations using the energy-minimized geometries determined
from HF, MP2, and LDF calculations are summarized in

Inorganic Chemistry, Vol. 43, No. 22, 2004 6915



Table 7. Comparison of Experimental and Calculated Vibrational Frequencies fgr &= ClI, Br, 1)

Lehmann et al.

assignment®y) descriptioft expbe HFd MPp2d LDFd

ClIFg* v1(A1g) Veym in phase 688 (100) 746 (33) [0] 599 (22) [0] 628 (31) [0]
v2(Eg) Veym out of phase 631 (27) 703 (26) [0] 556 (14) [0] 565 (16) [0]
v3(F1u) Vasym 890 [ms] 1017 (0) [1002] 804 (0) [867] 840 (0) [867]
va(Fuu) Oumbrella 590 [m] 631 (0) [111] 518 (0) [39] 506 (0) [54]
vs(Fag) scissor 517 (40) 550 (8) [0] 452 (10) [0] 440 (10) [0]
ve(Fau) Opucker 353 383 (0) [0] 308 (0) [0] 296 (0) [0]

BrFg" v1(A1g) Veym in phase 658 (100) 739 (41) [0] 616 (24) [0] 623 (36) [0]
v2(Eg) Veym out of phase 668 (28) 746 (26) [0] 622 (7) [0] 614 (17) [0]
v3(F1) Vasym 775 [ms] 885 (0) [420] 733 (0) [396] 736 (0) [363]
v4(F1) Oumbrella 427,433 [m] 472 (0) [183] 400 (0) [108] 377 (0) [90]
v5(Fag) Oscissor 405 (34) 435 (10) [0] 365 (11) [0] 345 (11) [0]
ve(Fau) Opucker 306 (0) [0] 248 (0) [0] 231 (0) [0]

IFg" v1(A1g) Veym in phase 708 (100) 806 (39) [0] 622 (31) [0] 623 (39) [0]
Vz(Eg) Vsym out of phase 732 (20) 811 (19) [O] 651 (12) [O] 614 (15) [O]
va(F1u) Vasym 797, 790 [ms] 892 (0) [357] 719 (0) [276] 736 (0) [363]
va(Fuy) Oumbrella 343 [m] 378 (0) [231] 301 (0) [141] 377 (0) [90]
vs(Fag) Oscissor 340 (40) 366 (9) [0] 278 (12) [0] 344 (11) [0]
VG(FZU) épucker 234 (O) [O] 179 (0) [O] 231 (O) [O]

a Abbreviations denote symmetric (sym), asymmetric (asym), medium (m), and medium stron§ Tims)observed Raman and infrared intensities are
relative values and are given in parentheses and brackets, respeéfisghgrimental vibrational frequencies and intensities are taken from ref 8 faj| [[&F¢],
from ref 6 (Raman frequencies) and ref 11 (infrared frequencies) forg][Bt$Fs], and from ref 12 for [IE][AsFg]. @ The calculated Raman and infrared
intensities are given in parentheses and square brackets, respectively, and have units“oérmodt And km mot?, respectively.

Table 8. Atomic Charges, Valencies, and Mayer
XFet (X = ClI, Br, ) Cations

Bond Orders for the

HF MP2 LDF ELP
Atomic Charges and Valencies
CIF¢t ClI 2.91 (3.10) 2.60 (2.72) 2.51(2.93) 3.07
F —0.32(0.37) —0.27 (0.32) —0.25(0.36) —0.34
BrFe¢™ Br 3.35(3.11) 3.03 (2.86) 2.86 (2.95) 3.30
F —0.39 (0.40) —0.34(0.37) —0.31(0.39) —0.38
IFet | 4.14 (2.91) 3.73(2.78) 3.50(2.85) 4.63
F —0.52 (0.40) —0.46 (0.40) —0.42(0.40) —0.60
Bond Orders
CIFg" CI-F 0.517 0.454 0.488
F---Fs  —0.039 —0.034 —0.034
Fee+Fyans  0.008 0.004 0.004
BrF¢"™ Br—F 0.519 0.477 0.492
FeF —0.031 —0.026 —0.027
Fee-Fyans  0.003 0.001 0.001
IFe" I-F 0.485 0.464 0.475
F--Fes  —0.022 —0.018 —0.019
Fee-Fyans  0.001 0.000 0.000

aFrom the TopMod electron populatiorsValencies are given in

parentheses.

to —0.039)> BrFs* (—0.026 t0—0.031)> IFs* (—0.018 to
—0.022), reflecting the reduction in-#F repulsions as the
size of the central atom increases.

