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Abstract

Amorphous [W(NCgFs)F4], has been synthesized by the reaction of
[CsHsNH][W(NC¢Fs)Fs] with AsFs in CH,CL. The reaction of [ W(NC4Fs)F4], with CH;CN yields
monomeric W(NCgFs)F4(NCCH3), whereas reaction with a sub-twofold excess of CsHsN in
CH;CN results in quantitative conversion to W(NCgFs)F4(NCsHs). Meanwhile, the reaction of
W(NC¢F5)F4(NCCH3) with a large excess of CsHsN results i the precipitation of
W(NC4F5)F4(NCsHs),. These compounds have been characterized in the solid state by Raman
spectroscopy and in solution by multinuclear NMR spectroscopy. The crystal structures of
W(NC¢Fs)F4(NCCH3) and W(NCgFs)F4(NCsHs), as well as improved structures of
WOF4(NCsHs), (n = 1, 2) have been obtained at low temperatures. Furthermore, density-
functional-theory (DFT-B3LYP) calculations have been conducted on the W(NR)F4 (R = H, F,
CHj;, CF;, C¢Hs, CgFs) series as well as W(NCgFs)F4(NCCH3) and W(NCgFs)F4NCsHs), (n = 1,
2), providing optimized gas-phase geometries, vibrational frequencies, molecular orbitals,

fluoride-ion affinities, and natural bond orbital (NBO) analyses.



1. Introduction

Tungsten oxide tetrafluoride, WOF,, and its heavier congener WSF, are well understood
to behave as Lewis acids and fluoride-ion acceptors. Existing as a fluorine-bridged tetramer! and
chain polymer?:3 in the solid state, respectively, their relatively weak fluorine-bridging interactions
are easily cleaved upon reaction with a Lewis base (B) to afford monomeric adducts, WChF4(B)
(Ch =0, S). In the case of WOF,4, numerous examples of adducts with oxygen,* nitrogen,*¢ and
phosphorus’ bases have been isolated, as well as with KrF, and XeF,.810 Though studied to a
lesser degree, WSF,4 has been demonstrated to form stable adducts with CH3CN and CsH;sN.3.11
The related selenide, WSeF4, has been isolated,>!2 and though it has not been definitively
characterized, there is preliminary evidence that its solid-state structure is analogous to WSF4 and
that it forms a monomeric adduct with CH3CN.!2 In such adducts, the incoming Lewis base or
fluorido ligand is invariably positioned trans to the chalcogen atom, which has been demonstrated
unequivocally by several crystallographic and spectroscopic studies, initially of [WOF]4.1-13:14

Salts of the [WChFs]~ and [W,ChyFo]- (Ch =0, S) anions have be prepared by the reaction
of WChF, with fluoride-ion donors,!52! though [WOFs]- and [W,0,F,]- salts have alternatively
been isolated upon the hydrolysis of WFg or the [WF7]~ anion.'6-22-27 The mixed [W,OSFq]- anion
was formed in solution by the partial hydrolysis of the [W,S;Fo]~ anion, or the deliberate reaction
of [WSFs]~ with WOF,, though it was found to exist only in admixture with the ternary [W,ChyFo]~
anions in situ and could not be isolated.?!

It was determined via competition reactions between WOF, and WSF, with F- in CH;CN
that WOF, is the stronger of the two Lewis acids, which is attributed to the higher electronegativity
of oxygen relative to sulfur. The oxide tetrafluoride is, in fact, a strong enough Lewis acid to form

heptacoordinate adducts upon reaction with excess CsHsN> or with chelating diphosphines.” The



[WOFg]? anion has also been observed upon the reaction of WOF,4 with an excess of NOF!> and
by the hydrolysis of WF¢ in the presence of N(C,Hs);.28 An attempt to synthesize WSF4(NCsHs),
was unsuccessful, and the optimization of a hypothetical geometry for this adduct (based on that
known for WOF4(NCsHs),)3 resulted in dissociation into the 1:1 adduct and free CsHsN.!!

The Lewis-acid and fluoride-ion-acceptor behaviour of analogous imido complexes
(W(NR)Fy) is expected to be similar to that of WOF4 and WSF,, which has been verified indirectly
by the preparation of a number of alkylimido complexes such as W(NR)F4NCCH3)?%-30 and
[RNH;3][W(NR)F5]3%32  as  well as various [W(NCDHFs5]335 [W(NNC¢Fs)Fs]-, and
[W2(NC¢Fs),Fo]- salts.3¢ However, to the best of our knowledge, the only definitive example of a
direct Lewis-acid-base reaction between W(NR)F, and a Lewis base is that of W(NCI)F; with
CH3;CN to afford monomeric W(NCIF4NCCH;3;), whose crystal structure revealed a
stereochemistry similar to that of the WChF, adducts.3” The parent compound was prepared by the
direct fluorination of W(NCI)CL with F,.

Herein, we report the synthesis of a new parent W(NR)F, compound, [W(NCgFs)F4],, as
well as its reactions with the nitrogen bases CH3CN and CsH;sN to afford W(NCgFs)F4(NCCHj3)
and W(NC¢Fs5)F4(NCsHs), (n = 1, 2). These species have been conclusively characterized,
including crystal structures of W(NC¢F5)F4(NCCH3) and W(NCgF5)F4(NCsHs), and the Lewis
acidity of W(NCgFs)F,4 is compared to those of WOF, and WSF,. Furthermore, density-functiona -
theory (DFT-B3LYP) calculations have been performed on a series of monomeric W(NR)F,4
compounds (R =H, F, CHj3, CF3, C¢Hs, CgFs) to compare their structural and electronic properties,

including their fluoride-ion affinities (FIAs).



2. Results and Discussion
2.1. Syntheses and Properties of [W(NC¢F5)F4],, W(NCeFs5)F4(NCCH3), and
W(INCeFs)F4(NCsHs), (n=1, 2)

While the reaction of [CsHsNH][W(NC¢Fs)Fs] with anhydrous HF resulted in partial
fluoride-ion abstraction and the formation of [CsHsNH][W,(NC4Fs),Fo],*¢ introduction of the
stronger fluoride-ion acceptor AsFs resulted in quantitative fluoride-ion abstraction, thereby
affording a mixture of [W(NC¢Fs)F4], and [CsHsNH][AsF¢] (Eq. 1). Neutral [W(NCgFs)F4],
demonstrated high solubility in CFCl;, resulting in deep orange-to-red solutions, and could
subsequently be separated from the insoluble [CsHsNH][AsFg] by decantation. Removal of the
CFCl; under dynamic vacuum yielded [W(NC¢Fs)F,4], as transparent, red-orange shards. Despite
their crystalline appearance, attempts at X-ray crystallography revealed that they were completely

non-diffracting and [W(NC¢Fs)F4], prepared as such exists in an amorphous phase.
[CsHsNH][W(NC¢Fs)Fs] + AsFs — Vx[W(NCgF5)F4], + [CsHsNH][AsFs] (D

The dissolution of [W(NCgFs)F4], in CH3CN resulted in an orange solution at—40 °C which
lightened to yellow upon warming to ambient temperature over several minutes. Removal of
CH;CN under dynamic vacuum yielded W(NCgF5)F4(NCCHj3) as a microcrystalline, yellow solid
(Eqg. 2). The gradual dissipation of the orange colour in solution suggests that the solvolysis of
[W(NC¢Fs5)F4], by CH3CN upon dissolution is not instantaneous. The CH3;CN adduct has been
observed in situ by ’F NMR spectroscopy upon solvolysis of the [W,(NCgFs),Fg]- anion by

CH;CN.

