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Abstract

Convenient preparative routes to fluorido[(pentafluorophenyl)imido]tungstate(VI) salts
have been developed. The reaction of WF¢-NCsHs or [N(CH3)4][WF;] with C¢FsNH, results in
quantitative formation of the CsHsNH™ or N(CHj3)4" salt of the W(NC¢F5)Fs~ anion, respectively.
The dissolution of [CsHsNH][W(NCgFs)Fs] in anhydrous HF results in the formation of
[CsHsNH][W2(NCgFs),Fy]. These salts have been comprehensively characterized in the solid state
by X-ray crystallography and Raman spectroscopy, and in solution by 'F and 'H NMR
spectroscopy. The crystal structures of the W(NC4F5)Fs~ salts reveal conformational differences
in the anions, and the 1°F NMR spectra of these salts in CH3CN reveal coupling of the axial fluorido
ligand to the '“N nucleus of the imido ligand. Inaddition, density-functional-theory (DFT-B3LYP)
calculations have been performed on a series of W(NR)Fs~ anions (R = H, F, CHj3, CF;, C¢Hs,
CeFs) and the W,(NC¢Fs),Fo~ anion, including gas-phase optimizations, vibrational frequencies,
molecular orbitals, and natural-bond-orbital (NBO) analyses.

Introduction

Chalcogen-containing WF; derivatives of the form WChF, (Ch = O, S) have been known
since the synthesis of WOF,4 by Ruff in 1907.! They form fluorine-bridged oligomeric (WOF,) or
polymeric (WSF,) structures in the solid state,>* and these aggregate species monomerize readily
in the presence of a Lewis base to afford Lewis acid-base adducts.3-12 They also behave as fluoride -
ion acceptors, and the WChFs~ and W,Ch,Fy~ anions have been characterized in the solid state and
in solution. 318

Analogous imidotungsten(VI) complexes of the form W(NR)F,, and derivatives thereof,
have also been studied (albeit more sporadically). It was first determined by 'F NMR spectroscopy

that the reaction of WF¢ with RNH, (R = H, C4Hy) in CH3CN affords W(NR)F4-NCCHj3 if the



amine was carefully added in small amounts to the solution (eq 1), whereas W(NR)Fs~ anions were

observed if additional amine was introduced to the reaction mixture (eq 2).!°

WF¢ + RNH, + CH;CN — W(NR)F,-NCCH; + 2HF (1)

WF + 2RNH, — [RNH3][W(NR)Fs] + HF 2)

The formation of [RNH;][W(NR)Fs] (R = CH3, C,Hs, C4Ho) salts upon the reaction of WFg
with aliphatic primary amines was also noted by Winfield and co-workers,?%2! while the reaction
of WF¢ with CH3;NHSi(CHj); generated a mixture of [CH3;NH;][W(NCH;3)Fs] and
[CH3NH;][W2(NCHj3),F9].2° Alkylammonium salts were observed even when an excess of WFg
was employed, and it was hypothesized that an mtermediate WFsNH,R adduct is initially formed
(eq 3a), which eliminates HF to form W(NHR)F;s as a second intermediate (eq 3b), and the two

intermediates then react to form [RNH;][W(NR)Fs] and WF; (eq 3¢).2!

WF6 + RNHZ — WF6NH2R (33.)
WFsNH,R — W(NHR)Fs + HF (3b)
WFs NH,R + W(NHR)Fs — [RNH;][W(NR)Fs] + WF; (3¢)

The reaction of WF¢ with C¢FsNH, in CF,CICFCL was studied and several products —
C¢FsNH;3* salts of the W(NC¢Fs)Fs~ , W,(NCgFs),Fy~, and F~ anions — were observed in an
admixture.?2 This mixture was characterized by IR spectroscopy in the solid state and '°F NMR
spectroscopy in CH3CN solvent, where the W,(NC¢F5)OFy~ anion was also observed due to partial
hydrolysis. Recrystallization of this mixture from CF;COOH afforded [C¢FsNH;3][W2(NCgFs),Fo]
as the only tungsten-containing product, which was characterized structurally by ambient-

temperature X-ray crystallography.



Analogous chloroimido complexes have been synthesized by Dehnicke and co-workers via
the fluormation of W(NCI)Cly, WNCl;, or the WNCl;~ anion. The reaction of W(NCI)Cly with an
alkali-metal fluoride in the presence of a crown ether led to [Na(15-crown-5)][W(NCI)Fs]?* and
[K(18-crown-6)][W(NCIF5]** (eq 4), whereas K[W(NCI)Fs] was synthesized by the fluorination
of WNCl; by a mixture of KF and (CH3);SnF (eq 5).2° The fluorination of WNCl; and W(NCI)Cly
by dilute F, in N, afforded W(NCI)F,.2¢ The WNCl;~ anion was partially fluorinated upon reaction
with [(C¢Hs);C][BF4], resulting in the formation of [(C¢Hs);C][W3N{NC(C¢Hs)3}2ClioF2] (eq 6),
in which the anion is a trinuclear complex consisting of a trans-WNCLF,™ anion coordinated to
two W{NC(C¢Hs);}Cly molecules via asymmetrical W—F---W bridges.?” With the exception of

W(NCI)F,, these chloroimido complexes were characterized structurally by X-ray crystallography.

W(NCICL + 5F- — W(NCIFs + 4Cl )
WNCl + 3F- + 2(CH;)sSnF — W(NC)Fs~ + 2Ct + Sny(CHs)e 5)
3WNCL~ + 3[(CeHs);C][BFs] — (6)

[(C6H5)3C] [W3N {NC(C6H5)3}2C110F2] +BF, + 2BF3 +2CIr

While several fluorido(imido)tungstate(VI) complexes have been investigated previously,
no single species has been isolated and comprehensively characterized. Herein, we have studied
salts of the W(NC¢Fs)Fs~ and W,(NCgFs),Fy~ anions, including facile preparative routes and
comprehensive structural and spectroscopic characterization. In addition, the bonding within and
structural properties of a series of W(NR)F5~ anions (R = H, F, CH3, CF;, C¢Hs), in addition to

those synthesized, have been studied by density-functional-theory (DFT-B3LYP) calculations.



Results and Discussion
Syntheses and Properties of W(NC¢Fs)Fs~ and W2(NCeFs)2F9~ Salts

While the reaction of WFg with C¢FsNH, produces a mixture of products,?? substituting
WF¢-NCsHs for WFg results in the quantitative formation of [CsHsNH][W(NC¢Fs)Fs] (eq 7),
which can then be isolated as a yellow powder by the removal of volatile materials under dynamic

vacuum. This salt is highly soluble in CH,CL, CH3CN, and SO,.

WFg-NCsHs + C¢FsNH, — [CsHsNH][W(NCgFs)Fs] + HF (7)

The [N(CH3)4][W(NCgFs)Fs] salt can be isolated in a similar fashion by reacting
[N(CH3)4][WF4] with C¢FsNH, in SO, or CH3CN solvent at ambient temperature (eq 8), followed
by the removal of volatile materials under dynamic vacuum. The reaction must be conducted over
several hours in SO, to ensure completion, though it is effectively instantaneous in CH3;CN. While
thermally stable and highly soluble in CH3CN and SO, like its CsHsNH™ analog, the N(CH3),™ salt

is insoluble in CH,Cl.

[N(CH3)s][WF;] + C¢FsNH, — [N(CH; ), [W(NCgFs)Fs] + 2HF (8)

The [CsHsNH][W(NC¢Fs)Fs] salt can be solvolyzed in anhydrous HF to afford
[CsHsNH][W,(NCgFs),Fo], which contains a fluorine-bridged dinuclear W,(NC¢Fs),Fq~ anion (eq
9). This is analogous to previously reported preparations of W,ChyFy~ salts by the solvolysis of
WChFs™ anions (Ch = O, S) in anhydrous HF.!415.18 As with the preparation of W,0,Fg™ salts,!413
the reaction exists in equilibrium, as direct removal of the anhydrous HF from the product mixture
causes substantial reversion to the mononuclear anion. However, decanting the HF from the
product allows for the isolation of [CsHsNH][W,2(NCgFs),F9] containing a small impurity of

[CsHsNH][W(NC¢Fs)Fs].



