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SUPPORTING INFORMATION

The Synthesis and Lewis Acid Properties of (ReO3F).,.; the X-ray Crystal

Structures of (HF),ReOs;F-HF and [N(CHj3),].[{ReOs(p-F)}s(pz-0O)]- CH3;CN

Maria V. lvanova, Tobias Kdchner, Héléne P. A. Mercier, and Gary J. Schrobilgen*

Department of Chemistry, McMaster University, Hamilton, Ontario L8S 4M1, Canada.
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Figure S1. Raman spectrum of (ReOsF),, recorded at —150 °C using 1064-nm excitation. Symbols denote FEP sample tube lines (*),
instrumental artifact (1), and overlap of a (ReOsF)., line with a FEP sample tube line (f). The geometry of monomeric
ReOsF (Cas,) was calculated using the B3LYP/aug-cc-pVTZ(-PP) method.
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Scheme S2.

A plausible reaction pathway leading to the formation of the [{TcOs(u-F)}s(us-F)]™ anion in
aHF solvent. The molecular structure of the [TcOsF;]™ anion is presently unknown. Two
possible geometries are likely: (1) a trigonal bipyramidal D3, geometry, where the three
oxygen atoms lie in the equatorial plane and the fluorine atoms are trans to one another and
occupy axial positions that are perpendicular to the TcOs-plane, and (2) a distorted tetrahedral
Cs geometry, where two fluorine atoms, one oxygen atom, and the technetium atom are
coplanar and the remaining two oxygen atoms are equidistant from the TcOF,-plane.
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Crystal Growth of KF-4HF. Crystals of KF-4HF were grown from a pale yellow solution
obtained by dissolving 0.1343 g (0.4641 mmol) of K[ReO,4] in ca. 2 mL of a HF at room
temperature. The solution was prepared in a Ys-in. o.d. FEP T-shaped reactor which was
pressurized with ca. 1 atm. of dry nitrogen at =78 °C. The solution was slowly cooled to 71
°C inside a low-temperature crystal growing apparatus,* whereupon colorless plates formed
over a period of 4=5 h. A crystal of KF-4HF having dimensions 0.04 x 0.17 x 0.16 mm?® was
selected for a low-temperature X-ray structure determination.
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Figure S2. The X-ray crystal structure of KF-4HF. Thermal ellipsoids are shown at the 50%
probability level. The “fluorine atoms” that are not coordinated, such as F(2),
are HF molecules within the crystal lattice and the “bridging fluorine atoms”,
such as F(1), are fluoride ions.
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Figure S3. A view of the crystal packing in [N(CH3)4]2[{ReOs(u-F)}s(us-0)]-CH3CN along
the c-axis of the unit cell.

Figure S4. The structural unit in the crystal structure of [N(CH3)s][ReO4]. Thermal
ellipsoids are shown at the 50% probability level.
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Raman Spectrum of [N(CHjs)s][ReO4]. A low-quality infrared spectrum was previously
reported for [N(CHs)s][ReO4]* that only revealed one intense broad band at ca. 900 cm™ and at
least four bands in the 250-350 cm™ region for [ReO,]". Reliable Raman data are, however,
available for the Na*,*® K** Rb**® and [NH,]* *° salts of [ReO,]". The [ReO4]™ anion (Ty) is
expected to have four Raman-active (A, E, 2T,), and two infrared-active (2T;) bands. The most
intense and highest frequency band of the [ReO4]™ anion in [N(CH3)4][ReO,] occurs at 964 cm™
and is assigned to v{(Re—0) whereas the bands at 899, 909, 928 cm™ are assigned to vas(Re—0).
The bands at 323, 330, 332, and 334 cm™ are assigned to 8(O—Re—0) bending modes. These
frequencies are well reproduced by the calculations (Table S1) although the vs(Re—O) and
vas(Re—0) stretches are overestimated by about 25 and 15 cm™, respectively.
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Table S1.  Experimental Raman Frequencies and Intensities for the [ReO,4]” Anion in [N(CHs)4][ReO,], K[ReO4], [NH4][ReO4],
and Na[ReOQy]; and the Calculated Vibrational Frequencies and Intensities for the [ReO4] Anion

expt|*>c¢ calcd®® assgnts (Tg)°
[N(CHs)4][ReOs]'  K[ReO,] [NHJ[ReO,] ~ _Na[ReO,] [ReO.]”
964(100) 968(100)  967(100) 957(100)  vi(A1)  989(56)[0] vs(ReO)
928(16)
SR e me m s ueo
s } 350(35) 356(20) gi(slhn } w(E)  336(6)[0] 5(01Re0;) + 5(0sRe0y)
ggg(slhl) 3218"3 32360 gggg) } vi(T)  333(1)[12] 5(01Re0y) + 5(01Re0;) — 5(01Re03)