CH3CN
I/x[W(NC¢Fs)F4], + CH;CN - W(NC¢F5)F4NCCHj3) )
Conversely, [W(NC¢Fs)F4], is only very slightly soluble in CsHsN at —35 °C, and

dissolution could only be achieved at that temperature by the addition of CH,Cl, as a co-solvent.



Upon removal of the volatile materials, yellow crystals of W(NC¢Fs5)F4(NCsHs) were obtained,
which could alternatively be prepared in quantitative yield by the reaction of W(NCgFs)F4 with a
sub-twofold excess of CsHsN in CH3CN (Eq. 3). The dissolution of W(NC¢Fs)F4(NCCH3) in a
large (> 20-fold) excess of CsHsN at =35 °C instead resulted in a yellow-orange solution from
which W(NC¢F5)F4(NCsHs), promptly precipitated as an off-white powder that could not be
dissolved upon warming to ambient temperature (Eq. 4). This 1:2 adduct is only very slightly
soluble in CH,CL and CH3CN at low temperatures and attempts to warm the suspensions towards
ambient temperature to increase solubility resulted in dissociation to the 1:1 adduct (Eq. 5). The
formation of an isolable 1:2 adduct indicates that W(NC¢F5)F, is qualitatively similar in Lewis

acidity to WOF, and thus stronger than WSF,.

CH3CN
Vx[W(NCgFs)Fa]s + CsHsN —— W(NC4Fs)F4(NCsHs) (3)
CsHsN
W(NCFs)F4(NCCH3) + 2CsHsN ——> W(NCgFs)F4(NCsHs), + CH;CN (4)
W(NCFs)F4(NCsHs), — W(NCFs)F4(NCsHs) + CsHsN (5)

Tungsten (pentafluorophenyl)imide tetrafluoride and its adducts with CH3CN and CsHsN,
though thermally stable in the solid state, are highly moisture sensitive; exposure to traces of
moisture results in the formation of WOF, adducts or [WOFs]~ salts. The W(NC¢F5)F4(NCsHs),
adduct was observed to visibly decompose to an orange-brown material under an inert atmosphere
of N, at ambient temperature over the course of months, likely due to dissociation to the 1:1 adduct.
Like WF¢(NCsHs) and its derivatives,?® exposure of W(NC4Fs)F4(NCsHs), (=1, 2) to HF results

in cleavage of the W—N bond to yield [CsHsNH][W(NCgFs)Fs].



2.2. Fluorine-19 NMR Spectroscopy
2.2.1. [W(NCeFs)F4],

The 'F NMR spectrum of [W(NC¢Fs)F,], n CH,ClL is complex (Figure 1), giving rise to
a multitude of resonances within three distinct regions that range from 50 to 150 ppm, —60 to —120
ppm, and —140 to —160 ppm with relative integrations of 3:1:5. The first two regions are assigned
to terminal (F;) and bridging (F,) fluorine-on-tungsten environments, respectively, within
oligomeric and/or polymeric [W(NCgFs)F4],. It appears that, like its oxide and sulfide analogs,
W(NC4F5)F4 aggregates via fluorine bridges such that the incoming fluorido ligand is exclusively
positioned trans to the multiply bound ligand. This would explain the difference in chemical shift
between the regions, as the imido ligand was observed to exhibit a strongly shielding trans
influence in the [W(NC¢Fs)Fs]~ and [W2(NCgFs),Fo]~ anions.32:36

The individual resonances within the fluorine-on-tungsten regions can differ in their
relative mtegrations by several orders of magnitude, indicating that there is no single unique
structure of [W(NCg4Fs)F4],. Furthermore, though the lowest-frequency region is attributed to the
CeFs group, the signals are broad and the expected AA'MM'X spin system is not observed. This is
attributed to the presence of large, slowly tumbling aggregate structure(s) in solution causing

chemical-shift anisotropies and dipole-dipole interactions not to average out completely.
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Figure 1. Fluorine-19 NMR spectrum (282.404 MHz) of [W(NC¢Fs)F,], recorded in CH,Cl, at 20
°C. The asterisk (*) denotes an impurity of WOF,.

2.2.2.W(NCsFs)F4(NCCH3) and W(NCeFs)F4(NCsHs)

The F NMR spectra of the 1:1 adducts are simple in comparison to that of [W(NCgFs)F4],
(Table 1). The fluorine-on-tungsten regions consist of singlets with 183W satellites due to the
chemical equivalence of the fluorido ligands, in excellent agreement with the previously reported
spectroscopic data for W(NC¢Fs)F4(NCCH3) (Figures S1 and S2 of the Supporting Information).3¢
The chemical shifts of these singlets (59.14-61.57 ppm) are slightly lower than those reported for
the analogous WOF, adducts (62.9-67.4 ppm)*> and significantly lower than the WSF, adducts
(81.811-85.43 ppm). The fluorine-on-carbon environments consist of AA'MM'X spin systems that
are highly characteristic of the NC4Fs moiety (Table 2 and depicted for W(NC¢Fs)F4(NCsHs) in

Figure 2).3°



Experimental

F, F, F..

= \k AM ,MUMUM_
v

Simulated
F, F. F,

-146.6 -1467 -1468 -1519 —1520 -1521 -1631 -163.2 -163.3

3("°F) (ppm from CFCl,)

Figure 2. Experimental (top) and simulated (bottom) fluorine-on-carbon resonances in the 1°F
NMR spectrum (282.404 MHz) of W(NCgFs)F4(NCsHs) recorded in CH3CN at 20 °C. Spectral
simulations were performed using MestreNova.



Table 1. Fluorine-19 NMR Spectroscopic Data for Fluorine-on-Tungsten Resonances of
W(NCGFS)F4(NCCH3) and W(NC5F5)F4(NC5H5)n (I’l = 1, 2)

J (Hz
8("F) (ppm)* J(Fa—Fy) 2J(F A—FX)( 2 JzFM—FX) LJ(F—183W)
W(NC¢Fs)F4(NCsHs)?  59.14 (s) 35.5
W(NC6F5)F4(NC5H5)2C -9.15 (FA, t) ~55.5
—26.37 (Fy, dt) 53.5 23.9
—48.26 (Fx, dt) 57.3

aRecorded at 282.404 MHz. Abbreviations denote singlet (s), triplet (t), and doublet of triplets (dt)
bRecorded in CH3CN at 20 °C. cRecorded in CH,CL at —80 °C.
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2.23. W(NCFs5)F4(NCsHs),

Due to the prompt decomposition of W(NCgFs)F4(NCsHs), in solution at ambient
temperature, its '°’F NMR spectra were recorded on a saturated CH,ClL, solution at variable
temperatures. At —80 °C, an A,MX spin system is observed, which has been observed previously
for WOF4(NCsHs), under similar conditions.*® The observation of the same spin system in both
adducts provides evidence that they share a common geometry, which is a pentagonal bipyramid
in which the imido ligand occupies an axial position and the pyridyl ligands are in non-adjacent
equatorial positions (Figure 3). Unlike in WOF4(NCsHs),, the Fa resonance is a triplet rather than
the expected doublet of doublets, due to the 2J(Fa—Fy) and 2J(Fs—Fx) coupling constants being of
coincidentally similar magnitude (53.5 and 57.3 Hz; AJ= 3.8 Hz) and the linewidth (Av,, =23 Hz)
not allowing for resolution of the individual couplings. No coupling to '83W was observed for any
of the three resonances. The 'H and 3C{!H} NMR spectra each exhibit one set of resonances
corresponding to the pyridyl ligands, corroborating their expected stereochemical equivalence (see

the Experimental section).
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Figure 3. Fluorine-on-tungsten resonances in the '°F NMR spectrum (282.404 MHz) of
W(NC6F5)F4(NC5H5)2 recorded in CHzClz at —80 °C.