2 W(NC4Fs)Fs~ + nHF = W,(NCgFs),Fo~ + F(HF),~ ©)

The [CsHsNH][W2(NCgFs),Fo] salt is highly soluble in CH3;CN and SO», but only slightly
soluble in CH,Cl,. At ambient temperature, the anion is partially solvolyzed by CH3;CN to afford
the W(NC¢F5)Fs~ anion and W(NCgF5)F4-NCCHj3, as determined by 'F NMR spectroscopy (eq

10).

Wz(NC6F5)2F9_ + CH;CN = W(NC6F5)F5_ + W(NC6F5)F4NCCH3 (10)

These W(NC¢F5)Fs~ and W,(NCgFs),Fy~ salts manifest as yellow powders, forming vibrant
yellow solutions that then proceed to darken to orange upon concentration under dynamic vacuum.
These salts are stable at ambient temperature and highly moisture sensitive; contact with even trace
amounts of moisture results in the formation of the WOFs~ and W,(NC¢F5)OFy~ anions,
respectively.

X-ray Crystallography

The [CsHsNHJ[W(NC¢Fs)Fs], [N(CH3)4[W(NCeFs)Fs], and [CsHsNH][W2(NC¢Fs),Fs]
salts have been studied by X-ray crystallography at 100 K; crystallographic data collection and
refinement parameters are given in Table S1 of the Supporting Information. In addition, the
geometries of the W(NC¢Fs)Fs~ and Wy(NCgFs),Fo~ anions have been optimized using DFT
methods (B3LYP), resulting in stationary points whose geometries are in excellent agreement with
the crystallographic data. Selected geometric parameters (experimental and calculated) are given
in Tables 1 and 2, respectively. Complete geometric parameters are given in Tables S2 and S3.

Long yellow plates of [CsHsNH][W(NCgFs)Fs] were grown by cooling a CH,Cl, solution
to =35 °C, whereas [N(CH3)4][W(NCgF5s)Fs] crystallized as yellow blocks from a CH3CN solution

at —40 °C. The CsHsNH?* salt crystallizes i the monoclinic space group P2;/c with four formula



units per unit cell and one ion pair in the asymmetric unit. The N(CH3)4* salt crystallizes in the
orthorhombic space group Pnma with four formula units per unit cell and one half of an ion pair
in the asymmetric unit, as the ions are reflected across b mirror planes. Packing diagrams are

provided in the Supporting Information (Figures S1 and S2).

Table 1. Selected Experimental and Calculated Geometric Parameters for the W(NCgFs)Fs~
Anion

Experimental Calculated”
CsHsNH' Salt  (CH3)N" Salt
Bond Lengths (A)

W-N() 1.74702) 1.755(4) 1797
W—F(1) 20212(13)  1.973(3) 1.941
W-F(2) 1.8873(14) 1.8901(19) 1.898
W-F(3) 1.8770(13)  1.8866(18)  1.898
W-F(4) 1.8850(12) 1.898
W-F(5) 1.8846(14) 1.898
F(1)NQ) 2.688(2)
Bond Angles (°)’

W-N(1)—C(1) 175.58(17) 178.5(3) 180.0
N(1)-W-F(1) 179.42(7) 179.75(15)  180.0
N(1)-W-F(2) 96.68(8) 96.57(10) 95.1
N(1)-W-F(3) 97.20(3) 95.84(10) 95.1
N(1)-W—F(4) 97.16(8) 95.1
N(1)-W—F(5) 97.65(8) 95.1
F(1-W—F() 83.61(6) 83.61(9) 85.0
F(1)-W-F(3) 83.31(6) 83.98(9) 85.0
F(1)-W—F(4) 82.56(6) 85.0
F(1)-W—E(5) 81.85(6) 85.0
FQ)-W-FQ)/F(5)  89.63(7) 88.50(12) 89.8
F)-W-F(3) 87.43(7) 89.24(9) 89.8
FQ)-W—-FQ3)/E@) 166.13(6) 167.56(8) 169.9
F(3)-W—-FQ3)/F(4)  90.03(6) 90.35(12) 89.8
F3)-W-F(5) 165.10(7) 169.9
F(4-W-F(5) 89.34(6) 89.8

N(2)-H(2)---F(1) 169(3)
“Calculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type polarization function
(W; ar=0.823) and aug-cc-pVIZ basis set (C, N, F). 'i=+x, 1.5-y, +z.

In both W(NCgFs)Fs~ salts, the anion adopts a pseudo-octahedral geometry (Figure 1) with
the imido ligand in an axial position. In the N(CHj3)," salt, the W—F, bond [1.973(3) A] is
elongated relative to the W—F¢, bonds [1.8866(18)~1.8901(19) A] due to a trans influence from

the imido ligand. The equatorial fluorido ligands distort from the ideal WF,4 plane towards the axial
6



fluorido ligand due to repulsion by the imido ligand [F(1)-W-F¢ = 83.61(9)—83.98(9)°]. The
W-N-C bond angle is approximately linear [178.5(3)°], as has been observed previously for the

W-N-CI angle in W(NCI)Fs~ salts [170.7(5)—176.1(5)°].2-%»

Figure 1. Geometries of the W(NC¢Fs)Fs~ anion: a) thermal ellipsoid plot of
[CsHsNH][W(NCgFs)Fs]; b) thermal ellipsoid plot of the anion in the crystal structure
of [N(CH3)4][W(NCgFs)Fs]; ¢) optimized gas-phase geometry; d) end-on views of the
anions from a) (left), b) (middle), and c) (right). Thermal ellipsoids are drawn at the
50% probability level.



The anion in the CsHsNH* salt exhibits a similar distortion of the WF4 moiety from
planarity [F(1)-W-F = 81.85(6)—83.61(6)°] and approximate linearity in the W—N—C bond angle
[175.58(17)°]. The elongation of the W—F, bond [2.0212(13) A] relative to the W—F¢, bonds
[1.8770(13)—1.8873(14) A]is more dramatic than in the N(CH3)4* salt due to N—H---F,, hydrogen
bonding between the cation and anion (Figure la); the W=N and W-F, bond lengths are not
significantly affected by this interaction. A conformational difference between the salts is also
observed (Figure 1d), presumably as a result of crystal packing. In the CsHsNH" salt, the anion
adopts a nearly eclipsed C; geometry, whereas in the N(CHj3),4* salt, it adopts a staggered geometry
approximating C,, symmetry.

The predicted C-symmetric gas-phase geometry is in excellent agreement with that
determined crystallographically in the N(CHj)," salt (Figure 1c—1d), where the primary
discrepancies are a slight overestimation of the predicted W=N bond length [1.797 vs. 1.755(4) A]
and a corresponding underestimation of the W—F,, bond length [1.941 vs. 1.973(3) A].

Extremely thin yellow plates of [CsHsNH][W2(NCgFs),Fo] were crystallized from a
CH;CN solution upon removal of the solvent at —40 °C. The plates were very thin and were easily
fractured so that a very small crystal had to be used to acquire adequate data. The
[CsHsNH][W2(NCgFs),Fo] salt crystallizes in the monoclinic space group P2/n with two formula
units per unit cell and one half of a crystallographically unique ion pair in the asymmetric unit, as
the F(1) atom is located on a twofold axis. The unit cell consists of double layers within the ac
plane in which the cations and anions alternate along the c axis (Figure S3). While very weak
N—-H:--F¢q hydrogen bonds are observed withn the double layers, no such interactions between
the double layers are observed, explaining the facile cleaving of the crystals during their selection

and mounting.



Table 2. Selected Experimental and Calculated Geometric Parameters for the Wo(NCgFs),Fo~
Anion

Experimental Calculated”
Bond Lengths (A)”

W) 1.724(7) 1759
W-F(1) 2.101317)  2.120
W-F(2) 1.855(5) 1.883
W-F(3) 1.858(6) 1.883
W-F(4) 1.859(5) 1.883
W-F(5) 1.866(6) 1.883

F@)-NQ2)  2.958(11)

F(3Y--"N(2) 3.046(13)

F(3)*-"N(2) 3.082(13)
Bond Angles (°)

W-F()-W' 156004 130.0
W-N(1)-C(1)  176.4(6) 180.0
N(1)-W-F(1) 179.83) 180.0
N(D-W-F(Q2)  98.6(3) 97.8
N(I-W-F3)  99.53) 97.7
N(1-W-F4)  98.5(3) 97.8
N()-W-F(5)  983(3) 97.7

“Calculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type polarization function
(W; ar=0.823) and cc-pVTZ basis set (C, N, F). ’j=0.5-x, +y, 1.5-z k=—1+x, +y, +z i = 1.5-x, +y, 0.5-z.