3Frequencies are given in cm™. PValues in parentheses denote relative Raman intensities. Raman spectra were recorded in FEP sample
tubes at —150 °C using 1064-nm excitation. “The abbreviations denote shoulder (sh), stretch (v), bend (8), symmetric (s), and
asymmetric (as). “This work. ®Values in parentheses denote calculated Raman intensities (A* u™). Values in square brackets denote
calculated infrared intensities (km mol™"). The B3LYP/aug-cc-pVTZ(-PP) method was used. "The [N(CHs)s]" cation modes were
observed at vg(E), 377(1); vio(T2), 463(5), 460(5), 455(5); v3(A1), 750(3), 757(12); v1s(T2), 952(18), 949(8), 943(1); v7(E), 1174(1),
1182(2); v17(T2), 1285(1), 1288(2); vi6(T2), 1407(5), 14013(3); v2(Aq), ve(E), 1461(9), 1467(8); v(CH3) and combination bands,
2801(4), 2810(4), 2904(3), 2915(5), 2953(21), 2962(6), 2992sh, 3026(11), 3034(30) cm™.
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Table S2. Correlation Diagram for the Vibrational Modes of (HF),ReO3F in (HF),ReO3F-HF 2

anion site crystal
symmetry® symmetry symmetry”
Cov C1 Con

4(V1—V8) Al Ag (Vl_VZl)
\ / Raman active
4(V9—V11) Ao —_— Bg (Vl_VZl)
A —
4(V12—V15) B; / O Ay (Vl—V21)

/ \ } infrared active
4(V16_V21) B, Bu (Vl_VZl)

*The irreducible representations are I'= 8A; + 4B; + 3A, + 6B, for (HF),ReOsF. "The
crystallographic space group is P2i/c with Z = 4. “The anion (Cy,) symmetry is the local
symmetry observed in the crystallographic unit cell.
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Table S3. Correlation Diagram for the Vibrational Modes of the [{ReOs(u-F)}s(us-0)]*
Anion® in [N(CHs)4]2[{ReO3(u-F)}3(n3-0)]-CH:CN

anion site crystal
symmetry® symmetry symmetry”
C3\/ Cl C2h

Ay (vi—v1a), 2(Vi5—V2s)

4(vi—vg) A / } Raman active
D By (Vi—V14), 2(V15—V2s)

/
4(V10—V14) Az _— A

~_ Ay (Vi—v1), 2(V15—V2s)
4(V15—V28) E / \

} infrared active
Bu (vi—vi4), 2(Vi5—V2s)

®The irreducible representations are I' = 9A; + 5A, + 14E for the [{ReOs(u-F)}s(1s-0)]* anion.
®The crystallographic space group is P2i/c with Z = 4. °The anion symmetry (Cs,) is the
symmetry observed in the crystallographic unit cell and for the optimized geometry in the gas
phase.
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Figure S5.  The calculated structures of the (a) [{TcOs(u-F)}s(us-O)]*" and (b) [{TcOs(u-F)}s(us-F)]™ anions. The B3LYP/aug-cc-
pVTZ(-PP) method was used.
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Table S4.