Upon gradual warming to —20 °C, the F, and Fy; signals simplified to broad singlets and
the Fx signal, formerly a doublet of triplets, became a quartet (Figure S3 of the Supporting
Information). The axial ligand thus appears to remain rigid at this temperature, allowing it to
couple to the now rapidly exchanging equatorial fluorido ligands (2J(Fu—Feq) ca. 70 Hz). Above
this temperature, irreversible decomposition began, and the adduct was observed to have
dissociated almost entirely upon standing at 0 °C for less than five minutes. Regardless of
temperature, the fluorine-on-carbon environment maintains the characteristic AA'MM'X spin
system observed in the 1:1 adducts, though the signals are broadened such that that 4/ coupling
could not be observed (Table 2).

2.3. Molecular Geometries

The structures of W(NC¢F5)F4(NCCHs), W(NCsFs)F4(NCsHs), and WOF4(NCsHs), (n =

1, 2) were elucidated by X-ray crystallography. In addition, gas-phase geometries were optimized

for W(NCgFs)F4(NCCH3) and W(NCgFs)F4(NCsHs), (n = 1, 2) using the B3LYP functional.



Selected crystallographic data collection and refinement parameters are provided in Table 3, in
addition to selected experimental and calculated geometric parametersin Tables Table 4 and Table

5.

Table 3. Crystallographic Data Collection and Refinement Parameters for
W(NC6F5)F4(NCCH3), W(NC6F5)F4(NC5H5), and WOF4(NC5H5),, (l’l = 1, 2)

W(NCiFs)Fi(NCCH3) - W(NCFs)Fy(NCsHs) —— WOF“(I;IC:SI;IS)”
Chemical fornula CsH3;FoN>W Ci1HsN>FoW CsHsFsNOW  CioH i oFsN.OW
Formula weight ~ 481.97 520.02 354.95 434.05
Temperature (°C) —173 -173 —163 —-163
Crystal system triclinic triclinic orthorhombic monoclinic
Space group P1 Pl Pbcn C2/c
a(A) 5.0807(3) 8.0731(3) 14.0171(6) 8.2014(5)
b (A) 7.5999(4) 9.1572(4) 7.5875(4) 11.1972(5)
c(A) 16.0822(11) 9.1978(3) 14.8565(10)  13.5387(9)
a(®) 92.238(5) 86.670(3)
L) 92.833(5) 87.048(3) 107.256(7)
7 (°) 90.040(4) 88.811(3)
V(A3 619.74(6) 677.82(5) 1580.05(15)  1187.33(13)
VA 2 2 8 4
R\ [1>206(D]" 0.0338 0.0136 0.0215 0.0208
wR: [1>26(I)]”  0.0848 0.0337 0.0394 0.0522
CCDC 1899538 1899539 1899540 1899541

Ri = YFo| = IFl/XIFo|. "wRa = [X[w(Fo* = F&PVIw(F)]™.



Table 4. Selected Experimental and Calculated* Bond Lengths (A) and Angles (°) of
W(NCIF4NCCH3), W(NCF5)F4(NCCHj3), and W(NC¢F5)F4(NCsHs), (n =1, 2)

W (NCeFs)F4(NCsHs),

W(NCI)F4(NCCH;) W (NCsFs)F4(NCCHs) nai 16 )F(NCsHs) —

exptl’ exptl calcd exptl calcd calcd

_ 1.873(6) 1.882— 1.8767(14)— 1886- 1913
W—Feq L8T8(4)-1.894(4)  |'ganye) 1.884 1.8836(14) 1.889 1.944
W—F.x 1.946
W-N(1) 1.722(8) 1.728(6) 1.743 1.738(2) 1.752 1.782
W-NQ2) 2.267(9) 2.278(6) 2.375 2.2854(19) 2.366 2232
W-N@3) 2.237
W-N(1)-C(1) 178.6(6)° 174.77(4) 180.0 171.69(18) 180.0 178.9
— . . 100.0-  96.51(8)- -

N(1)-W-Feq  98.6(3)-99.1(2) 982(31-99.53) 1003 100.778) 99.6-99.9 92.3-96.8

N(l)_W_Fax 174 1
N(1)-W-NQ) 179.9(4) 178.7(4) 180.0 175.74(8) 180.0 93.0
N(1)-W-N@3) 93.6
NQ)-W-N(@3) 140.4

bCalculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type
polarization function (W; o= 0.823) and the cc-pVTZ (H, C, N, F) basis set. ’From reference 37.

‘Defined as W-N(1)-Cl.

Table 5. Selected Bond Lengths (A) and Angles (°) of WOF4(NC;sHs), (n =1, 2)¢

n=1 n=2
W-F¢q 1.859(3)—1.868(3) 1.9132(19)-1.917(2)
W—Fx 1.834(2)?
W-0 1.690(3) 1.834(2)"
W-N 2.344(3) 2.223(2)
O-W-F, 98.45(15)-98.85(15) 86.80(7)-93.96(10)
O-W-Fy 173.60(13)
O-W-N 179.73(16) 87.74(10)-90.25(10)
N-W-N! 143.43(14)

aSymmetry transformation: i =1-x,y, 0.5 — z. ®Equivalent due to 50/50 disorder between O and

F(1).



2.3.1. W(NC¢F5)F4(NCCH3) and W(NCeFs5)F4(NCsHs)

Single crystals of W(NCgFs5)F4(NCCH;3;) and W(NCgFs)F4(NCsHs) were obtained from
solutions of W(NC¢F5)F4 in CH3;CN and CsHsN/CH,CL, respectively, upon slow removal of the
solvent at low temperature. They crystallize in the triclinic space group P1 with two molecules per
unit cell. The y angle of unit cell in the CH3CN adduct is approximately 90° and the crystal is
consequently twinned by pseudomerohedry.

The geometries of the 1:1 adducts are highly comparable and consist of an octahedral
coordination sphere about the tungsten center in which the nitrogen bases are coordinated trans to
the imido ligand (Figure 4). The W—N(1)—C(1) angles of the CH3CN and CsHsN adducts deviate
from linearity by only 5.3 and 8.3°, respectively, suggesting significant triple-bond character in
the W=N bond of the imido ligand via donation of the lone pair on nitrogen to the electron-poor
tungsten center.

The C¢Fs groups adopt staggered conformations relative to the WF, moieties, and it is
observed that the fluorido ligands deviate from the ideal WF, plane towards the nitrogen base
(N(1)-W—F¢: 96.51(8)-100.77(8)°) to a similar extent to the analogous WSF, adducts (99.05(5)—
100.74(6) A)311 and WOF4(NCsHs) (98.43(15)-98.95(15) A; vide infra). The W-N(1), W-F, and
(where applicable) dative W-N(2) bond lengths do not differ significantly between the
W(NCgF5)F4 adducts nor from those of W(NCIF4NCCH;)37 (Table 4) and the [W(NC¢Fs)Fs]-
and [W,(NC¢Fs),Fq]~ anions.3¢ The coordination environments about the tungsten centers are
consistent with previously reported WOF,#%-8 and WSF,311 adducts whose crystal structures have
been elucidated.

The optimized gas-phase geometries of the adducts are in excellent agreement with the

experimentally determined structures. They adopt (pseudo-)C,-symmetric geometries with the



CeFs groups staggered relative to the WF4 moieties; while the CsHsN adduct conforms to the C,
pomnt group, the CH3;CN adduct is Cj-symmetric overall as a consequence of the local Cs,
symmetry of the CH3CN ligand. The only notable discrepancies are that the calculated W—N(2)
bond lengths are somewhat overestimated (ca. 0.1 A), as they were for WSF4(NCCH3) (exptl.:
2.369(3); caled.: 2.494 A)3 and WSF4(NCsHs) (exptl.: 2.319(2); caled.: 2.439 A)!! at a similar
level of theory. It should be noted that the dative W—N bonds of the W(NC¢F5s)F, adducts are
calculated to differ by only 0.009 A, which is consistent with the observed overlap of errors (within
20) in the experimentally determined W—N(2)bond lengths of the CH3CN (2.278(6) A) and CsHsN
(2.2854(19) A) adducts.