The W,(NCgFs),Fy~ anion adopts a bent pseudo-dioctahedral geometry with a symmetrical
fluorme bridge (Figure 2) in which the W—F,—W angle [156.1(4)°] is intermediate between those
observed in the C¢FsNH;* salt [150.8(12)—170.4(19)°]. The anion possesses crystallographically
imposed C, symmetry and each W(NC¢Fs)Fs moiety exhibits approximate C,,symmetry. The CgFs
groups are staggered relative to the adjacent WF4 moieties, and the WF, moieties are also staggered
relative to one another (Figure 2b—2c), which differs from both crystallographically unique
conformations observed in the CsFsNH;" salt (in which the WF, moieties are essentially eclipsed
in both cases),?? suggesting that the conformation of the anion is highly susceptible to crystal

packing effects.



Figure 2. Thermal ellipsoid plot (top) and optimized gas-phase geometry (bottom) of the
W, (NCgFs),Fg™ anion in [CsHsNH][W2(NC¢Fs),Fo]: a) side view of the anion; b) end-
on view of one W(NC¢Fs)Fs moiety; c) end-on view of the W,N,Fo moiety. Thermal
ellipsoids are drawn at the 50% probability level

The W-F, bond is elongated relative to the W-Fo bonds [2.1010(17) A vs.
1.854(5)—1.867(6) A]. It is also longer than the W—F, bond observed in either salt of the
mononuclear anion due to the coordination of the axial fluorido ligand to two tungsten centers and
the resultant W—F,, bonds possessing greater ionic character. As a consequence, the W—F, bonds
in the dinuclear anion are shorter than those observed in the mononuclear anion. While the W=N
bond is slightly shorter than that observed in [N(CH3)4][W(NCsFs)Fs] [1.724(7) vs. 1.755(4) A],
it is not significantly different from that observed in [CsHsNH][W(NC¢Fs)Fs] [1.747(2) A]at 99%
confidence. The equatorial fluorido ligands distort from the ideal WF, plane towards the axial
fluorido ligand [F(1)-W—F: 80.7(2)—81.6(3)°] to a slightly greater extent than in the mononuclear
anion, which is expected due to the decreased repulsion by the axial fluorido ligand. As expected,
the W—N—C angle is approximately linear [176.3(6)°].

The cation-anion interactions are much weaker in [CsHsNH][W,(NC¢Fs):Fg] [N(2)—F =

2.958(11)-3.082(13) A] than in [CsHsNH][W(NCeFs)Fs] [N(2)-F(1) = 2.688(2) A] and have no

10



significant effect on the W—F, bond lengths, reflecting a greater degree of weakly coordinating
character in the dinuclear anion than in the mononuclear anion.

The predicted D,-symmetric geometry of the dinuclear anion agrees well with the structure
of the anion in the CsHsNH* salt (Figure 2), save for the prediction of a linear W—F,—W angle,
which appears to be highly susceptible to crystal packing effects. Unlike for the W,S,Fy~ anion,!#
a bent conformation does not optimize, and the linear geometry is obtained even if the input
geometry is bent. Differences in the calculated W—F,—W angle, however, were not found to
significantly influence other geometric properties of the anion.

Vibrational Spectroscopy

Raman spectra were recorded on solid samples of [CsHsNH][W(NCgFs)Fs],
[N(CH3)4][W(NCgF5)Fs], and [CsHsNH][W2(NCgFs),F9] at ambient temperature (Figure 3).
Bands corresponding to the CsHsNH* and N(CHj3)4™ cations were identified based on previous
assignments,?830 as well as by comparison of the Raman spectra of the W(NC¢F5)Fs~ salts.
Vibrational frequencies were calculated for the W(NC¢Fs)Fs~ and W,(NCgFs),Fg~ anions,
revealing no imaginary frequencies and excellent agreement with the experimental Raman spectra.
As such, assignments of the experimental Raman bands for the W(NC¢F5)Fs~ and Wo(NCgFs),Fo~
anions were made on the bases of C,, and D, symmetry, respectively. Selected vibrational
frequencies (experimental and calculated) for the W(NC4Fs)Fs~ and W,(NC¢Fs),Fg~ anions are
given in Tables 3 and 4, respectively. More complete descriptions of the vibrational frequencies

for these anions are given in Tables S4 and S5.
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Figure 3. Raman spectra of W(NC¢Fs)Fs~ and W(NCgFs),Fo~ salts: a) [CsHsNH][W(NCgF5)Fs];
b) [N(CH3)4] [WO\IC6F5)F5], C) [C5H5NH] [Wz(NC6F5)2F9]. Spectra were recorded at
ambient temperature in flame-sealed glass m.p. capillaries. Asterisks (*) and daggers
(1) denote CsHsNH* and N(CH3)4* cation bands, respectively.
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Table 3. Selected Experimental and Calculated Vibrational Frequencies for the W(NC¢Fs)Fs~

Anion
Frequency (cm™) Assignment (Ca,)"®
Experimental’ Calculated™
CsHsNHJr Salt” I\I(CH3)4Jr Salt*
T482(100) T481(100) T521(1055)[976] A1, v+(Co)
1362(17) 1353(14) 1358G37)[91] AL VWN)—V(NC)Y-(CoFo v(CoFy)
1256(12) 1255(12) 124038)[117] A1, v(WN)—~v(NC)+v(CunFn)~(C,F,)
1069(7) 1066(8) 1063(45)[290] A1, (WN)Y-W(CoFo)V(CoFy)
810(2) 808(2) 801(13)[<1] A1, V(WN)HV(NC)~v(CunFir)
661(6) 650(5) 647(19)[287] A1, vs(WFs)
607(<D[269] Bz, (WF2)+v(WF3)—v(WF4)—v(WF5)
606(<1)[247] B, V(WE2)~v(WE3)~v(WF4)+v(WF5)
585(4) 581(4) 579(19)[ 10] AL VWNYHS (CoCCo)54(CoCnCy)
5753)[0] Az, V(W EF2)—v(W F3)Hv(W F4)—v(WES)
548(<1)[165] A1, v(WFuy)
501(4) 496(6) 497(35)[8] AL, V(WN)=3(CoCiCo)-3(CnCyCh)
356(2) 355(2) 353(7)[9] AL V(WN)+5(CCoFo)
298(3) 299(3) 204(6)[41] A1, 3(WFe)
2922)[11] B1, 8ip(Fux WN)+3 1(F2WF5)—3,,(F3W F4)
2802)[<0.1] A, Sip(F2WE3)+ 8 p(FAW E5)—3(CiCoFo)-85(CyCnFin)
279(2) 284(4) 279Q2)[17] B, S op(Fax WN)+83p(F2W F3)—3,(FAWFS)
278(<1)[4] A, 8ip(F2W E3)+ 8 (FAW F5 )4+ (CICoFo)+54(CyCon Fir)
201(<0.D[0]  As,3op(F2ZWF4)-3op(FIWFS)
187(<1)[10] B1, 3ip(WNC)+3,(F2W F5)—5,(F3W F4)
179(<0.1)[4] B, Sopf(WNC)+8i(F2W F3)—53:,(FAWES)
175(6) 175(6) 170(6)[<1] A, VIWNHV(NC)5(CoCiCo)
159(<0.1[4] B, 8iy(F2WE3)+3,(FAWES)

115(1)[<0.1]
93(<0.1)[<0.1]

By, 8ip(Fax WN)—8n(F2WF5)+5,,(F3WF4)
B2, 8op(Fax WN)—3ip(F2WF3)+5,,(FAWFS)

32(<1)[1] B2, 5op(WNC)
29(<1)[<1] B1, 5i(WNC)
3=D[0] As, p(WFeq)—p(CoFs)