Calculated Vibrational Frequencies and Infrared and Raman Intensities for the [{TcOs(u-F)}s(us-O)]* and

[{TcOs(u-F)}s(ps-F)]” Anions

[{TcOs(u-F)}s(ns-O)*

assgnts (Cs,)°

[{TcOs(u-F)}s(ns-F)I

C&lCda’b C&lCda’b
988(173)[94] vi(Ay) v(Tc1040g0c¢) + v(Tc;04080¢) + v(Tcs04080c¢) vi(A;) 1018(166)[15]
972(5)[197] Vlo(E) V(TC]_OAOBO(;) - V(TCzoAOBOC) + V(TC3OAOBO(;) Vlo(E) 1009(2) [91]
957(27) [521] Vz(Al) V(TC]_OB) + V(TCzoB) + V(TC3OB) Vz(Al) 997(6) [482]
960(36) [248] Vll(E) V(TC]_OA) - V(TC]_O(;) - V(TCzo/_\) + V(TCZOC) Vll(E) 993(28) [256]
935(54)[112] V12(E) V(TC]_OB) - V(TCzoB) + V(TCzoA) + V(TCzoc) - V(TC]_OA) - V(TCloc) V12(E) 981(25) [66]
551(7) [222] Vlg(E) [V(TC]_OD) + V(TC3OD) - V(TCzoD)] + [V(TC]_F]_) + V(TC3F1) - V(TCle) - V(TCze)]

[V(TC]_OD + v TCzoD + Vi TC3OD + |v TClFl + v TC3F1 + v TCzF3 + Vi TC3F3 + v TCle +
1992)(2] iy { LT008) # (TE:00) +¥Te,00)] + [M(TE * WTEsFy + ¥TeaFy) + wTes) + ¥(TeF)
[V(TCaFs) + v(TesFa)] + [v(TeiF1) — v(TesFy) + v(TciF2) — v(Tc:F)] vis(E)  471(1)[243]
[V(TeiFa) + v(TeoFs) + v(TesFy)] + [(TeiFy) + v(TesFy) + v(TeaFs) + w(TesFs) + v(TeiF) + } vi(A)  438(3)[17]
v(TcoF;)] + 6(0a0sTeiOc) + 3(0a0sTC,0c) + 3(0a0sTCs0c) S
[v(TciFa) + v(TcoFs) + v(TesFy)] + [v(TeiFy) + v(TesFy) + v(TeaFs) + v(TesFs) + v(TeiF) + } va(A)  406(4)[3]
V(TCze)] + [S(OATC]_OB) + S(OATCZOB) + S(OATC;;OB)] AT
420(2)[18] V4(A1) S(OAOBTC]_O(:) + S(OAOBTCZO(:) + S(OAOBTC;;O(:) + [V(TC]_OD) + V(TCzoD) + V(TC3OD)]
408(2)[86] via(E) [v(TciOp) + v(Tc0p) — v(TesOp)] + [v(TeaFy) — v(TesFi) + v(TcFs) — v(TesFs)] +
[6(0a0sTc1Oc) + 8(0a0sTC,0c) + 8(0a0sTC,0c)]
[S(OATC;LO(;) - S(OATCZOc)] + S(OBTchle) - S(OBTC2F3F2)] V14(E) 400(3) [<1]
3(0a0cRe;0g) + 8(0a0cRe;0g) + 8(0a0cRes0g) + [V(TCiF4) + v(TCoFs) + v(TesFa)] + } vs(A))  390(3)[16]
[V(TC1F1) +V(TCsFy) + v(TCoFs) + v(TesFs) + v(TeaFo) + v(TeoFs)] i
388(6)[8] va(Ay) [6(OaTc108) — 6(OcTc10g) + 3(0aTC;08) — 3(OcTc,08) + 3(0aTc308) — 3(OcTcsOg)] +
[v(TciF1) = v(TesFy) + v(TeoFs) — v(TesFs) — v(TeiF,) + v(TcoF)]
398(1) [5] V15(E) [S(OAOBTC]_O(:) + S(OAOBTCZOc) - S(OATC3OC)] + [V(TC]_F]_) - V(TC3F1) + V(TC2F3) - V(TC3F3)
[6(0A0gTC10Oc) + 6(0a08TC,0c) — 6(0aTCsOc)] + [V(TCiFs) + v(TCoFs) — v(TesF4)] + [v(TciFy) } vis(E)  390(4)[1]
+v(TCaF) + V(TCoF3) + v(TcsFs) — v(TeiF2) — v(TCoR,)] 1
379(4)[47] vis(E) [6(OaTc10g) = 8(OcTc10g) + 3(OaTc20c) — 6(0aTcs08) — 8(OcTcz0p)] + [v(TeaFy) + v(TciF1)]
— [V(TciF2) + v(TcoF2)] + [V(TCFs) + v(TesFs)]
[S(OAOBTC]_O(;) - S(OAOBTCQO(;)] VlG(E) 378(<01)[<01]
376(1)[9] v17(E) 8(0cTc104) — 3(0OaTc 0g) + 3(0gTCoFs) + 3(OsTesF1F)
[6(OaTc108) — 8(OcTc10g) + 3(0aTC20g) — 3(OcTc20g)] + [V(TCiFs) + v(TcFs) — v(TesFs)] + } vis(E)  369(2)[12]
[v(TesFy) + v(TeiFy)] = [v(TedR2) + v(TeaF2)] — [v(TeaFs) + v(TesFs)] v
365(2)[15] ve(Ar) [Pw(OaTC10c¢) + pw(OaTC20¢) + pw(OaTcsOc)] + [v(TeiFy) + v(TcoF,)] + [v(TeoFs) + v(TesFs)] +