In the crystal structure of W(NC¢Fs)F4(NCsHs), the W-N(1)—C(1) (171.69(18)°) and
N(1)-W-N(2) (175.74(8)°) angles deviate further from linearity than in the CH;CN adduct. This
likely arises from the antiparallel-displaced m-stacking interactions between adjacent molecules
causing them to flex towards one another (Figure 4c). It appears that these interactions are
facilitated via electron-poor Cg¢Fs groups centering over the relatively electron-rich nitrogen atoms
of adjacent pyridyl ligands. In contrast, crystal packing in the CH3CN adduct is dominated by
parallel-displaced m-stacking interactions along the a axis (Figure S4 of the Supporting
Information). This distortion of the C(1)-N(1)-W-N(2) skeleton in the CsHsN adduct was not

reproduced computationally, further suggesting that its origin lies in solid-state interactions.



Figure 4. Thermal ellipsoid plots (50% probability level) of a) W(NC¢Fs)F4(NCCHj3) and b)
W(NC4F;5)F4(NCsHs) with ¢) mtermolecular m-stacking interactions in the latter.



2.3.2. W(NC¢Fs5)F4(NCsHs)2

Attempts to crystallize W(NCgFs)F4(NCsHs), from CsHsN and mixtures thereof with
CH;CN and CH,Cl, did not return crystals suitable for X-ray crystallography, whereas when
additional CsHsN was not present in the solvent, the 1:1 adduct crystallized instead. As such, in
the absence of crystallographic data, the geometry of the 1:22 adduct was optimized based on that
determined for WOF4(NCsHs), (Figure 5),>40 given the similarities between their low-temperature
I9F NMR spectra (vide supra). This pentagonal-bipyramidal geometry is ubiquitous in high-valent
fluorido complexes of tungsten(VI) and rhenum(VII) containing multiply bound ligands,
considering that the known heptacoordinate WOF, adducts,’>>7-40 as well as the [WOF]>2® and

[ReOF¢] ! anions, have all been found to adopt such a geometry.

J

Figure 5. Optimized gas-phase geometry of W(NCFs)F4(NCsHs)s,.



Interestingly, while the W—N(1) and W—F bonds of W(NC¢F5)F4(NCsHs), are significantly
longer than those predicted for the 1:1 adducts, reflecting the decrease in covalent character of
those bonds caused by the coordination of a second pyridyl ligand, the dative W—N bonds of the
12 adduct (2.332—2.337 A) are significantly shorter than those calculated for
W(NCFs)F4(NCsHs) (2.366 A). This is attributed to the trans influence of the imido ligand
weakening the W—N(2) bond in the 1:1 adduct, which instead affects the W—F(1) bond in the 1:2
adduct.

2.3.3. WOF4(NCsHs), (n=1, 2)

It was thought that salient inferences of the Lewis acidity of W(NC¢Fs)F, relative to WOF,
and WSF;, could be made by comparing the dative W—N bond lengths in the nitrogen-base adducts.
Indeed, the significantly shorter bonds in  W(NC¢Fs)F4(NCCH3) (2.278(6) A) and
W(NCgFs)F4(NCsHs) (2.2854(19) A)in comparison to the analogous WSF, adducts (2.369(3)? and
2.3192)!" A, respectively) would suggest that W(NC4Fs)F4 is the stronger Lewis acid.
Unfortunately, the large errors in the reported crystal structure of WOF4(NCsHs)> precluded
similar comparisons to WOF,4 and an improved crystal structure of the adduct was sought.

The crystallization of WOF4NCsHs) (Figure 6a) from CH,Cl, at —80 °C resulted in an
orthorhombic phase (Pchn), which is pseudoisomorphic with the closely related WSF4(NCsHs)
adduct (Pcba).!! This differs from the monoclinic space group (P2;/c) assigned to the previously
reported crystal structure, though the two adopt highly similar crystal-packing motifs (Figures S6
and S7 of the Supporting Information). The newly reported W=0O (1.690(3) A) and W-F
(1.859(3)-1.868(3)) bond lengths are of substantially superior quality and are found to be
msignificantly different from those of WOF4,{OP(C¢Hs)s} (W=0: 1.682(5); W-F: 1.857(3)—

1.871(3) A).4 However, it was also observed that the W—N bond (2.344(3) A) is, in fact, longer



than in the WSF, adduct (2.319(2) A). This is despite WOF, being the demonstrably stronger
Lewis acid,2! vitiating the notion that the relative Lewis acidities of the parent compounds could

be ascertained by comparisons of the dative W—N bond lengths in their CsHsN adducts.

Figure 6. Thermal ellipsoid plots (50% probability level) of a) WOF4(NCsHs) and b)
WOF4(NCsHs),.

During our reinvestigation of the crystal structure of WOF4(NCsHs), crystals of
WOF4(NCsHs), (Figure 6b) were fortuitously grown and thus studied by low-temperature X-ray
crystallography. Due to the higher accuracy in the geometric parameters in both adducts, it was
clearly observed that the W—F bonds were elongated upon coordination of the second pyridyl
ligand, while the W—N bonds were significantly contracted (Table 5), as predicted in the optimized

geometries of W(NC¢F5)F4(NCsHs), (n =1, 2). Despite the low temperature and improved quality



of the data, the axial O/F disorder in WOF4(NCsHs),, which is imposed crystallographically by a
twofold axis along the W—F(3) bond, could not be parsed.
2.4. Raman Spectroscopy

Raman spectra were recorded on solid samples of [W(NCgFs)F4],, W(NCsFs)F4(NCCH3),
and W(NCgF5)F4(NCsHs), (n = 1, 2) at ambient temperature. Vibrational frequencies were
calculated for the optimized geometries (vide supra), which resulted in excellent agreement
between experimental and calculated data, and as such assignments were made on the basis of
these calculations. In the case of [W(NCgFs)F4],, the Raman spectrum was compared to the
calculated vibrational frequencies of monomeric W(NC¢Fs5)F4, which agreed well with the
experimental data. Selected vibrational frequencies are given in Table 6, and complete accounts
of the vibrational spectroscopic data, with assignments, are provided in Tables S18-S21 and

Figures S21-S24 of the Supporting Information.

Table 6. Selected Experimental and Calculated Frequencies (cm™') of [W(NCgFs)F4],,
W(NCF5)F4(NCCHj3), and W(NCgF5)F4(NCsHs), (n =1, 2)

Vv{(WF3) VOWN(1))* VWNQ))
exptl  caled®  exptlt calede exptl  calede
[W(NCqFs)Fa]. @ 693(6) 698(29) 1373(17) 1384(70)

W(NC¢Fs5)F4(NCCH;) 676(6) 668(29) 1368(10) 1384(96)  224(2) 194(10)
666(7) 665(19)
642(4)  649(23) 1359(19) 1381(152) 196(5) 187(9)

W(NCgFs)F4(NCsHs), 585(5)¢ 605(25)¢ 1351(11) 1370(117) 190(2) 176(3)
@Highest frequency mode containing v(WN(1)) character, fully described as v(WN(1) + C,F, +
C,F, + CyFp). "Normalized Raman intensities are given in parentheses. “Calculated using the
B3LYP functional with the Stuttgart basis set augmented by one f-type polarization function (W;
of = 0.823) and the cc-pVTZ (H, C, N, F) basis set, unless otherwise noted. Absolute Raman
intensities (A% u!) are given in parentheses. “Calculated for monomeric W(NCgFs)F, using the
B3LYP functional with the Stuttgart basis set augmented by one f-type polarization function (W;
af = 0.823) and the aug-cc-pVTZ (C, N, F) basis set. ¢Fully described as v(WF(1) + WF(3) +
WEF(4)); atoms are labelled as in Figure 5.