“Normalized Raman intensities are givenin parentheses. "CsHsNH" bands are observed at 3115(4), 3100(4), 3060(2),
1591(1), 1205(5), 1026(6), 1011(13), 639(4), 610(3), 504(4), and 96(11) cm'. “N(CH;3)s* bands are observed at
3044(3), 3033(2), 2999(2), 2970(2), 2934(3), 2831(2), 1176(1), 950(4), 754(5), and 458(2) cm'. “Absolute Ranman
intensities (in A*u™") are given in parentheses and absolute IR intensities (in km mol™!) are given in square brackets.
‘Calculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type polarization function
(W; ar=0.823) and aug-cc-pVTZ basis set (C, N, F). /Symbols and abbreviations denote stretch (v), bend (8), rotation
(p), symmetric (s), antisymmetric (as), in-plane (ip), and out-of-plane (op). “Numbering ofatoms F2—F5 is consistent

with the numbering in Figure 1a.
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Table 4. Selected Experimental and Calculated Vibrational Frequencies for the W(NCgFs),Fy~
Anion

Frequency (cm ')

. ef
Experimental®”  Calculated®” Assignment (D)

1484(100) 1514(1539)[0]  A,v«(Co) (5)
1364(18) 1379(167)[0] A V(WN)~VNC)HV(CoF)H(CF,) (5)
1259(9) 1266(126)[0] A, V(WN)V(NCH(ConFn)~(CoFy) ()
1074(6) 1083(104)[0] A V(WN)V(CoFo)tV(CFy) ()
821(2) 824(31)[0] A, V(WN)+V(NC)~(CenFn) ()
667(7) 665(45)[0] A, v(WFs)(s)
646(0)[420] B3, V(WF2)+v(WF3)~v(WF4)~v(WF5) (s)
629(<1)[<1]  Bs, (WF2)~v(WF3)~v(WF4)+v(WF5) (s)
598(3)[0] A, V(WE2)~v(WF3)+v(WF4)~v(WF5) (s)
584(5) 582(34)[0] A, V(WN)H3(CoCiCo) 3 (CoCinCy) (5)
501(6) 502(67)[0] A, V(WN)=8(CoCiCo)—8(CnCpCum) (s)
464(<0.1)[576]  Bi, Vas(Fax W)
299(6) 296(17)[0] A, 5(WFeo)(s)
292(<0.1)[13]  Bs, 8(Fux WN)+3i,(F2WF5)-5,(F3WF4)
292(2)[0] A, 5ip(F2WE3)+8;,(FAWES) (s)
291(<0.1)[10]  Ba, §(Fax WN)+3ip(F2WF5)-5,(F3WF4)
208(<1)[<0.1]  Ba, S(WNC)+3:,(F2WE5)—-8:,(F3WF4) (s)
192(<D)[17] ~ Ba, S(WNC)+3i,(F2WF3)-8,(FAWFS) (s)
186(<0.)[0] By, 8op(F2WF4)—8,,(F3WF5) (s)
183(5) 181(11)[0] A, V(WN)H(NC)+3 (W Feg)+5(CoCiCo) (5)
179(<1)[2] Bs, 8(FuxWN)+8,,(F2WF4) (s)
164(<1)[4] B3, 8(Fux WN)-5i,(F2WF4) (s)
125(<1)[<0.1]  Ba, 5(FaxWN)(s)
12(<D[<1] ~ Bs, 3FuWN)(s)
80(<1)[0] A, Vi(FaxW))
40(<1)[1] B, 5(WNC)(s)
39(<1)[1] B., 5(WNC)(s)
7(<1)[0] B1, p(CsFs)—p(WE) (s)
4<1)[<1]  Ba, 3(WEW)
4<1)[<1]  Bs, 3(WEW)

“Normalized Raman intensities are given in parentheses. "CsHsNH' bands are observed at 3120(2), 1586(1), 1206(2),
1033(2), 1012(10), 638(2), 611(1), and 494(4), and 98(7) cm'. “Absolute Raman intensities (in A*u™!)are given in
parentheses and absolute IR intensities (in km mol™') are given in square brackets. “Calculated using the B3LYP
functional with the Stuttgart basis set augmented by one f-type polarization function (W; ar = 0.823) and cc-pVIZ
basis set (C,N,F). “Symbols and abbreviations denote stretch (v), bend (5), rotation (p), s ymmetric (s ), antis ymmetric
(as),axial (ax), equatorial (eq), in-plane (ip), and out-of-plane (op).”Mode descriptions are based on the vibration of
one W (NCsFs)Fs moiety, and the mode is thendescribed as a symmetric (s) or antis ymmetric (as) combination of the
vibrations of the two moieties. *Numbering of atoms F2—F5 is consistent with the numbering in Figure 2a.
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The Raman spectra of the W(NC¢Fs)Fs~ salts are highly similar in regards to bands
corresponding to the anion, with the majority of observed anion bands being within 2 cm™! of one
another and possessing comparable relative intensities (Figure 3). The experimental and predicted
Raman frequencies are in excellent agreement with one another. While the 48 vibrational modes
are all expected to be Raman-active, the Raman intensities of 16 modes were predicted to be <I
A4y, and no obvious experimental counterpart is observed in these cases. The vi(WFs) mode is
found at a higher frequency in the CsHsNH* salt (661 cm™!) than the N(CH3)," salt (650 cm™!),
which is attributed to the hydrogen bond in the CsHsNH™ salt decreasing the covalent character the
W-F, bond and thereby increasing the covalent character of adjacent bonds. As expected, the
predicted frequency for this mode (647 cm!) agrees more closely with the N(CH;3)4" salt.
Calculation of the vibrational frequencies reveals extensive coupling of the W=N stretching
vibrations with vibrations of the C¢Fs group, and as there is no characteristic v(WN) mode, the
nature of the W=N bond cannot be elucidated easily by consideration of the relative frequencies.

The Raman spectrum of [CsHsNH][W,(NCgFs),Fo] is highly similar to those of the
W(NC¢Fs)Fs~ salts in terms of the frequencies and relative intensities of the anion bands. The
experimental and predicted Raman frequencies are in excellent agreement; the decrease from
calculated D, symmetry to experimentally observed C, symmetry likely does not significantly
affect mode descriptions, as alteration of the W—F,—W angle in the W,S,Fs~ anion only affected
low-frequency modes corresponding to the fluorine bridge.!'® Due to the weak nature of the fluorine
bridge, splittings due to vibrational coupling of the W(NC4Fs)F4 moieties are typically predicted
to be negligible, and cannot be discerned experimentally. Coordination of the axial fluorido ligand
to two tungsten centres causes an increase in the covalent character of the adjacent bonds, and the

vs(WFs) mode (667 cm!) is subsequently higher in frequency than in either W(NC¢Fs)Fs~ salt.
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The W=N stretching vibrations of the dinuclear anion are extensively coupled to vibrations of the
CeF5 group in manners identical to those observed for the mononuclear anion.
19F NMR Spectroscopy

The nature of the W(NC¢Fs5)Fs— and Wjy(NCgFs),Fy~ anions in solution has been
investigated by 1°F NMR spectroscopy in CH3;CN at ambient temperature. Spectroscopic data for
[CsHsNH][W(NCgF5)Fs], [N(CH3)4][W(NC¢Fs)Fs], and [CsHsNH][W,(NC4Fs),Fo], along with

W(NC¢Fs)F4-NCCHj; (observed in a solution of [CsHsNH][W2(NCgFs),Fo]), are given in Table 5.

Table 5. 1F NMR Spectroscopic Parameters for the Fluorido Ligands in the W(NC¢Fs)Fs~ and
WQ(NC()F5)2F9_ Anions and W(NC6F5)F4NCCH3

5(7F) (ppm)™” J (Hz)"
JOFF) JCFN) W)
[CsHsNH][W (NCeFs)Fs] 5149 (Feq,d) 649 422
—61.02 (Fax, m) 37-40 n.o.
[N(CH3)s][W (NCsF5)Fs] 50.93 (Feg, d)  65.1 42.8
—44.96 (Fax, m) 47.1 68.3
[CsHsNH][W2(NCsFs):Fo]  61.66 (Feq, d)  64.2 41.2
—110.92 (Fax, n) n.o.
W (NCsFs)F4-NCCH3 61.50 (s) 38.1

“Recorded unlocked in CH;CN at ambient temperature. “Abbreviations denote singlet (s), doublet (d), nonet (n),
multiplet (m), axial (ax), and equatorial (eq).