(d) Electron Localization Functions. The starting point
of the Silvi-Savin approach to chemical bondiffguwhich
is based on a topological analysis of the gradient field of
the electron localization function (ELFj(r), is the single
determinant of the HF wave functions comprising the entire
set of occupied molecular orbitals obtained from a prior
electronic structure calculation. Use of the complete MO set
gives more realistic approximations of the total electron
density than treatments based on forcing electron pairs into
single molecular orbitals. In fact, single MO wave functions
are intermediate results, which are optimized during the
LCAO-SCF-HF procedure, as they are a part of the Fock
operator.

The ELF calculations in the present work were completed
using the HF method. The basin populatioh§),(relative
fluctuations £), and contribution analyses (%) for the &F

Table 8. The calculated charges on the central halogen atomgations are summarized in Table 9 (see Table S1 for more
are significantly less thar-7, and those on the fluorine
ligands are accordingly more positive than thé charge

expected for purely ionic structures. The atomic charge the bond pair basins/(X,F), which are illustrated by the
distributions are consistent with the polarities of the X

bonds based on the electronegativitiesf

fluorine (4.10),

information). The ELF calculations identified core basins on
the halogensC(X;), the valence lone pair basing,(X;), and

isosurfaces for each cation in Figure 7.
The lobes show high electron densities concentrated on

chlorine (2.83), bromine (2.74), and iodine (2.21), with the the fluorine atoms. The core basin populations of chlorine
ionic character of the XF bond increasing with atomic

number of the central halogen.
The X—F Mayer bond orders calculate

d for GiH0.454

to 0.517), Brig* (0.477 to 0.519), and ¥ (0.464 to 0.485)
are comparable at a given level of theory and exhibit a interaction with the bonding basins. Similarly, the fluorine
minimal dependence on the computational method. The core basin populations in G§F (2.07), Brks* (1.95), and

Mayer bond orders betweecis-fluorine

atom pairs are

(9.98), bromine (27.55), and iodine (45.70) are close to the
expected electron counts of 10, 28, and 46, respectively, and
the low values (Cl, 0.06; Br, 0.04; I, 0.03) indicate a high
degree of electron localization for these basins with negligible

IFs* (2.07) are close to the expected value of 2; however,

negative, decreasing in magnitude down the group as thethese basins are significantly more delocalizéd (.22~
size of the central halogen atom increases, i.e ¢'GH0.034

0.23). The greater degrees of delocalization for the fluorine

(79) Allred, A. L.; Rochow, E. GJ. Inorg. Nucl. Chem1958 5, 264.
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(80) Silvi, B.; Savin, A.Nature1994 371, 683.
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cich

C(Br)

Figure 7. The ELF isosurface plots (0.67 contour) calculated at the HF/DZVP level for (a) QF) Brks*, and (c) Ik*; symbol definitions are given

in Table 9.