W(NCFs)F4(NCsHs)




In the Raman spectra of [W(NCgFs)F4], and its derivative adducts (Figure 7), the bands
corresponding to each W(NC¢F5s)F4 moiety are highly similar to one another and to those reported
previously for the [W(NC¢F5)Fs]™ and [W,(NC¢Fs),F9]™ anions, both in frequency and relative
mtensity. This suggests that the vibrational coupling between the W=N stretch in these species is
identical to the anions, which was verified by the frequency calculations. In the Raman spectrum
of [W(NCgFs)F4]y, one broad W—F stretching band is observed, as opposed to the numerous sharp
W-F stretching bands of WOF, and WSF,, likely due to the amorphous nature of the solid and the

presence of a mixture of oligomeric and/or polymeric modifications.
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Figure 7. Raman spectra of a) [W(NCgFs)F4],, b) W(NC¢F5)F4(NCCH3), c)
W(NC¢Fs)F4(NCsHs), and d) W(NCgFs)F4(NCsHs),, recorded at ambient temperature. Asterisks
(*) and daggers (1) denote bands corresponding to the CH3;CN and CsH;sN ligands, respectively.



The frequency of the symmetric W—F stretching mode correlates directly with the degree
of electron donation from the nitrogen base(s) to the tungsten center. As such, the frequency of
this band (in cm!) decreases in the series [W(NC¢Fs)F4], (693) > W(NC¢Fs)F4(NCCHs3) (676) >
W(NC¢F5)F4(NCsHs) (666/642) > W(NCgFs)F4(NCsHs), (585). The symmetric W—F stretching
vibration of W(NCgFs)F4(NCsHs) is predicted to be split due to vibrational coupling to in-plane
deformations of the pyridyl ligand, which agrees excellently with the observed splitting of the
experimental Raman spectrum in this region.

In the cases of the adducts, there is also a complementary increase in frequency for
characteristic bands corresponding to the nitrogen bases; m W(NC¢F5)F4(NCCH3), the C=N
stretching mode is shifted to 2328/2300 cm™! from 2293/2253 cm! in free CH3CN, whereas in the
CsHsN adducts, the ring-breathing mode is shifted to 1018 (n = 1) and 1022 cm™! (n = 2),
respectively, from 990 cm! in free CsHsN (¢f. WOF4(NCsHs),: 1020 (n = 1) and 1022 cmn! (n
=2)).> The dative W-N stretching modes exhibit greater dependence on the size of the neutral
ligand, and therefore the reduced mass of the vibration, than the strength of the bond, hence that
of the CH3CN adduct being higher in frequency than either CsHsN adduct; a similar phenomenon
was observed for a series of WF¢ adducts with various pyridine derivatives.?® Comparison of the
C=N stretching frequency (in cm™!) in W(NCgFs)F4(NCCH3) (2328/2300) with those determined
previously for the analogous WOF, (IR: 2319)* and WSF, (Raman: 2313/2286)3 adducts suggests
again that W(NC4Fs)F, is highly comparable in its Lewis acidity to WOF,, and stronger than
WSF..

Coupling is observed between the W=N stretching vibration and various vibrations of the
CFs group in manners identical to the [W(NC4F5)Fs]™ and [W,(NCgFs),Fo]~ anions.3¢ However,

comparisons of the bands that possess W=N stretching character reveal patterns in relative



frequency similar to, though lesser in magnitude than, that of the symmetric W-F stretching
frequencies. It is possible that this trend arises due to weakening of the W=N bond, but the
significant degree of vibrational coupling obfuscates its true origin.

2.5. Computational Results

2.5.1. Optimized Geometries and Vibrational Frequencies of W(NR)F4 (R= H, F, CH3, CF3,
CeHs, CeFs)

Consistent with the experimentally determined structures of WChF, (Ch = 0,2 S;43 Se#4)
in the gas phase, W(NR)F,; (R = H, F, CHj, CF;3, C¢Hs, C¢Fs) optimize to square-pyramidal
geometries with the multiply bonded ligands occupying the apical positions. Selected geometric
parameters are given in Table 7.

Potential-energy minima could not be found for W(NCH3)F, or W(NC¢Hs)F,4, and the
conformations that resemble those of their derivative [W(NR)Fs]~ anions3¢ exist as transition states
for which the imaginary frequencies correspond to rotations of the R group relative to the WF,
moiety. Potential-energy-surface scans of the rotation about the C—N bond revealed that there is a
negligible energy barrier (<0.1 kJ mol') and no obvious minimum, hence the difficulty in
ascertaining the true ground-state geometries. In the case of W(NC4Fs)F,4, while a ground-state
geometry was found, it is not staggered and C,,~symmetric like its derivative anion, but rather C,-
symmetric and nearly eclipsed in its conformation with a dihedral angle of 3.8° between the CgFs
group and the W—F(1) bond (Figure 8). Otherwise, the geometric parameters predicted for these
compounds in the gas phase are highly similar to those calculated previously for the corresponding
[W(NR)F;s]-anions.?¢ The most prominent differences that arise upon removal of the axial fluorido
ligand are slight contractions of the W=N and W-F bonds and increases in the N=W-F angles to

better accommodate the mild steric repulsion between the imido and fluorido ligands.



Figure 8. Optimized gas-phase geometry of W(NC¢Fs)F4: a) side-on view, b) end-on view.

Table 7. Selected Calculated Bond Lengths (A) and Angles (°) in W(NR)F, (R = H, F, CH;, CF;,

CeHs, CoFs)*

R W=N W-F N=W-F

H 1.713 1.869 105.4

F 1.719 1.870 105.2

CHs 1.712 1.877 104.6-104.8
CF; 1.727 1.861 105.3-105.5
CeHs 1.723 1.876 104.6

CeFs 1.731 1.863—1.874 103.2-106.7

aCalculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type
polarization function (W; as= 0.823) and the aug-cc-pVTZ (H, C, N, F) basis set.

Their calculated vibrational spectra also exhibit characteristics much like those of their

anionic counterparts, and the vibrational coupling of the W=N stretch with vibrations of the R

groups can be described in manners effectively identical to the anions. It is generally observed that

the W=N and W-F stretching modes increase in frequency upon removal of the axial fluorido

ligand. This is evidenced most clearly in W(NH)F,, for which the discrete W=N and W-F stretches

are shifted to 1080 and 704 cm!, respectively, from 967 and 639 cm! in the [W(NH)Fs]- anion.

Vibrational frequencies, with complete assignments, for W(NR)F4 (R =H, F, CHj3, CF;, C¢Hs) are

provided in Tables S13—S17 of the Supporting Information.