In the '°F NMR spectra of W(NC¢Fs)Fs~ salts, the WNFs moieties give rise to AXy spin
systems with 18W satellites (Figure 4a—b). Furthermore, the F,; multiplets — expected to be
quintets — are broadened by partially quadrupole-collapsed coupling to *N atambient temperature.
Resolution enhancement of the spectra allowed for the 2J(!°F,—!'4N) coupling constants to be
ascertained. In the CsHsNH* salt, the outer transitions of the equal-intensity triplets were
broadened to the extent that the 2J(1°F,—!4N) coupling constant could only be estimated in the
range of 37—40 Hz and the '83W satellites could not be observed. However, in the N(CHj3),* salt,

splittings due to 2J(1°F—'%N) and 'J(183W—19F,) coupling could be resolved (Figure 5). The
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observation of 2J(19F,—14N) coupling corroborates the approximately linear F-W=N—C skeleton
that is observed crystallographically, which results in a small apparent electric-field gradient about
the nitrogen atom. Couplings of similar magnitude between the axial fluorido ligand and the
nitrogen atom have been observed previously in the W(NCH;3)Fs~ (40 Hz) and W(NC,Hs)Fs~ (36
Hz) anions.2%2! Cooling the solutions to —40 °C results in more complete collapse of the
2J("PFx—1%N) coupling and the generation of broad quintets (Figure S4). A more detailed
discussion of the variable-temperature '°F NMR spectroscopy is provided in the Supporting
Information.

In the N(CH3)4" salt, the LJ(183W—19F,,) coupling constant (68.3 Hz) is higher in magnitude
than the 1J('$W—1°F,,) coupling constant (42.2 Hz), despite the more ionic nature of the W—F
bond. While this phenomenon is counterintuitive based on the relative W—F bond strengths, it has
been observed previously for the WSFs~ anion and is attributed to varying contributions from

multiple scalar coupling mechanisms of different signs.!8
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Figure 4. Fluorine-19 NMR spectra of the W(NCgsFs)Fs~ and W,(NCgFs),Fo~ anions: a) Feq
doublet in [CsHsNH][W(NC¢F5)Fs]; b) Fox multiplet in [CsHsNH][W(NCgFs)Fs]; ¢) Feq
doublet in [C5H5NH] [Wz(NCéFS)ZFQ], ll’lChldll’lg the W(NC6F5)F4NCCH3 1mpur1ty, d)
Fax nonet in [CsHsNH][W2(NCgFs),Fo]. Spectra were recorded unlocked in CH3CN at
ambient temperature.

“J(“F,~"F.) = 65.1 Hz

2J(°F,—“N) = 47.1 Hz —

S (SW-"F,) = 68.3 Hz

-43.8 -442 446 450 -454 -458 -46.2
3("F) (ppm from CFCl,)

Figure 5. Resolution-enhanced (exponential multiplication =—20 Hz; Gaussian multiplication =
10 Hz; solid trace) and unenhanced (dotted trace) °F NMR spectra of the F,x multiplet
in [N(CH3)4][ W(NC¢F5)Fs] in CH3CN at ambient temperature.
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The '“F chemical shifts and coupling constants for the F; doublet are in excellent
agreement with those reported previously for the CgFsNH;* salt [0(1°Feq) = 52.5 ppm,
2J(1Fq—"%Fu) = 64.7 Hz, J("$W—1F ) = 41.8 Hz].?? These doublets are much higher in chemical
shift than the corresponding F.x multiplets due to a strongly shielding trans influence from the
imido ligand. The chemical shift for the F,, multiplet appears lower for the CsHsNH* salt (—61.02
ppm) than the N(CHs3),™ salt (—44.96 ppm), suggesting that the hydrogen bond in the CsHsNH" salt
persists in solution. The F, resonance was observed at —63 ppm for the Cg¢FsNH;" salt,2?
suggesting the presence of a similar hydrogen bond in that salt as well. The Fq and F, resonances
for the W(NC¢Fs)Fs~ anion are found considerably higher in chemical shift than those for the
W(NCH3)Fs™ [6("Feq) = 28.0 ppm, 8('°F.) = —101.5 ppm], W(NC,Hs)Fs~ [8('F¢q) = 27.6 ppm,
O(Fa) = —99.5 ppm], and W(NC4Ho)Fs~ [8('Fq) = 28.7 ppm, (°Fx) = —101 ppm] anions.?0:?!
This illustrates the electron-withdrawing nature of the C¢Fs group, which deshields the nuclei and
apparently weakens the trans influence of the imido ligand.

In the "F NMR spectrum of [CsHsNH][W2(NC¢Fs),Fo], the W,N,Fy9 moiety gives rise to
an AXg spin system with '83W satellites being observed for the F., doublet (Figure 4c—d), in
excellent agreement with the °F NMR spectrum of the C¢FsNH;3" salt [8('9F¢q) = 61.9 ppm, 6(1°Fay)
=—110 ppm, 2J("Feq—"Fy) = 64.7 Hz, 'J(183W—1F,) =39 Hz].?2 The F nonet is broadened to
the extent that the outer transitions are not observed, likely due to partially quadrupole-collapsed
coupling to the two “N nuclei (Figure 4d). The 'J(133W-19F,) and/or 2J(1°F—14N) coupling
constants could not be extracted by resolution enhancement or variable-temperature experiments.
The fluorido ligands in W(NC¢F5)F4-NCCHj3 —a product of solvolysis of the Wo(NCgFs),Fo~ anion
by CH3CN — were observed as a singlet with '83W satellites which overlapped partially with the

Feq doublet of the dinuclear anion (Figure 4c).
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The C¢Fs groups of these complexes give rise to the expected AA'MM'X spin systems with
13C satellites. The J(1°F—1°F) coupling constants were ascertained via spectral simulation, and vary
only subtly between complexes. The magnitudes and signs of the coupling constants agree well
with those observed previously for organic compounds containing CeFsN moieties.3! Further
details are provided in the Supporting Information.

Computational Results

Gas-phase geometries were optimized using B3LYP for a series of W(NR)Fs~ anions (R =
H, F, CHj;, CF;, C¢Fs), resulting in stationary points with no imaginary frequencies. The same
functional and basis set (vide infra) combination was employed in the study of WSF,,* its adducts
with nitrogen bases,*!? and its derivative anions,'® and resulted in calculated geometries and
vibrational frequencies in good agreement with experimental results. In the case of the
W,L(NC¢Fs),Fg~ anion, a highly similar basis set was used in which the light atoms were not
augmented by diffuse functions. Using these optimized geometries, vibrational frequencies and
molecular orbitals (MO) were calculated, and natural-bond-orbital (NBOQO) analyses were
performed, including the calculation of Wiberg bond indices (WBIs).

Optimized Geometries

Selected calculated geometric parameters for the W(NR)Fs~ (R = H, F, CHj3, CF;, C¢Hs)
anions are given in Table 6, and complete geometric parameters are given in Tables S7—S11. The
W(NR)Fs~ anions are isostructural (geometrical aspects of the R group notwithstanding) resulting
in pseudo-octahedral geometries with linear or near-linear W—N—-X (X =H, F, C) angles (Figure
S6). Interestingly, in the W(NCH;3)Fs~ anion, the CH; group adopts an eclipsed conformation
relative to the WF, moiety, whereas the CF; group is staggered in the W(NCF3)Fs~ anion (Figure

S7). Generally, anions containing fluorinated imido ligands possess shorter W—F bonds, with the
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exception being that the W—F,, bonds in the W(NF)Fs~ anion (1.911 A) are the second longest in
the series, behind only those of the W(NCH3)Fs~ anion (1.914-1.915 A). There is no obvious
division between fluorinated and non-fluorinated imido ligands regarding the W=N bond length;

this bond length is primarily affected by conjugation with the R group (vide infra).

Table 6. Selected Calculated Geometric Parameters for the W(NR)Fs~ (R = H, F, CH3, CF;,
C¢Hs) Anions®

WNNHFs™ WNNF)Fs~ W(NCH3)Fs-  W(NCF;)Fs~ W (NCeHs)Fs~
Bond Lengths (A)

W-N 1.764 1.763 1.762 1.793 1.783

W—Fux 1.968 1.935 1.969 1.940 1.955

W-Feq 1.909 1.911 1.914-1915 1.894 1.906
Bond Angles (°)

W-N-R 180.0 180.0 178.7 179.8 180.00

N-W-F.x  180.0 180.0 1794 179.9 180.00

Fax—W—-Foq 842 84.4 84.3—89.3 84.7-84.8 84.8

“Calculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type polarization function
(W; 0r=0.823) and aug-cc-pVIZ basis set (C, N, F).

