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The Fluoro(hydrocyano)krypton(it) Cation [HC--N-Kr-F]+; the First Example of a
Kryptor.-Nitrogen Bond

Gary J. Schrobilgen
Department of Chemistry, McMaster University, Hamilton, Ontario L8S 4MI, Canada

The first example of krypton bonded to an element other than fluorine has been orovided by the synthesis of the
novel [HC-=N-Jr-F]j cation, prepared as its AsF 6- salt by low-temperature reaction of HC--NH+AsFe- with KrF 2 in HF
or BrF5 as solvent, and characterized by low-temperature Raman spectroscopy and 'H, 13C, 15N, and 'OF n.m.r.
spectroscopy.

Numerous examples of xenon bonded to oxygen or fluorine deposition of a white solid which, upon warming above
and of xenon bonded to other highly electronegative inorgaric -50 °C, rapidly began to evolve Kr, NF3 , and CF4 gases. This
ligands through oxygen are now known.' However, it is only was usually followed by a violent detonation and accompany-
within the last few years that the first examples of xenon ingemission of white light. When these reactions were allowed
bonded to an element other than fluorine or oxygen have been to proceed at approx~mately -60 °C, the mixtures could be
fully characterized. These are provided by the xenon-nitrogen periodically quenched to -1960C in order to study the
bonded derivatives of the -N(SO 2F)2

2--6 and -.N(SO 2CF.j) 2
7  development of the Raman spectrum of the product. Raman

groups. and tmo recent reports of the XeF+ cation nitrogen- spectra were recorded for the solid under HF at - 196 0C with
bonded to HC'N and organo-nitrogen ligands (nitrites and 541.5 nm excitation. 19F n.m.r. spectra were obtained by
perfluorop.ridines).x-. Hitherto, no examples have been briefly warming the samples to -60'C followed by rapid
rcxprired in which krypton is bonded to an clement other than acquisition of the free induction decays with a high-field pulse
fluorine, instrument.

We have recently shown that XeF+ forms relatively stable The Raman spectrum is consistent with the formation of the
Lewis acid-base adduct cations with HC-=N,8 nitriles., and novel [HC-N-Kr-FJ] cation. In addition to strong lines
several perfluoropyridines9 which are resistant to. oxidation by arising from unreacted KrF 2 (465 and 122 cm-I), an intense
XeF" at low temperatures. On the basis of photoionization line at 56) (100) cm-i attributable to a new Kr-F stretching
studies, I-t "N is oxidatively the most resistant ligand among mode was observed. The higher frequency of this line relative
the pyridines and nitriles we have investigated thus far (first to that of the difluoride (465 cm-) is consistent with a more
ionization potential 13.59 eV).I' In view of the estimated covalent Kr-F bond and parallels Xe-F stretching frequency
electron affinity of XeF1 (10.9 eV) and our previous success in increases observed for F-Xe-L compounds in general and
forming the xenon(ii) cation IHC--N-Xe-F]' as its AsF,- salt, those of the HC=, and nitrile cations in particular." Despite
the synthesis of the krypton(fi) analogue was undertaken- The the lower mass of the krypton atom, the Kr-F stretching
estimated electron affinity for KrF+ ( 13.2 eV) suggested that frequency of lHC_-N-Kr-Fl+ is only slightly lower than the
HC=-N might have at least a marginal resistance to oxidative factor-group-split Xe-F .stretching frequency of the xenon
attack by the KrF- cation and that IHC=_N-Kr-F]* might have analogue [559 (100) and 569 (94)18 and indicates that this Kr-F
sufficient thermal stability to permit its spectroscopic charac- bond, like those of KrF,, KrF+. and Kr 2F8*.Il is substantially
to•mld-ltilI . w I tiali ill tl e A iUII dldluguc. Twu WU N iLLIjilig

Direct interaction of KrF'-AsF,,- with I{-CN solutions in frequencies were observed, at 2116 (8) and 2158 (41) cm-'.
[IF or BrF, solvent las used for the xenon(ii) analogue] was The former is assigned to unreacted HC•=NH+AsF,-. by
not attempted owing to the strongly oxidizing chara, ter of the comparison with the Raman spectrum of the pure solid.
Kr[" catiorn towards IC1=-N and BrF4 as well as its tendency to The C-N stretch at 2158 (41) cm-' is assigned to the
undergn autoredox reactions in both solvents. Instead. the tHC=-N-Kr-Fj÷ cation and is similar to that of
interaction iif lesy eiactve KrFY. with FIC-NI-i-AsF,,- in ItV jIIC-N-Xe-Fj-AsF,,- (2161 cm -1).Y Vibrational bands asso-
wa% inmttil•% imn•,;tited. At -()()'( reaction of %paringly ciated with v(Kr-N), x(H-C).., id 6(C--N-Kr) are expected.
soluble It(•- I- As, ,,- with KrF, in I1* led to instantaneous by analogy with lIHC-N-Xt-Fl ",sF,-. to be weak and/or
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Table 1. N~m.r. (IYF. 13C, 15N, and 1H) parameters for the (HC-1CN-.Kr-FJ, cation and related species.-