[V(TC3F1) + V(TC]_F]_)]
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Table S4. (continued...)

Pw(OaTC10c) + pu(OaTC20c) + pu(OaTC3Oc) + [V(TCiF2) + v(TCoF2)] + [v(TeoFs) + v(TesFs)] +
[v(TesF1) + v(TeiFy)] + [v(TeiFs) + v(TcoFs) + v(TesFa)]
[v(TciF2) + v(TeoFo)] + [v(TeaFs) + v(TesFs)] + [v(TeaFs) + v(TeaF1)] — [V(TciFs) + v(TcoFy) +
V(TesF)]+ [v(TesFy) + v(TeiFy)] = [v(TeaFs) + v(TeoF,)] + [v(TcoFs) + v(TesFs)]
252(7)[<1] v7(Ay) [V(TciF2) +v(TeaF2)] + [v(TeoFs) + v(TesFs)] + [v(TesFy) + v(TceiFy)]
[6(OaTci0g) — 8(0sTci0Oc) + 8(0sTc,0Oc) — 8(0sTc,0c)] + [V(TCiF1) + v(TesFy) + v(TcoFs) +
IOl R IR B s P el e ks VAL

ve(A))  356(<1)[14]

vi(Ay) - 278(1)[9]

H_JH_J

[P(OaTC:0E) * PUOATER00N] + DNTGRY) + v(Tesf) + v(Tefy) + VTGl + TR + 1 ey ars(a)s2)
250(1)[6] vis(E) { E/lzilgg,gﬁloc) + p(OaTcsOc)] + [v(TeiFy) + v(TeoF,)] + [v(TeoFs) + v(TesFs)] — [v(TesFy) +

E/lzilggg_)(ilOB) + pr(OaTc208) + p(OaTcsOc)] + [V(TcaFs) + v(TcsFs)] — [v(TCFs) + v(TesFa) — } vig(E)  257(<1)[1]
202(3)[1] va(Ay) { 5\(/9;2%: S]JF V(TCoF2)] + [V(TCaFs) + v(TesFa)] + [v(TesFy) + v(TeiFy)] + [v(T¢iOp) + v(Tc,Op) +

pw(OsTCiFs) + p(OpTe,F4) + pr(OsTesFy) ve(A1)  193(3)[<1]
196(4)[<0.01]  Vao(E) pr(OaTC;08) + p(Oa0gTC,0¢) + p(Oa0sTC50c)

[pr(OCTclOB) + pr(OATCZOC) + pr(OAOBTC3OC)] + [V(TCle) + V(TCze) — V(TC2F3) + V(TC3F3)] VZO(E) 188(2)[<01]
166(1)[1 A { [V(TCiF,) + v(Tc,Fo)] + [V(TCoFs) + v(TesFs)] + [v(TesFy) + v(TeiFy)] + [v(Te:Op) + v(Tc,0p) +

(DI1] vo(As) V(Tc30p)] + pr(0a0sTC10c) + p(Oa0sTC:0¢) + p(Oa0sTCs0c)

pr(OaOsTC10c) + pr(OaOBTC20c) + pr(OaOBTC50c) vo(A1)  132(1)[<1]
130(<0.1)[<0.1]  va(E) pr(Oa08TC:10c) - p(OaOsTC:Oc) vai(E)  108(<1)[<0.1]
92(<1)[<1] vos(E) . vn(E)  97(1)[<0.1]
83(1)[1] vz(E) { deformation modes } sz(E) S7(<D)[<i]