Vibrational Frequencies

Selected calculated vibrational frequencies for the W(NR)Fs~ (R = H, F, CH3, CF3) anions
are given in Table 7, and all vibrational frequencies with complete assignments are given in Tables
S12—-16. The W(NR)Fs~ anions are predicted to exhibit very similar vibrational patterns
corresponding to their WNFs octahedra; the primary differences manifest in the vibrational
coupling between the W=N stretch and other vibrations. Vibrational coupling is observed in all
cases except the W(NH)Fs~ anion, which exhibits a discrete v(WN) mode at 967 cm~!'. However,
the nature of the vibrational coupling in the anions is different depending on the R group and
cannot be described generally. Thus, differences between the W=N bond strengths in the
W(NR)Fs~ anions cannot be discerned based on their vibrational frequencies. The W(NF)Fs~ anion

exhibits antisymmetric and symmetric coupling of the v(WN) and v(NF) vibrations at 1371 and
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535 em!, respectively. The W(NCHj3)Fs~ and W(NCHj3)Fs™ anions exhibit coupling between the
V(WN), v(NC)and 04(CX;) (X =H, F) vibrations. Interestingly, the bending vibration couples only
with the higher-energy v(WN)—v(NC) vibration in the W(NCH;)Fs~ anion, and only with the
lower-energy v(WN)+v(NC) vibration in the W(NCH3)Fs~ anion. In the W(NC¢Hs)Fs~ anion, the
v(WN) vibration exhibits extensive vibrational coupling with various C—C stretches and ring
deformations.

The bands at 1347 and 718 cm™! in the Raman spectrum of [CH3;NH;][W(NCH;3)Fs] had
been assigned tentatively as “v(CNW)”;2! these correspond to the v(WN)-v(NC)+38s(CHj3) and
v(WN)+v(NC) modes in the predicted spectra, respectively. It should be noted that while the
calculated frequency for the former mode (1368 cm™!) agrees with the experimental value (1347
cm!), the latter mode is predicted to be significantly lower in frequency (600 cm™!) than that

determined experimentally (718 cm™!).
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Table 7. Selected Calculated Vibrational Frequencies for the W(NR)Fs~ (R = H, F, CH3, CF3,

C¢Hs) Anions
Frequency (cm )™ Assignment®
W(NH)Fs 967(69)[172] V(WN)
639(11)[93] Vi(WFs)
518(1)[125] V(WFay)
WNF)Es  1371(1)[58] V(WN)-v(NF)
648(24)[64] vo(WFs)
552(1)[163] V(W Fuy)
535(18)[86] V(WN)+v(NF)
W(NCH)Fs™  1368(219)[257] V(WN)—v(NC)+5,(CHs)
634(16)[84] vi(WFs)
600(17)[83] VOWN)+V(NC)
518(1)[132] V(WFay)
W(NCFs)Fs~  1409(108)[1503]  v(WN)—v(NC)
1059(5)[242] V(WN)+v(NC)—54(CF3)
712(23)[4] V(W NY(NC)+54(CF3)
653(12)[200] vo(WFs)
548(1)[138] v(WFq)
W(NCsHs)Fs™  1047(32)[25] V(W N)~V(CpCon)+vs(CiCo)
1025(56)[32] V(W N)+8(CnCyCan )-8 (CoCiCo)
686(30)[6] V(WN)=3(CinCoCin )3 (CoCiCo)
636(8)[273] vi(WFs)
533(<1)[169] V(W Fuy)
31(5)[1] VOWN)V(NC)+3 (W Fe) H8(C.CC)

“Absolute Raman intensities (in A*u™") are given in parentheses and absolute IR intensities (in km mol™") are given
in square brackets. "Calculated using the B3LYP functional with the Stuttgart basis set augmented by one f-type
polarization function (W; o= 0.823) and aug-cc-pVTZ basis set (H, C, N, F). “Symbols and abbreviations denote
stretch (v), bend (8), symmetric (s), axial (ax), and equatorial (eq).

The trend in predicted frequencies of the v(WF,,) mode correlates inversely with the trend
in predicted W—F, bond lengths. For instance, the W(NF)Fs~ anion has the shortest W—F,, bond
(1.935 A) and the highest frequency v(WF,) mode (552 cm!), and the W(NCH;)Fs~ anion has
the longest bond (1.969 A) and lowest frequency mode (518 cm!). Overall, the series of V(WF)
frequencies descends in the order W(NF)Fs~ > W(NCF;)Fs~ = W(NC4F5)Fs— > W(NCeHs)Fs~ >
W(NH)Fs~ = W(NCHj3)Fs~. The relative frequencies of the vy(WFs) mode, however, do not
correlate with the W—F, bond lengths, likely because this mode possesses differing proportions

of v(WN), v¢(WF,), and v(WF,) character depending on the anion.
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Molecular Orbitals

The two highest-occupied molecular orbitals in the W(NR)Fs~ anions consist of the
dy.4-—py- Interactions that comprise the mcomponents of the W=N bond, along with n* W—F, and
n* N—R interactions. The energies of the MOs containing these interactions, along with the LUMO
energies, are given in Table S17. In the W(NR)Fs~ (R = H, F, CHs, CF;) anions, the MOs are
degenerate or pseudo-generate, whereas in the W(NCgHs)Fs~ and W(NCgFs)Fs~ anions the MOs
are considerably different in energy due to the W=N 7 system interacting with the aromatic &
system in the HOMO and the sp2-hybridized o system of the C¢Fs group in the HOMO—1 (Figure

6).

Figure 6. Molecular orbitals in the W(NCgFs)Fs~ anion: a) HOMO-1; b) HOMO; ¢) LUMO.
Isosurfaces are drawn at 0.02 e A3,

The LUMOs of the anions are dominated by m* interactions. In the W(NR)Fs~ (R =H, F,
CHj, CF3) anions, the LUMO consists of out-of-phase W—F., mnteractions, whereas in the
W(NCsHs)Fs~ and W(NC¢Fs)Fs~ anions, the LUMO consists of out-of-phase W—F,, W—N and
C—C mteractions (Figure 6c). The HOMO/LUMO gap is smaller in the W(NC¢Hs)Fs~ and
W(NC¢Fs)Fs~ anions than in anions containing non-aromatic R groups as a result of the m*
interactions involving the aromatic rings in the HOMO and LUMO. The 428 kJ mol™!

HOMO/LUMO gap in the gas-phase W(NC¢Fs)Fs~ anion corresponds to a 280-nm absorption
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wavelength, indicating that the difference in energies is slightly overestimated based on the
observed yellow colour of the W(NCgFs)F5™ salts.

The HOMO and HOMO-1 of the Wy(NC¢Fs),Fo~ anion are pseudo-degenerate and
analogous to the HOMO of the W(NC¢F5)Fs~ anion, whereas the HOMO—4 and HOMO-5 is
analogous to the HOMO—1 in the W(NC¢F5)Fs~ anion. The LUMO is analogous to the LUMO of
the W(NC¢F5)Fs~ anion. The HOMO/HOMO—4 gap is slightly higher in energy than the
HOMO/HOMO-1 gap in the W(NCgsFs)Fs~ anion (123 vs. 97 kJ mol™!), and the HOMO/LUMO
gap is predictably similar in energy (437 vs. 428 kJ mol™!).

NBO Analyses

The NBO analyses of the W(NR)Fs~ and W,(NC¢Fs),Fo~ anions reveal the effects of the R
group on the electron density atthe tungsten center, as well as the W=N and W—F bonds. Natural-
population-analysis charges, WBIs, and total WBIs by atom are given in Tables S18—S24 and
summarized in Table S25. Donor-acceptor interaction energies from the NBO second-order
perturbation analysis are given in Tables S26—S31. Generally, the WBIs of the W=N bonds are
more than twice those of the W—F., bonds, corroborating the experimental observation of triple -
bond character in imidotungsten(VI) species herein and in previous studies.?3:32 In fact, the WBI
of the W=N bond in the W(NH)Fs~ anion (1.90) is almost exactly triple that of the W—F¢, bonds
(0.64).