Table 9. Symmetry Averaged ELF Basin Separation Valuls)(
Basin VolumesY), Basin PopulationsN;), Relative Fluctuationsij,
and Contributions (%) of Other Basins to the Variancg%N;)) for
XFet (X = Cl, Br, 1)2

basi®  Ni[e]P A contribution analysis (%)
CIFs"
C(Cl) 9.98 0.06 13% eacH(Cl,F)
C(F) 207 0.22 19%:(F); 229%Va(F,); 24%Va(F); 27%Va(F)
Vi(F) 1.38 0.62 10%(F); 29%Vs(F;); 28%V(F); 14%Va(F);
119%V(CI,F)
Vo(F) 1.61 0.58 1096(F}); 20%V1(F;); 24%Va(F); 24%Va(F);
1296V(CI,F)
Va(F) 1.61 0.58 109G(F); 21%Vi(F;); 22%Vo(F); 25%Va(F);
119%V(CI,F)
Vi(F) 1.93 0.54 1296(F); 22%V1(F}); 22%V(F;); 24%Va(F,);
139%V(CI,F)
V(CLF) 1.25 0.71 1194(F); 13%Va(F); 13%Va(F); 159%Va(F;)
BrFg"
C(Br) 27.55 0.04 15% eacti(Br,F)
C(F) 1.95 0.23 16%4(F); 18%Va(F); 25%Va(F;); 27%Va(F)
Vi(F) 1.39  0.62 19%(F;); 30%Va(F); 24%Va(F;); 10%V(Br,F)
Vo(F) 155 0.60 15%/(F); 21%Va(F); 33%V4(F;)
Va(F) 1.84 0.56 149G(F); 23%Vi(F;); 19%Vo(F); 25%Va(F);
119V(Br,F)
Va(F) 2.20 0.53 1396(F); 18%V1(F;); 26%Va(F;); 23%Va(F,);
119%V(Br,F)
V(Br,F) 1.13 0.77 19%(Br); 13%Vi(F;); 11%Va(F); 13%Va(F);
159%6Va(F;)
IFgt
c() 45.70 0.03
C(R) 207 0.22 21%(F); 279%V(F); 30%Va(F); 20%V(l,F)
Vi7(I) 0.03 0.99 34%(l)
Vi(F) 1.63 0.62 20%(F); 31%Va(F;); 25%Va(F)
VoF) 1.80 0.60 19%(F;); 29%Va(F;); 30%Va(F)
Va(F) 222 0.57 119(F); 25%V1(F;); 25%Va(F); 25%Va(F;)
Va(F) 228 0.55 1196(F;); 22%V1(F;); 269%V(F,); 27%Vs(F;)

V(Asyn) 0.02 0.99

a All calculations were performed using the HF/DZVP methbb; is
the basin population (e). Indices:the basin in questiorj,= 1-6. ¢1is
the relative fluctuation of the basin populatiohThe total contribution of
other basins td\; is defined as the variance?(N;), with each indicated
basin giving its percent contribution. Contributions less than 10% are not
given.

core basins are attributed to contributions from the fluorine
lone pair basins (ClE, 19-27%; Brk*, 16-27%; IR,

20—30%), which vary from 0.45 to 0.46 electron. Each
fluorine atom was found to have four lone pair basins with

electron population ranges of 1.38 to 1.93, 1.39 to 2.20, and

1.63 to 2.28 for CIg+, Bris™, and IR, respectively. These
four basins, which are indicative of high fluoride ion

character, are highly delocalized with respect to each other

(4, 0.53-0.62), resulting in the continuous nature of these
lobes as depicted in Figure 7.

The average bonding basin populations are 1.25 and 1.13
for CIFst and Brk*t, respectively. The bonding basins of
CIFs" and BrRs* are highly delocalizedi( 0.71-0.77), with
the delocalization being attributed to the lone pair basins of
the fluorine atoms and not to the core basins of the central
halogen. As a result, the bonding electrons are more closely
associated with the fluorine atoms (Figure 7). In contrast
with the lighter halogen analogues,stfFdoes not have a
bonding basin. It is therefore reasonable to conclude that
the bonding in IE" is the most ionic of the X§ cations.

The ELF charges on CI (3.07), Br (3.30), and | (4.63) and
on the fluorine atoms of Cl (—0.34), Brig* (—0.38), and
IF6" (—0.60) are comparable to those obtained from the NBO
analyses (vide supra), with the magnitudes of the charge
differences between the central halogen atoms and the
fluorine ligands increasing upon descending group 17. The
increasing ionic characters of the—% bonds are also
reflected in their declining valence shell occupancies of Cl
(3.94), Br (3.70), and 1 (2.37).