3Frequencies are in cm . ®Values in parentheses denote calculated Raman intensities (A* u™). Values in square brackets denote calculated
infrared intensities (km mol ™). The B3LYP/aug-cc-pVTZ(-PP) method was used. °The abbreviations denote stretch (v), bend (&), rock (py),
and wag (pw)-
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Table S5. Experimental Geometrical Parameters for the [{TcOs(u-F)}s(us-F)]” Anion in
K[{TcOs(u-F)}s(us-F)]-1.5TcOsF and Calculated Geometrical Parameters for the

[{TcOa(u-F)}s(ks-0)]* and [{TcOs(u-F)}a(pa-F)]” Anions

calcd®” exptl®

[{TcOs(1-F)}a(113-0)]~ [{TcOs(p-F) }s(ns-F)I”
Bond Lengths (A)
Tci—Oa 1.693 Tc1—Oa 1.680 Tci—Oqp 1685(4)
Tc,—Og 1.700 Tci—Og 1.681 Tci—Oy 1677(4)
Tci—Oc¢ 1.693 Tci—Oc¢ 1.680 Tci—043 1682(4)
Tc,—Oa 1.693 Tc,—Oa 1.680 Tc,—0y 1680(4)
Tc,—Og 1.700 Tc,—Og 1.681 Tc,—09 1683(4)
Tc,—Oc 1.693 Tc,—Oc 1.680 Tc,—0ys 1687(4)
Tcz—Oa 1.693 Tc3—Oa 1.680 Tc3— 033 1667(4)
Tcs—Og 1.700 Tcs—Og 1.681 Tcs—0s 1685(4)
Tcs—Oc 1.693 Tcs—Oc 1.680 Tcy—0gq 1691(4)
Tci—Op 2.096 Tci—F, 2.302 Tci—Fqo 2266(3)
Tc,—Op 2.096 Tcr—F4 2.302 Tco—Fqo 2246(3)
Tcs—Op 2.096 Tcs—F, 2.302 Tcg—Fig 2223(3)
Tei—F 2.165 Tci—F, 2.128 Tci—F, 2.132(3)
Tc,—F, 2.165 Tc—F, 2.128 Tc—F, 2102(3)
Tc,—F, 2.165 Tc,—F, 2.128 Tc,—F, 2.098(3)
Tc,—F; 2.165 Tc,—Fs 2.128 Tc,—Fs 2.113(3)
Tcs—F; 2.165 Tcs—F; 2.128 Tcs—F; 2110(3)
Tcs—F, 2.165 Tcs—F, 2.128 Tcs—F, 2112(3)
Bond Angles (deg)
OA—TC1—OB 104.9 OA—Tcl—OB 105.8 Olz—TC]_—Olg 1055(2)
OB_TC]__OC 104.9 OB—Tcl—OC 105.8 Olz_Tcl_Oll 1054(2)
OC—TC1—OA 102.8 OC_TC]__OA 103.6 Olg—TC]_—Oll 104. 1(2)
OA—TC1—OD 95.1 OA—Tcl—F4 89.1 Oll—TC]_—Flo 881(2)
OB_TC]__OD 147.5 OB_TC1_F4 155.3 Olz_Tcl_Flo 1573(2)
OC_TC1_OD 95.1 OC_TC]__F4 89.1 Olg_Tcl_Flo 882(2)
OA—TCZ—OB 104.9 OA_TCZ_OB 105.8 021—TC2—022 1055(2)
OB_TCZ_OC 104.9 OB_TCZ_OC 105.8 OZQ_TCQ_Ozg 1059(2)
OC_TCZ_OA 102.8 OC_TCZ_OA 103.6 Ozg_TC2_021 1036(2)
OA—TCZ—OD 95.1 OA_TCZ_F4 89.1 Ozg—TCZ—Flo 869(2)
OB_TCZ_OD 147.5 OB—TCZ—F4 155.3 021—TC2—F10 1573(2)
OC_TCZ_OD 95.1 OC_TCZ_F4 89.1 OZZ_TCZ_F]_O 890(2)
OA—TC3—OB 104.9 OA_TC3_OB 105.8 033—TC3—O31 1049(2)
OB_TC3_OC 104.9 OB—TC3—OC 105.8 032—TC3—O33 1053(2)
OC_TC3_O/_\ 102.8 OC_TC3_OA 103.6 031_TC3_O32 1035(2)
OA_TC3_OD 89.1 OA_TC3_F4 89.1 031_TC3_F10 880(2)
OB_TC3_OD 147.5 OB—TC3—F4 155.3 033—TC3—F10 1573(2)
OC_TC3_OD 95.1 OC_TC3_F4 89.1 032_TC3_F10 892(2)
OA_TC1_F2 87.7 OA_TC]__FZ 87.3 Olz_Tcl_Fz 930(2)
OB_TC]__FZ 85.2 OB—TC1—F2 92.7 Oll—TC]_—Fz 879(2)
OC—TC1—F2 162.7 OC_TC]__FZ 154.6 Olg—TC]_—Fz 1540(2)
OD_TC]__FZ 70.0 F4_TC1_F2 67.9 Flo_TC]__FZ 689(1)
OA_TC1_F1 162.7 OA_TC]__F]_ 154.6 Oll—Tcl—Fl 1546(2)
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Table S5. (continued...)