Multiple resonance structures can be drawn to describe the bonding in the W=N-R moiety
of the W(NR)Fs~ anions (Scheme 1). For the parent W(NH)Fs~ anion, resonance structure I clearly
predommates and the W=N bond possesses essentially triple-bond character, inferred from the

relative WBIs (vide supra) and the linearity of the W=N—-H moiety. Resonance structure II — the
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only structure without formal charges — does not seem to play a significant role for any of the

studied anions, as they are all predicted to exhibit linear (or near-linear) W=N-R moieties.

@ @ L
R—N=W =— R—N=W ~— R@:N(D:W
I Il I

. @ 0O os
R—N=W =— R®:N®:W2@
I A

Scheme 1. Resonance structures contributing to bonding in the W=N-R moiety of the W(NR)Fs~
(R = H, F, CH3, CF3, C6H5, C6F5) and W2(NC6F5)2F9_ anions.

In the W(NR)Fs~ anions (R =F, CF3, C¢Hs, CgFs), conjugation is observed, resulting in a
decrease in the WBIs of the W=N bond (1.59—1.81) relative to the W(NH)Fs~ anion. Conjugation
between the W=N bond and R group can manifest due to m-electron withdrawal (resonance
structure IIT) or donation (resonance structure IV) by the R group, which weakens the W=N bond
in both cases. The WBIs of the W=N bonds and predicted W=N bond lengths are, as expected,
inversely correlated. However, this trend is clearer in the anions with the highest degree of
resonance (R = CF;, C¢Hs, C¢Fs); the W=N bond lengths of the remaining W(NR)Fs~ anions (R =
H, F, CHs) are practically indistinguishable (1.762—1.764 A).

In the W(NCF;)Fs and W(NC¢Fs)Fs~ anions, the m-electron-accepting nature of the CF;
and C¢Fs groups favors the invocation of resonance structure III as contributing to the decrease in
the W=N bond order. This is corroborated by the higher positive charges on tungsten in these
anions (+2.45 to +2.47) than in the W(NH)Fs~ anion (+2.39) and the NBO second-order
perturbation analyses, which reveal substantial energies for interactions between the W=N bonds
and the m-electron-accepting groups (CFs: 203 kJ mol!, C¢Fs: 178 kJ mol'!). The converse is true

for the W(NF)Fs~ anion, which contains the mildly n-electron-donating nitrogen-bound fluorine
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atom. An interaction energy of 110 kJ mol™! is calculated for m-electron donation from the fluorine
atom to the W=N bond, resulting in a slight decrease in W=N bond order and lowering of the
positive charge on tungsten (+2.31), consistent with a contribution from resonance structure IV.
The C¢Hs group may act as a m-electron donor and acceptor, and the NBO second-order
perturbation analysis returns a slightly larger interaction energy for m-electron withdrawal (138 kJ
mol!) versus donation (103 kJ mol™!). As such, resonance structures III and IV likely contribute
to the nature of the W=N—-R moiety of the W(NC¢Hs)Fs~ anion, explaning why the charge on
tungsten (+2.41) is very close to that in the W(NH)Fs~ anion.

In the W,(NC¢F5),F9™ anion, the WBI of the W—F, bond (0.27) is approximately half that
predicted for the W(NCgFs)Fs~ anion (0.53), consistent with the change from a terminal to bridging
coordination environment decreasing the covalent character of the W—F, bonds. The positive
charge on the tungsten centres (+2.36) is lower than in the W(NC¢Fs)Fs~ anion despite the
decreased covalent character of the W—F, bonds, which is seemingly due to overcompensatory
donation from the imido ligand; the WBI of the W=N bond (1.76) is much higher than in the
W(NCgF5)Fs~ anion (1.59).

Conclusions

Convenient routes to W(NCgFs5)Fs~ and W,(NCgFs),Fy~ salts have been reported, which
have been fully characterized in the solid state and in solution. The structural properties of these
anions are somewhat dependent on the cation. Cation-anion interactions in the CsHsNH salt affect
structure and bonding in the anion, which is observed crystallographically and spectroscopically
in the solid state and in solution. Meanwhile, the W,(NC¢Fs5),Fo~ anion is highly susceptible to
conformational distortions in the solid state, as inferred from the variations between the crystal

structures of the CsHsNH' and previously reported C¢FsNH;™ salts.22 The Raman spectra of
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W(NC¢Fs)Fs~ and W,(NCgFs),Fo~ salts reveal extensive coupling of the W=N stretching vibration
with symmetric vibrations of the C¢Fs group, and these bands have been assigned unambiguous ly
with the aid of DFT calculations.

To complement the experimental studies, a suite of W(NR)Fs~ anions has been studied by
DFT (B3LYP) methods. The calculations reveal that the R group can have substantial effects on
the structural and electronic properties of the anion. The calculated W—F, bond lengths suggest
that the tungsten center is more electrophilic in anions containing fluorinated R groups than in
their hydrogen-containing analogs. The calculated W=N bond lengths, MOs, as well as the NBO
analyses, further validate the designation of a triple bond between tungsten and nitrogen, although
conjugation between the W=N bond and the R group can considerably decrease the W=N bond
order.
Experimental

Materials and Apparatuses

Caution: Anhydrous HF can cause severe burns upon contact or inhalation; appropriate
safety measures should be implemented during handling. Tungsten hexafluoride and its derivatives
synthesized herein produce HF upon contact with even trace amounts of moisture and should be
manipulated only under rigorously dry conditions.

All reactions were carried out in heat-sealed "4”-0.d. FEP reactors which were connected
to either stainless-steel or Kel-F valves via flared fittings. Volatile materials were distilled on a
Pyrex vacuum line equipped with glass valves fitted with 6-mm-o0.d. PTFE J. Young stopcocks,
with the exceptions of WFs, which was distilled through a nickel/316 stainless-steel vacuum line
equipped with 316 stainless-steel valves (Autoclave Engineers) and pre-passivated with 100% F»,

and anhydrous HF, which was distilled through a FEP manifold connected to and pre-passivated
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on the aforementioned metal vacuum line. Solid materials were handled in a dry box (Omni Lab,
Vacuum Atmospheres) under an atmosphere of dry N,.

Dichloromethane was distilled from a solvent system onto 4-A molecular sieves and then
distilled onto fresh sieves. Acetonitrile (Baker, 99.8%) was dried over P4O;¢and doubly distilled
onto 3-A molecular sieves. Sulfur dioxide (Matheson) was dried over CaH,. Tungsten hexafluoride
(Ozark-Mahoning) and C¢FsNH; (Sigma-Aldrich, 99%) were used as provided. Anhydrous
hydrogen fluoride (Air Products, 99.9%) was dried with 100% F, and distilled onto K,[NiF¢]. The
WFs-NCsHs adduct and [(CH3)4N][WEF;] were prepared as described previously.33-34
Syntheses
[CsHsNH][W(NCgFs)Fs]

In the dry box, WF¢-NCsHs (0.568 g, 1.51 mmol) and C¢FsNH; (0.291 g, 1.59 mmol) were
added to a 4”-0.d. FEP reactor at ambient temperature, causing immediate formation of an orange
substance upon contact of the solids; the reactor was kept at —80 °C to curtail further solid-state
reactions. Dichloromethane (1.097 g) was distilled into the reactor at =196 °C and warmed to
ambient temperature, resulting in the formation of an orange solution. Volatile materials were
removed under dynamic vacuum at ambient temperature (with constant agitation) for 1 h, and at
45 °C over 30 min, yielding [CsHsNH][W(NC¢Fs)Fs] (0.809 g, 1.50 mmol, 99.4% yield w.r.t.
WFs-NCsHs) as a coarse yellow powder. An impurity of WOF5~ (1 mol%) was observed by '°F
NMR spectroscopy. o('H) (ppm, CH;CN, unlocked): CsHsNH*, 13.78 (s, Hy), 8.73 (d, H,,
3J('"Hy—'Hy) = ~6 Hz), 8.60 (t, H, *3J('Hn—'H,) =~8 Hz), 8.05 (t, Hy).