Bonding and Structural Trends Among the XFg*
Cations and Related Fluoride Species. (a) Nature of XF
Bonding in the XFs" Cations. The octahedral symmetry
allows a simple view of ther bonding. The six symmetry-
adapted fluorine orbitals contributing to the bonding combine
with available orbitals on the central X atdth.Four
symmetry-adapted fluorine orbitals combine with the central
atom s and p orbitals to generate four filled bonding orbitals
(one Aq and three T). The remaining two filled fluorine-
ligand orbitals are nonbonding withy Bymmetry, and are
fluorine only in character if there is no central atom d orbital
participation. This bonding model ensures that the X
bonds will have appreciable polarities. Participation of d
orbitals would lower bond polarities and enhance the bond
energies.

The failure of the XE' cations to fulfill the basic
requirements for three center bonds (a coordination number
in excess of four and the presence of a sterically active, free
valence electron pair on the central atéhij also implies

(81) Kutzelnigg, W.Angew. Chem., Int. Ed. Engl984 23, 272; Angew.
Chem 1984 96, 262.

(82) Christe, K. O. InXXIVth International Congress of Pure and Applied
Chemistry Butterworth: London, 1974; Vol. 4, p 115.
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that their bonding is best described in terms of covalent two
center bonds with strong ionic contributions. This model is
consistent with the NBO and ELF analyses, which predict
covalent bond orders of approximately and increasing
bond polarities as the electronegativity of the central atom « '°T
decreases. The combination of these bonding contributions£
leads to X-F bond lengths that are among the shortest known
for the neutral and charged binary halogen fluorides. A
description of the bonding orbitals of the central atom is
ambiguous and a moot issue because bonding is not an
observable quantity; only bonding distances and electron 6|
density are amenable to observation and direct measurements.
For solely didactic reasons, the octahedral geometries of the . . . . . .
XFs™ cations and the high covalencies of their bonds could 20 30 40 50 60 70 80
be explained either by the classi¢dphybridization model X
of the halogen orbitaé or by a more preferred model, which Figure 8. Plots of the average XF bond lengths of the isovalent group
. ., 14-17 hexafluorides versus atomic numbag,
uses the s and three p orbitals of the central atom and avoids
the use of d orbitals for the description of bonding in main- lengths (Figure 8), and-FF contact distances. With the

Bond Len

group compound$: exception of the dianions, SfF (1.695(5)2.40 A)87 and
(b) Assessment of Ligand Close Packing among the GeR?™ (1.80(4)2.55A),%8 the X—F bond lengths and-FF
Isovalent Hexafluoro Species of Groups 1417. Bond contact distances (values in italics) do not differ significantly

length contraction with increasing central halogen oxidation among the row 3 (CIE¥, 1.550(4)2.19A; SFs, 1.5568(6)/
state is likely offset by increases in the magnitudes of the 2.202A;% PR~ 1.58(1)2.23A%) and row 4 (Brf*, 1.666-
intramolecular F+F repulsive interactions when the halogen (11)2.36A; SeFs, 1.69(1)2.39A;9 AsFs~ 1.70(2)2.40A%)

atom is in a high oxidation statetf or +7), has a high hexafluoro species. The absence of a significant dependence
coordination number, and has a net positive charge. Signifi- Of the X—F bond lengths on net charge suggests that the
cant ligand-ligand repulsions, which are a consequence of bond contraction expected with increasing oxidation state
the smaller size of the central halogen atom, can account@long each row is counterbalanced by-F ligand-ligand

for the inability of chlorine and bromine to exhibit coordina-  interactions in rows 3 and 4. Repulsive interactions of this
tion numbers that exceed six. This hypothesis is supportedkind are not surprising considering that the-F contacts