2.5.2. FIAs of WINR)F4 (R = H, F, CH3, CF3, C¢Hs, C¢Fs)

Given the difficulty in experimentally measuring the gas-phase FIAs of Lewis acids, which
requires the generation of free F- using an ion cyclotron resonance spectrometer, a reliable and
accurate method for calculating the FIAs of main-group compounds was introduced by Christe,
Dixon, and co-workers.® In this method, the pseudoisodesmic reactions of various Lewis acids
(A) with the COF;~ anion were studied (Eq. 6). The resulting reaction enthalpies, which can be
considered the FIAs of A relative to COF,, were then made absolute by adding the experimentally

determined FIA of COF, (209 kJ mol1).4

A+ COF37(g) = AF ) T COFy, (6)

Herein, a similar approach is used in which the reaction of monomeric W(NR)F, with the
[WF;]-anion (Eq. 7) is considered. The resultant FIA of W(NR)F, relative to WF is then corrected
by the FIA of WF¢ (327 kJ molt!), previously calculated using ab initio (CCSD(T)) methods and
corrected for zero-point energy and core-valence electron correlation, as well as relativistic and
spin-orbit effects.* For these calculations, three geometries were predicted for the [WF;]~ anion
using B3LYP: pentagonal-bipyramidal (Ds;), monocapped-octahedral (Cs,), and monocapped-
trigonal-prismatic (C5,). Of the three, the C,,-symmetric geometry was the lowest in energy and

was employed in the FIA determinations.

W(NR)F4(g) + [WF7]_(g) — [W(NR)F5]_(g) + WF6(g) (7)

Itis evident from the range of calculated FIAs (Table 8) that the R group has drastic effects
on the Lewis acidity of the tungsten centre, with the strongest Lewis acids possessing highly

electron-withdrawing, fluorinated R groups. Coincidentally, the weakest Lewis acid of the series,

W(NCH;)F, (345 kJ mol!) is comparable in its strength to the archetypal Lewis acid BF; (344 kJ



mol!), whereas the strongest, W(NCF3)F,4 (426 kJ mol!) approaches the strength of AsFs (443 kJ
mol1).#5 The FIA of W(NC¢Fs)F, (411 kJ mot!) is predicted to be greater than those of WOF,
(382 kJ mot!) and WSF, (362 kJ mol'). However, it should be noted that the C¢Fs group is
strongly m-accepting, complementing the m-donating behaviour of the incoming F- and potentially
favouring the formation of dative W-F bonds over other dative bonds to tungsten with
predominantly o character. As such, the expected superiority of W(NCgFs)F4 as a fluoride-ion

acceptor should not be generalized to all Lewis bases.

Table 8. Calculated FIAs (kJ mol!) of W(NR)F4 (R = H, F, CH3, CF3, C¢Hs, CgFs) and WChF,
(Ch=0, S)=

FIA
W(NH)F, 353
W(NF)F,4 417
W(NCH3)F, 345
W(INCF3)F, 426
W(NC¢Hs)F4 367
W(NC¢Fs)F, 411
WOF, 382
WSF, 362
aCalculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type
polarization function (W; ar= 0.823) and the aug-cc-pVTZ (H, C, N, O, F, S) basis set.

2.5.3. Molecular Orbitals

Selected MO energies for W(NR)F4 are given in Table 9, which are depicted for
W(NCgFs)F4 in Figure 9. The HOMOs of W(NR)F, consist of the d./.—p.,bonding interactions
that comprise the W=N & bonds, as do the HOMOs — 1 of W(NCHj3)F4 and W(NCF;)F, along with
the HOMOs — 2 of W(NC¢Hs)F4 and W(NCgFs)F4. The HOMOs and HOMOs — 1 of the methyl

derivatives are pseudodegenerate, whereas the HOMOs and HOMOs — 2 of the phenyl derivatives



are disparate due to highly different interactions of the inorganic moiety with delocalised ¢ and &t
systems in the R groups.

The LUMOs consist of n*(W-F) interactions involving the d_» orbital on tungsten and
do not contain any interaction between the WF4 moieties and R groups. The nature of the LUMOs
as such does not allow for appropriate orbital overlap with an incoming Lewis base. Instead, the
LUMOs + 1, + 2, and + 3 incorporate the d., d,., and d> orbitals on tungsten such that they are
available to accept electron density from either o- (d.2) or n-donors (d.. and d,.). The m-accepting
MOs are typically lower in energy with the notable exception of W(NF)F,, which is attributed to
the combined o-withdrawing and m-donating properties of the nitrogen-bound fluorine atom. The
“acidic” MOs are antibonding with respect to the W=N and W-F bonds, consistent with the

indiscriminate elongation of these bonds upon formation of the [W(NR)Fs]~ anions.

Table 9. Selected MO Energies (eV) of W(NR)F4 (R =H, F, CH3, CF3, C¢Hs, CgFs)2?

R HOMO -2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 LUMO +3

H —9.80 ~3.76 ~2.16 (x) ~1.82 (o)
F ~9.63 404  -3.45 (o) ~2.28 (n)

CH; ~9.01¢ ~3.41 ~1.77¢ (n) ~1.52 (o)
CF; ~10.33¢ —4.34 ~3.00¢ (1) ~2.41 (o)
CeHs  -9.12 731 343 251 (n) -187(m) —1.49 (o)
CeFs  -9.86 784 389 -320(n) -238(m) —2.06 (o)

aCalculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type
polarization function (W; ar = 0.823) and the aug-cc-pVTZ (H, C, N, F) basis set. ?Sigma (o) and
pi (m) denote the molecular-orbital character at the open coordination site of the tungsten center.
“‘Molecular orbitals are pseudodegenerate due to the overall Cy symmetry of the compounds.
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Figure 9. Selected MOs of W(NCgFs)F;. Isosurface values are drawn at 0.02 e A3,

2.5.4. Natural-Bond-Orbital (NBO) Analysis

Selected NPA charges on tungsten and Wiberg bond indices (WBIs) of the W=N and W—
F bonds are given in Table 10. It is observed that the WBIs of the W=N bonds are found to be
somewhat less than triple those of the W—F bonds, with the exception of W(NH)F,, for which the
ratio of WBIs is 3.0. The lowest ratios of WBIs are observed for W(NCF;)F,4 (2.6) and W(NC¢F5)F,4
(2.7) due to resonance of the W=N bond with the strongly m-accepting R groups, which was

described in detail previously for the [W(NR)Fs]~ anions.3¢



Table 10. Selected NPA Charges and WBIs for W(NR)F4 (R = H, F, CH3, CF;, C¢Hs, CgFs) and
W(NC¢F5)F4(L), (L =CH3;CN, CsHsN; n =1, 2)«

R (nL) Charge (W) WBI
W=N W-F W-N
H +2.47 2.05 0.69
F +2.40 1.93  0.69
CH; +2.44 2.03  0.67
CF; +2.53 1.87 0.71-0.72
CeHs +2.44 1.93  0.68
CeFs +2.48 1.85 0.69-0.71
CeFs (CH3CN)?  +2.28 1.84 0.69 0.21
CeFs (CsHsN)? - +2.28 1.83  0.68-0.69 0.24
CeFs (2CsHsN)? +2.15 1.71  0.53-0.66 0.38

aCalculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type
polarization function (W; as= 0.823) and the aug-cc-pVTZ (H, C, N, F) basis set, unless otherwise
noted. ?Calculated using the B3LYP functional with the Stuttgart basis set augmented by one f-
type polarization function (W; af= 0.823) and the cc-pVTZ (H, C, N, F) basis set.