[N(CH3)4] [W(NCeFs)Fs]
In the dry box, [N(CHj)4][WF7] (0.2324 g, 0.594 mmol) and C¢FsNH, (0.1150 g, 0.628

mmol) were added to a /4”-0.d. FEP reactor. Acetonitrile (0.300 g) was distilled into the reactor at
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—196 °C and warmed to ambient temperature, resulting in the formation of an orange solution.
Volatile materials were removed under dynamic vacuum at ambient temperature (with constant
agitation) for 30 min, and at 45 °C for 30 min, yielding [N(CH;3)4][W(NCgFs)Fs] (0.317 g, 0.594
mmol, 100% yield w.r.t [N(CH3)4][WF7]) as a coarse yellow powder. Impurities of WOFs~ (1
mol%), C¢FsNH; (2 mol%), W,(NCeFs),Fo~ (trace), and HF (trace) were observed by °F NMR
spectroscopy. 6('H) (ppm, CH;CN, unlocked): (CH3)4N™, 3.07 (s, CHj3).
[CsHsNH|[W2(NCeFs)2Fo]

In the dry box, [CsHsNH][W(NCgFs)Fs] (0.383 g, 0.709 mmol) was added to the straight
arm of a T-shaped %4”-0.d. FEP reactor. Anhydrous HF (0.136 g, 6.80 mmol) was distilled into the
reactor at =196 °C and warmed to ambient temperature, resulting in the formation of a deep red
solution. Cooling the solution to—25 °C resulted in the precipitation of yellow crystals; the solution
was then decanted from these crystals into the side arm of the reactor, and the HF was partially
condensed back into the straight arm at —196 °C. This was repeated five times, resulting in yellow
crystals remaining in the straight arm, and ared solution in the side arm. Volatile materials were
removed under dynamic vacuum at —70 °C for 2 h and at ambient temperature over 30 min,
yielding  [CsHsNH][W(NC¢Fs),F9]  (0.266 g, 0.271 mmol, 76.5% yield w.rt
[CsHsNH][W(NC¢Fs)Fs]) in the straight arm asa yellow powder. Impurities of W(NCgFs)Fs~ (3—5
mol%), WL(NC¢Fs)OFy~ (2 mol%), C¢FsNH, (1-2 mol%), and HF (trace) were observed by '°F
NMR spectroscopy (the impurity of W(NC¢Fs)Fs™ is in addition to that generated by solvolysis of
the product in CH3CN). 8('H) (ppm, CH3;CN, unlocked): CsHsNH*, 13.18 (tt, Hy, 'J(*N—-"Hy) =
68.4 Hz), 8.71 (t, H,, *J("Hx—"H,) = 3J('"H,—"'Hy) = ~6 Hz), 8.61 (tt, H,, *J('H,—'H,) = ~8 Hz,

SJ(‘Hy—"H,) = ~1 Hz), 8.05 (t, Hyp).
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The side arm contained a yellow-orange powder than consisted of [CsHsNH][W(NC¢Fs)Fs]
and [CsHsNH][F(HF),] as determined by Raman spectroscopy.
X-ray Crystallography
Crystal Growth and Mounting

Long, yellow plates of [CsHsNH][W(NC¢Fs)Fs] were grown in a '4”-o0.d. FEP reactor by
cooling a CH,Cl, solution to —35 °C, followed by slow removal of the solvent at that temperature.
Yellow blocks of [(CH3)4N][W(NC¢Fs)Fs] and thin yellow plates of [CsHsNH][W2(NCgFs),Fo]
were grown in ¥4”-0.d. FEP reactors from CH;CN solutions by slow removal of the solvent at —40
°C. The reactors were cut on an aluminum trough cooled to —80 °C by a stream of dry N, and the
crystals were deposited onto the trough. The selected crystals were affixed to a Nylon cryo-loop
submerged in perfluorinated polyether oil (Fomblin Z-25) and transferred to the goniometer using
liquid-N,-cooled cryo-tongs.
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, and sealed, graphite-
monochromated MoK, and CuK, X-ray sources. Data was collected using the MoK, source (A =
0.71073 A) at 100 K. 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 the quality of the preliminary data. This strategy was optimized to collect five-fold
redundant data at a resolution of 0.77 A. The data was processed using CrysAlisPro35 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
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the crystal. Upon reduction of the data, frames with a R, > 0.2 were omitted, which did not
adversely affect the completeness of the data.
Structure Solution and Refinement

Atom positions were determined using the intrinsic phasing method (ShelXT)3¢ and were
refined using least-squares refinement (ShelXL).3” Non-hydrogen atoms were refined
anisotropically and recommended weights for the atoms were determined before hydrogen atoms
were introduced using a riding model (HFIX). In the case of [CsHsNH][W(NC4Fs)Fs], the
nitrogen-bound hydrogen atom could be located in the Fourier difference map, and as such its
position was freely refined. The maximum and minimum electron density in the Fourier difference
map were located near the tungsten atoms in all cases. Structure solution and refinement were
performed with the aid of Olex2.38

Crystallographic data have been deposited with the Cambridge Crystallographic Data
Centre as CCDC 1566648 ([CsHsNH][W(NC¢Fs)Fs]), 1566649 ([N(CHs3)4][W(NC¢F5)Fs]), and
1566650 ([CsHsNH][Wa(NCgFs),Fg]. Copies of the data can be obtained free of charge from
CCDC via http//www.ccdc.cam.ac.uk.
Raman Spectroscopy

All Raman spectra were recorded on powdered samples in flame-sealed m.p. capillaries
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 resolution of 2 cm™!. The laser power was typically setto 150

mW.

NMR Spectroscopy
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All NMR spectra were recorded in heat-sealed 4-mm o.d. FEP tubes in 5-mm o.d. glass
mserts using a Bruker Avance Il 300 MHz spectrometer equipped with a 5-mm broadband probe.
Spectra were recorded unlocked in dilute CH3;CN solutions, and referenced externally to CFCl;
("F) and Si(CH3)4 ('H) at 20 °C. Spectral simulations were performed using Mestre Nova.??
Computational Details

All DFT calculations were performed using the B3LYP functional. The Stuttgart basis set
augmented by one f-type polarization function (os= 0.823),% and the associated pseudopotentials,
were used for tungsten. For the W(NR)Fs~ anions, the aug-cc-pVTZ basis set was used for
hydrogen, carbon, nitrogen, and fluorine, whereas for the W(NCgF5),Fo~ anion, the cc-pVTZ basis
set was used. Geometry optimizations were performed using analytic gradient methods, and the
vibrational-frequency and MO calculations, as well as the NBO analyses, were performed using
the geometries optimized at the same level of theory. Calculations were performed using Gaussian
09 (revision D.01),*! and NBO (version 6.0) was used for the NBO analyses.*? The GaussView
program was used to visualize the vibrational displacements that form the basis for the vibrational

mode descriptions.43

Supporting Information

Crystallographic data collection and refinement parameters (Table S1); experimental and
calculated geometric parameters for the W(NCgFs)Fs~ and W,(NC¢Fs),Fg~ anions (Tables S2—S3);
crystal packing diagrams (Figures S1-S3); experimental and calculated vibrational frequencies for
the W(NC4Fs)Fs~ and W,(NCgFs),Fo~ anions (Tables S4-S5); variable-temperature 'F NMR
spectra (Figure S4); °F NMR spectral simulations (Table S6 and Figure S5); calculated geometric

parameters for the W(NR)Fs~ (R =H, F, CHj3, CF3, C¢Hs) anions (Tables S7-S11); optimized gas-
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phase geometries of the W(NR)Fs~ (R =H, F, CHj, CF3, C¢Hs, C¢Fs) and W,(NCgFs),Fg~ anions
(Figure S6—S7); calculated vibrational frequencies for the W(NR)Fs~ (R = H, F, CH3, CF;, C¢Hs)
anions (Tables S12—S16); selected MO energies (Table S17); NPA charges, total WBIs by atom,
and WBIs for the W(NR)Fs~ (R=H, F, CH3, CF;, C¢Hs, C¢Fs) and Wo(NCgFs),F9~ anions (Tables
S18—S25); energies of donor-acceptor interactions from the NBO second-order perturbation
analyses for the W(NR)Fs~ (R = H, F, CHs, CF3, C¢Hs, CeFs) and W,(NCgFs),Fo~ anions (Tables
S26—S31).
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