by the negative Mayer bond orders betwessfluorine are significantly less than twice the sum of the van der Waals
atoms, which decrease in the order £1F—0.034)> BrFs* radius of fluorine (2.76° 2.94 A2Y). This is not the case for
(—0.027)> IFg" (—0.019), and the increase in the average row 5 and 6 hexafluoro species, where thefXbond lengths
experimental intra-ionic #F distances, Cif (2.192(5) A) clearly exhibit a contraction as the net charge becomes more
< BrFs" (2.356(11) A)< IFs* (2.516(17) A). The present  Positive (SN, 1.945(2)2.75A;% Sbk;~, 1.878(4)2.66A,
experimental findings are in accord with the views of TeRs, 1.824(4)2.58A;% IF¢", 1.779(6)2.52A and PbR?",
Robinson and Gillespi®who have recently investigated the 2.058(4)2.91 A;% BiFs~, 1.98(5)2.80 A%) and the F-F

role of ligand close packing (LCP) in octahedral main-group contact distances approach the van der Waals sum for the
fluorides of rows 3, 4, and 5 and concluded from the anionic species. The reduced ligarigjand interactions
experimental intra-ionic #F distance® that the fluorine among the row 5 and 6 hexafluoro species are also consistent
|igands of CIE" are close packed whereas those of BrF with the abl'lty of their central atoms to exhibit coordination
and IR" are not. They go on to point out that although the numbers as high as seven{FTeF~,% SbF* %) and eight

F ligands of row 4 species, such as BrFare not close  (TeR*",% IFg*~ 1%).

packed because of the larger sizes of row 4 atoms, the centrat — :

atoms are not large enough to accommodate more than six®") {0 Forrester. J. b Templeton, D. Acta Crystallogr1964
ligands, contrasting with the row 5 elements which can (88) Popov, D. Y.; Kavun, V. Y.; Gerasimenko, A. V.; Sergienko, V. |;
accommodate as many as seven or eight small ligand atoms. ~ Antokhina, T. FRuss. J. Inorg. Chenl.999 44, 97 Zh. Neorg. Khim.

1999 44, 103.
Comparisons among the isovalent main-group hexafluoro (89) Ischenko, A.; Ewbank, J. D.; Siflea, L. J. Phys. Chem1994 98,

: RS _ - 4287.
species, X (X = Cl, Brll)- XFeg (X =S, Se, Te), Xk (90) Wang, Y.; Calvert, L. D.; Brownstein, S. Kcta Crystallogr., Sect.
(X = P, As, Sh), and X& (X = Si, Ge, Sn), also reveal B 198Q 36, 1523.

several relationships among their net charges,Fxbond (91) Ewing, V. C.; Sutton, L. ETrans. Faraday Socl963 59, 1241.
(92) Lehmann, J. F.; Dixon, D. A.; Schrobilgen, Gldorg. Chem2001,

40, 3002.

(83) Christe, K. O.; Schack, C. Adv. Inorg. Chem. Radiocheni976 (93) Benghalem, A.; Leblanc, M.; Calage, Xcta Crystallogr., Sect. C

18, 319. 1990Q 46, 2453.
(84) Holleman, A. F.; Wiberg, E. Innorganic Chemistry Wiberg, N., (94) Seip, H. M.; Stglevik, RActa Chem. Scand.966 20, 1543.

Aylett, B. J., Eds.; Academic Press: San Diego, 2001; pp-33r. (95) Brock, D. S.; Mercier, H. P. A.; Schrobilgen, G. J. Unpublished results.
(85) Robinson, E. A.; Gillespie, R. Inorg. Chem.2003 42, 3865. (96) Lucier, G.; Minzenberg, J.; Casteel, W. J.; Bartlett,INorg. Chem.
(86) The BrF bond length (1.55A) and intraionic #F contact distance 1995 34, 2692.