In comparison to free, monomeric W(NC4Fs)F,4, its 1:1 adducts possess less positively
charged tungsten centers but no significant changes in the strengths of W—F and W=N bonds. In
the 122 adduct with CsHsN, however, marked decreases in the charge on the tungsten center and
WBISs of the W=N bond are observed. The most notable difference between the adducts is in the
strength of the dative W—N bonds. The WBIs of these bonds in W(NC¢Fs)F4(NCsHs), (0.38) are
comparable to that of WF¢(NCsHs) (0.40),3® and indicate a significant degree of covalent character.
Meanwhile, those of the 1:1 adducts (0.21-0.24) are approximately one-third the WBIs of the W—
F bonds (0.68-0.69), suggesting a greater degree of polarization towards the neutral ligands
inflicted by the trans influence of the imido ligand. Comparison of NPA charges of the pyridyl
ligands in the CsHsN adducts corroborate this notion, as the nitrogen atom (—0.50) and entire
pyridyl ligand (+0.17) in the 1:1 adduct are less positively charged than in the 1:2 adduct (—0.43

and +0.25, respectively). This is further evidenced by the predicted contraction of the W—N bonds



upon coordination of a second pyridyl ligand (vide supra). Complete NPA charges, Wiberg
valences, and WBIs are provided in Tables S22—S25 of the Supporting Information.
3. Conclusion

A synthetic route to [W(NC¢Fs)F4], via fluoride-ion  abstraction from
[CsHsNH][W(NC¢F5)Fs] has been developed. Though amorphous in the solid state, it is thought
to aggregate by asymmetric fluorine bridges much like WOF, and WSF,, forming various oligo-
or polymeric modifications. In addition, it readily forms stable adducts upon reaction with CH;CN
and CsHsN. With CsHsN, a stable, heptacoordinate 1:2 adduct could be isolated, which was
determined to adopt a pentagonal-bipyramidal geometry by °F NMR spectroscopy. These adducts
have been comprehensively characterized in the solid state and in solution, and reveal that
W(NC¢Fs)F,4 is a Lewis acid of similar strength to WOF,. Lastly, DFT studies (B3LYP) of the
W(NNR)F4 (R =H, F, CH3, CF;, C¢Hs, C¢Fs) series revealed that these compounds are expected to
exhibit a range of Lewis acidities, with W(NCH3)F,4 being the weakestin the series and W(NCF;)F,4
the strongest. In particular, it was found that W(NC4Fs)F4 possesses a fluoride-ion affinity (411 kJ
mol') higher than those of WOF, (382 kJ mol!) and WSF, (362 kJ mol™).
4. Experimental

4.1. Materials and Apparatus

Caution! The high-valent fluorides WFs and AsFs are highly toxic and corrosive, rapidly
evolving HF upon exposure to moisture, and appropriate safety measures should be taken during
their handling.

All reactions were carried out i heat-sealed '4”-o0.d. FEP (tetrafluoroethene-
hexafluoropropene copolymer) reactors that were connected to either stainless steel or Kel-F

valves via flared fittings and prepassivated with 100% F,. Volatile materials were distilled on a



Pyrex vacuum line equipped with glass valves fitted with 6-mm-o.d. PTFE stopcocks (J. Young),
with the exceptions of WF¢ and AsFs, which were distilled through a nickel/316 stainless steel
vacuum line equipped with 316 stainless steel valves (Autoclave Engineers) and prepassivated
with 100% F,. Solid materials were handled in a drybox (Omni Lab, Vacuum Atmospheres) under
an atmosphere of dry N».

Acetonitrile (Baker, 99.8%) was dried as described previously.4” Pyridine (Sigma-Aldrich,
99.8%) was dried over CaH, and CFCl; (Aldrich, 99%) over P4O,; both were distilled prior to
use. Dichloromethane was distilled from a solvent purification system (M. Braun MB-SPS) onto
4-A molecular sieves and distilled once more onto fresh sieves. Tungsten hexafluoride (Ozark-
Mahoning) was distilled prior to use. Arsenic pentafluoride,*® [CsHsNH][W(NC¢Fs)Fs],3¢ and
WOF4(NCsHs), (n = 1, 2)° were prepared according to the literature procedures.

4.2. Synthesis
4.2.1. [W(NCeF5)F4],

In a typical synthesis, a %4”’-0.d. FEP reactor was charged with [CsHsNH][W(NCgFs)Fs]
(0.823 g, 1.52 mmol) in the dry box. Dichloromethane (1.327 g) was then distilled into the reactor
at —196 °C and warmed to ambient temperature, resulting in an orange solution. Subsequently,
AsF5(0.272 g, 1.60 mmol) was distilled into the reactor at—196 °C. Upon warming to —50 °C, the
top of the CH,Cl, solution, at its interface with AsFs, turned dark red. The reactor was further
warmed to ambient temperature and briefly agitated n an ultrasonic bath, resultng mn a
homogeneous orange suspension. The volatile materials were removed under dynamic vacuum at
—65 °C for 2 h, at ambient temperature with constant agitation for 10 min, and at45 °C for 20 min,

affording a pale orange solid mixture along with a small amount of an involatile, yellow fim that



coated the reactor walls (1.102 g, 1.08 g expected for 1:1 mixture of [W(NCeFs)F4], and
[CsHsNH][AsFg]).

The mixture was transferred into the side arm of a glass Y-shaped decanting vessel
equipped with a PTFE valve (J. Young), and CFCl; (ca. 2 mL) was distilled onto the solid at—196
°C, resulting in the formation of a yellow solution above undissolved yellow-orange solid upon
warming to ambient temperature, followed by agitating for several minutes. The solution was
decanted into the straight arm of the decanting vessel, and the CFCl; was condensed back into the
side arm at —10 °C, resulting in the solution in the straight arm becoming dark red. This was
repeated five times, until only a faint yellow colour remained in the solution in the side arm. The
solvent was then removed under dynamic vacuum at —80 °C for 1 h, and at ambient temperature
for 45 min, affording [W(NC¢Fs)F4], (0.568 g, expected 0.672 g, 84.5% vyield with respect to
[CsHsNH][W(NCgFs)Fs]) as an orange solid in the straight arm and a mixture of white and yellow -
orange solids in the side arm.

Due to the complicated nature of the °F NMR spectrum of [W(NC¢Fs)F4], in CH,Cl, the
purity of a sample was ascertained by 'F NMR spectroscopy in CH3;CN, which typically gave rise
to signals corresponding to W(NCgFs)F4(NCCH3) along with impurities of [CsHsNH][AsFg] (3—4
mol%) and trace amounts of various imido- and oxidotungsten(VI) complexes including
WOF4NCCH3), [W2(NCgF5)OFq]~, and [W2(NCgFs),Fg]-.

4.2.2. W(NCsFs)F4(NCCH3)

In the dry box, a Y4”-0.d. FEP reactor was charged with [W(NC4Fs)F4], (0.030 g, 0.068
mmol), onto which CH3CN (0.123 g) was distilled at —196 °C. The reactor was warmed to —40
°C, resulting in an orange solution that lightened to yellow upon further warming to ambient

temperature and letting stand for several minutes. The CH;CN was removed under dynamic



vacuum at ambient temperature with constant agitation for 5 min, affording W(NC4Fs)F4(NCCHs)
(0.033 g, expected 0.033 g) as a yellow, microcrystalline solid in quantitative yield.

O('H) (ppm; CH;CN, 20 °C, unlocked): 2.39 (CHj).
4.2.3. W(NC¢Fs5)F4(NCsHs)

In the dry box, a %4”-o.d. FEP reactor was charged with [W(NCg¢Fs5)F4], (0.062 g, 0.14
mmol), into which CH3CN (0.206 g) was then distilled, resulting in an orange solution that
lightened to yellow over the course of several minutes at ambient temperature. Subsequently,
CsHsN (0.020 g, 0.25 mmol) was distilled into the reactor from a graduated glass weighing vessel.
Upon warming the reactor to —40 °C and washing the CsHsN from the reactor walls with CH3CN,
the solution turned orange. The reactor was briefly warmed to ambient temperature and agitated
to ensure reaction completion. Finally, the volatile materials were removed under dynamic vacuum
at —40 °C for, at ambient temperature for 15 min, and at 45 °C for 1 h, affording
W(NC4F5)F4(NCsHs) (0.072 g, expected 0.073 g) as an orange-brown powder in quantitative yield.