OB_TC]__F]_
OC—TC1—F1
OD—Tcl—Fl
OA_TCZ_FZ
OB_TCZ_FZ
OC—TCZ—FZ
OD_TCZ_FZ
OA_TCQ_Fg
OB_TCZ_F3
OC—TCZ—Fg
OD_TCZ_F3
OA—TC3—F3
OB_TC3_F3
OC_TC3_F3
OD_TC3_F3
OA—TC3—F1
OB_TC3_F1
OC_TC3_F1
OD_TC3_F1
Fl_TC]__Fz
FZ_TCZ_F3
F3_TC3_F1
Tc,—Op—Te,
Tc,—Op—Tcs
Tcz—Op—Tcy
Tci—F,—Tcy
Tc,—F3—Tcs
Tcs—F1—Tcq

For the atom labeling scheme, see Figure S5. *The B3LYP/aug-cc-pVTZ(-PP) method was

85.2
87.7
70.0
87.5
85.2
162.7
70.0
162.7
85.2
87.7
70.0
162.7
85.2
87.7
70.0
87.7
85.2
162.7
68.0
79.1
79.1
79.1
110.0
110.0
110.0
104.9
104.9
104.9

0] B_TC 1_F 1
OC—TC1—F 1
F4_TC 1_F 1

0] A_TCZ_FZ
OB_TCZ_FZ
OC—TC 2—F 2
F4_TC2_F2

0] A_TCQ_Fg
OB_TCZ_F3
OC—TC 2—F 3
F4_TC2_F3

0] A—TC3—F 3
OB_TC3_F3
OC_TC3_F3
F4_TC3_F3

0] A—TC3—F 1
OB_TC3_F 1
OC_TC3_F1
F4_TC3_F 1

F 1_TC 1_F2

FZ_TCZ_F3

F3_TC3_F 1

Tci—F4—Tco
Tco—F4—Tcs
Tcs—F4—Tcq
Tci—F,—Tcy
Tc,—F3—Tcs
Tcs—F1—Tcq

used. °For the atom labeling scheme see Ref 13.
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92.7
87.3
67.9
87.3
92.7
154.6
67.9
154.6
92.7
87.3
67.9
154.6
92.7
87.3
67.9
87.3
92.7
154.6
67.9
74.5
74.5
74.5
103.5
103.5
103.5
117.3
117.3
117.3

01— Tci—Fq
Olg—TC]_—F 1
Flo_Tcl_Fl
021_TC2_F2
OZZ_TCZ_FZ
Ozg—TCZ—F 2
Flo_TCZ_FZ
OZQ_TCQ_Fg
021—TC 2—F 3
Ozg—TC 2—F 3
Flo_TCZ_F3
032—TC3—F 3
031—TC3—F 3
033_TC3_F3
Flo_TC3_F3
032—TC3—F 1
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