(2.19 A) cited for the BrE" cation in Table 4 of ref 85 are erroneous;  (97) Ruff, O.; Keim, R.Z. Anorg. Chem1931, 201, 245.

the values should be 1.666(11) and 2.356(11) A, respectively. (98) Selig, H.; Sarig, S.; Abramowitz, $rorg. Chem.1974 13, 1508.
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Conclusion Experimental Section

The X-ray crystal structures of the XF(X = ClI, Br, I) CAUTION! Anhydrous HF must be handled using appropriate
cations have been determined for the first time as their protective gear with immediate access to proper treatment
isomorphous Sff 1~ salts. The XE" cations display among  procedure¥*1%in the event of contact with liquid HF, HF vapor,
the shortest XF bond lengths known for the neutral and or HF-containing solutions. Krypton difluoride and the salts of
charged binary halogen fluorides. The vibrational frequencies KIF", KrzFs", CIFs", BrFs", and Ifs" are extremely strong oxidants
and intensities of the X& cations, derived from the and react vigorously to explosively with water, organic materials,

electronic structure calculations, confirm the previous as- and other oxidizable materials. Extreme caution is to be exercised
signments of their infrared and I’?aman spectra during the handling and disposal of these species to avoid violent

detonations.
The %Cl, 7#Br, and**I NMR spectra of the CIF, Apparatus and Materials. Volatile materials were handled in
BrFs", and IFs" cations and theill;-relaxation times reflect  acyum lines constructed of stainless steel, nickel, %gith.-0.d.
the octahedral geometries of these cations in HF solution. FEP fluoroplastic tubing, and nonvolatile materials were transferred
The central halogen chemical shifts of XOand Xk* in the dry atmosphere of a drybox as previously descrifed.
increase significantly when descending the halogen group, (a) General ReagentsKrypton difluoride?2 AsFs,105 CIFs,106

reflecting the dominance of the paramagnetic shielding termsand 1F'°7 were prepared and purified according to literature

for the heavier nuclei, paralleling the larger valuesiof(d, methods. The oxidizing agent [KrF][AgFwas prepared by the
associated with these elements. Trends in isotropic reducediterature method? by reaction of Krk with AsFs in anhydrous
coupling constants!K(X—F)|, with [Wnsx(0)|? and Zx for HF, and its purity was monitored by low-temperature Raman

spectroscopy. Solutions of Shkh anhydrous HF were prepared

the row 3-5 hexafluoro species have near-linear relationships
P P by the direct fluorination of freshly sublimed ShfAldrich, 98%),

across each row that are consistent with the dominant roleaS previously described® Antimony pentafiuoride (Ozark Ma-

of the Fermi contgct spiAspin coupling mechanism. The honing) % used in the preparation of {FSbsFd, and BrFs (Ozark
ar)ornalous beha\_/lors 9f B¢Fand, to a Iesser. extent, QVF_ Mahoning}°®were purified as previously described. Anhydrous HF
within these relationships may result from different relative \yas purified as previously describé®l and stored over Bif
contributions from the contact and noncontact terms. The uUltrahigh purity (UHP) argon (Air Liquid; certified 99.999%2
|*K(X—F)| couplings increase linearly across a row from left ppm Q, <3 ppm HO) was used without further purification.

to right as the X-F bond length decreases, with the best  (b) [CIFg][AsF¢] and [BrF ¢][AsF¢]. The salts [CIE][AsF¢]® and
correlation being observed for row 5 hexafluoro species [BrFg[AsF¢|® were prepared in FEP reaction vessels equipped with
where intraionic F+F repulsions are minimized. From the stainless steel valves by allowing the oxidant [KrF][k®.5 g)
similar behaviors of*K(X—F)| with respect toWys x(0)|2, to react with approximately 0.5 mL of Glfand BrFs, respectively,

Zy and the %-F bond lengths of the group 4.7 hexafluoro at room temperature. Excess &,|BrFs, and volatile side products

species of rows 35, it is inferred that theirK(X—F) (i.e., [CIF][AsF¢] and [Bri][AsFg]) were removed under dynamic

. . vacuum at ambient temperature, and the product purities were
coupling constants have the same sign. Furthermore, the P ’ P P