0('H) (ppm; CH;CN, 20 °C, unlocked): 8.77 (H,, 3J(Ho—Hm) = 6.5 Hz, 4J(H—H,) = 1.6
Hz); 8.16 (H,, *J(H,—Hwn) = 7.7 Hz); 7.72 (Hn). 6(1*C{'H}) (ppm; CH3CN, 20 °C, unlocked):
147.91 (C,), 142.51 (C,), 126.68 (Cp).

4.2.4. W(NC¢F5)F4(NCsHs)2

Pyridine (0.206 g, 2.60 mmol) was distilled into a reactor containing freshly prepared
W(NC¢F5)F4(NCCH3) (0.057 g, 0.12 mmol), after which the reactor was warmed to —40 °C and
agitated for several minutes, resulting in a pale-orange suspension. The reactor was then warmed
to ambient temperature and agitated briefly, before being cooled to —40 °C again. The volatile
materials were removed under dynamic vacuum at—35 °C for 3 h, affording W(NC¢Fs)F4(NCsHs),

(0.072 g, expected 0.071 g) as an off-white powder in quantitative yield.



0('H) (ppm; CH>Cl,, —80 °C, unlocked): 7.86 (H,, *J(H,—Hw)= 5.7 Hz); 6.86 (H,, *J(H,—
Hp) = 6.8 Hz); 6.44 (Hy,). 8(3C{'H}) (ppm; CH,Ch, —80 °C, unlocked): 147.57 (C,), 144.57 (C,),
125.29 (Cy).
4.3. X-ray Crystallography
4.3.1. Crystal Growth and Mounting

Yellow blocks of W(NCgFs)F4NCCHj3) were grown from a solution of [W(NCgFs)F4], in
CH;3CN (0.05 mL) by slow removal of the solvent under dynamic vacuum at —40 °C, and yellow
plates of W(NC¢Fs)F4(NCsHs) were grown similarly from a solution of [W(NCgFs)F4], in
CsHsN/CH,Clp (ca. 1:1; 0.1 mL) by slow removal of the solvent under dynamic vacuum at —35
°C. Colorless needles of WOF4NCsHs) were grown by rapid cooling of a solution of
WOF4NCsHs) in CH,Cl, to —80 °C and maintaining the solution at that temperature for 1 h,
whereas colorless blocks of WOF4(NCsHs), were grown upon rapid cooling of a solution of
WOF4(NCsHs), (which had previously been subjected to dynamic vacuum for 1 h at ambient
temperature in an unsuccessful attempt at preparing WOF4(NCsHs)) in CH,Cl, to —20 °C and
maintaining the solution at that temperature for 1 h.

The reactors containing the crystals were cut on an aluminium trough that was positioned
close to the diffractometer and cooled to between —50 and —80 °C by a stream of cold, dry N».
Once the crystals were deposited onto the trough, the selected crystal was affixed to a Nylon cryo-
loop submerged in perfluorinated polyether oil (Fomblin Z-25) and quickly transferred to the
goniometer.
4.3.2. Data Collection and Reduction

The crystals were centered on a Rigaku SuperNova diffractometer equipped with a Dectris

Pilatus 3R 200K-A hybrid-pixel-array detector, a four-circle k goniometer, an Oxford Cryostream



800, and sealed MoKa and CuKa X-ray sources. Data were collected using the MoKa source (A =
0.71073 A) between —163 °C and —173 °C. Crystals were screened for quality before a pre-
experiment was run to determine the unit cell, and a data-collection strategy was calculated based
on the determined unit cell and intensity of the preliminary data. This strategy was optimized to
collect five-fold redundant data at a resolution of 0.77 A. The data were processed using
CrysAlisPro,* which applied necessary Lorentz and polarization corrections to the integrated data
and scaled the data. A numerical (Gaussian-grid) absorption correction was generated based upon
the indexed faces of the crystal. In the case of W(NC¢F5)F4(NCCH3), a twin component (rotated
by 179.99° about [0 1 0] in the real lattice) was found using the Ewald reciprocal space viewer,
resulting in two components in a ratio of 0.52:0.48. The data for these twin components were
reduced separately.
4.3.3. Structure Solution and Refinement

Atom positions were determined using the intrinsic phasing method (ShelXT)>° and were
refined using least-squares refinement (ShelXL).3! In the case of W(NCsF5)F4(NCCHj3), the data
for the twin components were merged using ShelXL-97 merging weights and ¢ values as
implemented in CrysAlisPro,* and the structure was solved using the merged data (HKLF 5
refinement). Non-hydrogen atoms were refined anisotropically and recommended weights for the
atoms were determined before hydrogen atoms were introduced using a riding model (HFIX). The
maximum and minimum electron density in the Fourier difference maps were located near the
tungsten atom in all cases. Structure solution and refinement were performed with the aid of Olex2

(version 1.2).52



4.4. Raman Spectroscopy

Samples for Raman spectroscopy were prepared in flame-sealed glass m.p. capillaries at
ambient temperature and recorded using a Bruker RFS-100 Raman spectrometer outfitted with a
quartz beam-splitter and liquid-N>-cooled germanium detector. The 1064-nm line of a Nd:YAG
laser was used for excitation of the sample, and back-scattered (180°) radiation was sampled. The
usable Stokes range of the collected data was 85 to 3500 cm™! with a spectral resolution of 2 cm!.
The laser power was typically set to 150 mW.
4.5. NMR Spectroscopy

Samples for NMR spectroscopy were prepared in heat-sealed 4-mm-o.d. FEP tubes
sheathed in 5-mm-o.d. glass inserts, with the exception of that of [W(NC¢Fs)F4],, which was
prepared in a flame-dried, flame-sealed 5-mm-o0.d. glass tube. Spectra were recorded using a
Bruker Avance II 300 MHz spectrometer equipped with a 5-mm broadband probe and referenced
externally to neat CFCl; (°F) or Si(CH3), ('H and 3C{'H}) at 20 °C. Spectral simulations were
performed using MestreNova.>3
4.6. Computational De tails

The DFT calculations were performed using the B3LYP functional as implemented in
Gaussian 09 (revision D.01).>* The Stuttgart basis set augmented by one f-type polarization
function (af = 0.823)3° and the associated pseudopotentials were used for tungsten. For the
W(NR)F; series, the aug-cc-pVTZ basis set was employed for the first-, second-, and third-row
elements. For the W(NC¢Fs)F4 adducts, the cc-pVTZ basis set was used instead, as attempts to
include diffuse functions resulted in SCF convergence failures. It has been found that the removal
of diffuse functions resulted in only marginal differences in accuracy when employed in a

comparative study on WFg(NCsHs).38 The gas-phase geometries of WSF, and [WSFs]- were



previously calculated at the same level of theory,>2! and were recalculated to obtain their energies

and thermochemical data. Basis set parameters were obtained from the EMSL Basis Set

Exchange.5¢-37 Gas-phase geometry optimizations were performed using analytic-gradient

methods, and all subsequent calculations were performed using the optimized geometries.

Whenever possible, the experimental geometries were used as starting points for the geometry

optimizations. The NBO analyses were performed using NBO (version 6.0),%® and GaussView

(version 5.0)>° was used to visualize the vibrational modes and facilitate their description.
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Fluorine-bridged [W(NCg¢F5)F4], has been synthesized and found to form monomeric 1:1
adducts upon reaction with CH3CN and CsHsN (see Figure). The W(NC4Fs)F4NCCH3) adduct
can be reacted with an excess of CsHsN to form heptacoordinate W(NC¢Fs5)F4(NCsHs),. In
addition, the monomeric W(NR)F; (R = H, F, CHj;, CF;, C¢Hs, C¢Fs) series, as well as the
aforementioned adducts, have been studied computationally (B3LYP) to elucidate their structural,

electronic, and Lewis-acid properties.
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