. . . checked by Raman spectroscopy. The products were stored under
recently 'establlshe'd negative Slgn§ f9("X—1F) of the UHP Ar at{78 °C untirl) used, an%lyany trgnsfers of these materials
XFe" cations also imply that the signs &J("X—'°F) are \;ere made under the Mtmosphere of a drybox.
negative for the group 14 and 16 hexafluoro species, but (©) [CIFe][Sb2F11] and [BrF ¢J[Sb,F14]. The salts [CIE|[SbsF1i]
positive for the group 15 analogues and for the presently and [BrR][Sh,F.,] were prepared by transferring the AsFsalts
unknown!?°XeFg?* cation. of CIFs" and Brk* into solutions containing a slight excess of

The experimental and calculated bond length trends amongSbFs (i.e. >2Sbk:AsFs™) in anhydrous HF in a T-shaped FEP
the XRs* cations are governed by the degree of covalent reactor equipped with a stainless steel valve. ThesAsi excess
character in their semi-ionic bonds, which decreases as theSPFs were removed by decanting the cold supernatant into the side
electronegativity of X decreases. The magnitudes of the &M of the reactor, which was cooled 1196 °C and sealed off
calculated atomic charges on the central halogen atoms andJr;%e:e/acuum. The product was dried under dynamic vacuum at
fluorine atoms, which increase upon descending group 17, '

i o (d) [IFe)[ShaFig. The salt, [IR][ShsFig, was prepared by
reflect this trend. The XF Mayer_ bond orders were S|_m|I_ar condensing IF(1.871 g, 7.20 mmol) at 196°C directly onto neat
for the CIR™, BrFs", and IR" cations; however, intra-ionic

F---F bond orders were found t(_)_becom_e |e_SS negative_ dOWn(100) Christe, K. O.; Sanders, J. C. P.; Schrobilgen, G. J.; Wilson, W. W.
the group, reflecting the ability of iodine to achieve J. Chem. Soc., Chem. Commua991, 13, 837.
; ; ; (101) Bertolini, J. C.J. Emerg. Med1992 10, 163.
coordlnat!on numbers greater tha.n six. The EITF approach 102) Peters, D.. Mietchen, R. Fluorine Chem1996 79, 161.
has provided a means to visualize the bonding electron (103) Segal, E. BChem. Health SaR00Q 19.
density and relative ionicities of the-F bonds in the X§" (104) Casteel, W. J., Jr.; Kolb, P.; LeBlond, N.; Mercier, H. P. A;
. . . . Schrobilgen, G. Jinorg. Chem.1996 35, 929.
cations. The positions of 'the ELF bqndmg pasms along the (105) Mercier, H. P. A.; Sanders, J. C. P.; Schrobilgen, G. J.; Tsai, S. S.
X—F bond paths are consistent with single, highly polarFX (106) |n(|Jrg. cr;‘em.lgga 32, 386. e
: P 106) Pilipovich, D.; Maya, W.; Lawton, E. A.; Bauer, H. F.; Sheehan, D.
bonds that also _parallel the effe(_:tl_v_e el_ectrone_gat|_v|t|es of F.. Ogimachi. N. N.- Wilson, R. D.; Gunderloy, F. ... Jr.; Bedwell,
the halogens, with XF bond ionicities increasing in the V. E. Inorg. Chem.1967, 6, 1918.
+ < + < + (107) Ruff, O.; Keim, RZ. Anorg. Allg. Chem193Q 193 176.
order Clis* < BrFe" < IFg". (108) Gillespie, R. J.: Schrobilgen, G.ldorg. Chem 1976 15, 22.
(109) LeBlond, N.; Dixon, D. A.; Schrobilgen, G. lhorg. Chem.200Q
(99) Drake, G. W.; Dixon, D. A.; Sheehy, J. A.; Boatz, J. A.; Christe, K. 39, 2473.
0.J. Am. Chem. S0d.998 120, 8392. (110) Emara, A. A. A.; Schrobilgen, G. horg. Chem.1992 31, 1323.
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SbhFs (ca. 10 g) in a Kel-F reaction vessel followed by condensation
of anhydrous HF (ca. 5 mL). The reaction mixture was warmed to
—78 °C followed by slow warming over a period of 30 min to

Lehmann et al.

of the 35Cl (4883),3"Cl (3255), "°Br (20000),8Br (50000), and
127 (69930) spectra yielded acquisition times of 0.419, 0.629, 0.205,
0.082, and 0.234 s, respectively. The spectral resolutions of the

room temperature, whereupon the reaction mixture was agitated3°Cl, 37Cl, 8'Br, and!?"l spectra were 1.19, 0.80, 2.44, 6.10, and

and allowed to stand for several hours prior to removal of the HF
at —78 °C and excess SkFat room temperature under dynamic
vacuum. The yield of [IE][SbsF;¢] was 6.415 g (theoretical, 6.550
9)-

X-ray Crystallography. (a) Crystal Growth. Crystals of [ClF]-
[SbaF11], [BrFe][SbaFi1], and [IF][SbyF1,] were grown by slowly
lowering the temperature of anhydrous HF solutions of [EIF
[SbaF11], [BrFe][ShoF14], and [IFs][ShsFg], respectively, from O to
—70 °C, as previously describéd.

(b) Crystal Mounting and Data Collection. Crystals of [CIF]-
[ShyF11] (—130 °C), [BrFe][ShaF11] (—130 °C), and [IR][ShaF11]
(—173°C) (McMaster University) were mounted on glass fibers
using perfluorinated polyether oils as an adhesive 5t0+ 5 °C
as previously describéd! The crystals were then centered on a
P4 Siemens diffractometer, equipped with a Siemens SMART 1K
CCD area detector and a rotating molybdenum andgg €&
0.71073 A, monochromated by a graphite crystal) and controlled
by SMART 112 The distance between the crystal and the detector

2.13 Hz/data point, respectively. The spectra of the solutions were
externally referenced at 2IC to aqueous solutions of KCI, KBr,
and Kl extrapolated to infinite dilution. Thg-relaxation times of
the central halogens in the XFcations were determined for the
19F-coupled spectra by the spin-inversion-recovery method with
delay time ¢) ranges of 0.1003.00 s §3Cl), 0.100-100 ms
("*#1Br), and 0.106-30 ms {21) and employed the spectral
parameters used for the 1-D spectra. Theelaxation times were
determined by plotting the intensity of the central pelakpf the
septet versus, and fitting the data to the exponential relatidn,

= a + be "N, wherea, b, and T; were refined as independent
variables.

Calculations. The energy-minimized gas-phase structures, vi-
brational frequencies, atomic charges, Mayer bond orders, and
valencies of CIE", BrFs", and Ik™ were calculated at the HF, MP2,
and local density function (SVWNY levels of theory using
Gaussian 98!° The DZVP basis set was used in each cé%e.

The electron localization function (ELF) calculations were

face was 4.987 cm, and the collection of data was performed using completed with TopMod2! using the Silvi-Savin approach to

512 x 512 pixel modes using % 2 pixel binning. The raw
diffraction data was integrated in three dimensions using SAINF

chemical bonding® which is based on a topological analysis of
the gradient field of the ELF. This analysis achieves a partition of

which applied Lorentz and polarization corrections to the integrated the space into basins of the gradient field maxima or attractors.
spot intensities. Scaling of the integrated data was performed with The method has also been briefly reviewed recef#iyand a

SADABS 4 which applied decay corrections and an empirical

detailed description of the method and nomenclature can be found

absorption correction on the basis of the intensity ratios of redundantjn ref 123. Small asymmetric artifacts appear in the integrated data

reflections. The structure of [H{Sb,F1;] was determined at 100
°C (University of Southern California) by use of a Kappa CCD
(1152 H 1242 Pixel) diffractometer and Maot¢adiation. The data
for this structure were collected using the DENZ®and
SCALEPACK!6 software packages.

(c) Solution and Refinement.The program XPREP” was used

which arise from the numerical grids employed in the TopMod
code. Extra fine grids would remove these discrepancies, but the
additional computational cost leading to extra precision are not
expected to significantly alter the interpretatidfs.
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