Species 6(1ISF)fp.p.m.11 6(1 3C)hb (1sN)/p.p.m.b 6(iH)/p.p.m.b I/liz,

[HOaN-Kr-F1 99.4c (8 1.0) 98.5 -200.8 6.09d IJ('3C-.IN)312
2J(1i5N-"I9F) 26
2J(I IN-,l-H) 12.2
3J(1i9F-I 3C) 25.0
-J('F-'H)4.2

KrF, 63.9(48.1)
AsF6,- -62.6(-69.1)f
HF -192.9(-194.4) 6.71 'J('H-1YF)520(5l9)
tlrF5  134.7g ZJ(iYF..ivF) 73

271.9h

Spe-tra were recorded in 4 mm (ext. diam.) FEP sample tubes at spectrometer frequencies (MHz): 235.36 (19F). 50.70 (i5N), and 80.02 ('H);
BrF, solvent at -S7*C; values in parentheses are for spectra recorded with HFP as solvent at -60*C. h Samples were referenced externally
at 24*C with respect to the neat liquid reference: CFCI3 (19F). MeNO 2 ("IN), and SiMe4, (13C. 1H). A positive chemical shift denotes a
resonance to high frequency of the referenice. , Krypton isotopic shifts of 0.0138 p.p.m. p a.m.u. were observed for this resonance.
corresponding to fluorine directly b~onded to 82Kr, m1Kr, and "1Kr. d The corresponding resonance in HC-:NH* occurs at 5.20 p.p.m.
in BrFs as solvent at -57*C. , Measured for samples containing 99.5% UIN or 99.2% UIC. I Linewidths at half-height were 1840 (HF) and
2190 Hz (BrF,). the AsF6,- resonance in BrFs exhibited the saddle-shaped structure of a partially quadrupole -collapsedI: 1:1 1: 1
quartet arising from iJ(75As-19F7). x Doublet. h Quintet.

(a) Wb Wc fluorine-on-krypton(ii) region. [81.0 (HF) and 99.4 (BrF5)]
!5Hz20 Hz 50 Nz occurs to high frequency of unreacted KrF2 [48.1 (HF) and

1
9F 1H '5N 63.9 (BrF5)J in both solvents. In BrF5 this resonance is split

a'. a'.into a doublet (4.2 Hz) attributable to the four-bond coupling
ii J(19F-'H) [cf. 4J(19 F-'H) 2.6 Hz for IHC:-N-Xe-F1+ in HF

WI IIII ~ solvent]. Like the terminal fluorine resonance of Kr2F3+ [6

82 ~ Il '11173.6 p~pm. (BrF 5)1JR the fluorine-on-krypton resonance of
III ill[HC-=N-Kr-Fj+ lies to high frequency of the parent fluorideU~~IVresonance. The chemical shift trend suggests that the Kr-N

bodi oeincta h r- rdebn fK 2 5 .TeH spectrum recorded in BrF5 solvent is also consistent with
66 06 the formation of the [HCaN-Kr-Fj+ cation. In addition to the82 Vdoublet arising from HF in equation (1), a doublet (4.2 Hz)

attributed to '1J(19F-'H) was observed at 6 6.09. to. high
frequency of the proton-on-carbon resonance of the HCa-NH4

I I cation [6 5.20 (BrF 5)].
9'.4P.p.m. 6-09 P.Pm -ZWi3 OP.Pm

Figure 1. N.m r. spectra of the [HC=-N-K~r-FJ, cation enniched to KrF2 + HC~tNH+AsF 6- --. fHCaN-Kr-FJ1AsF 6- + HF (1)
99.5% with 15N, in lBrF 5 as solvent at -57*C. (a) IvP Spectrum
(235.36 MHz) depicting 2J(1YF.-i5N) and 4J('1'F-1H) and krypton The structure of the ([H-ICN-Kr-F]+ cation in solution has
isotope shifts. Lines assigned to fluorine bonded to 82Kr (11.56%), been confirmed by repetition of the reaction in BrF5 with"3Kr (56.90%), and "6Kr (17.37%) are denoted by the krypton mass 995 15N-enriched HC-:NH+AsF6-. The 19F and 'H reso-
number. The innermost lines of the '2K1 and 46Kr doublets nne xii e obe pitnsatiue o Ioverlap their corresponding "4Kr doublets. The isotopic shift arising nne xii e obe pitnsatiue o 5

from 1%K (11.53%) is not resolved; those of 78Kr (0.35%) and 8"Kr coupling [Figure 1(a)]. The new splitting (26 Hz) of the 19F
(2.27%) are too weak to be observed. (b) 1H Spectrum (80.02 MHz) resonance is attributed to the two-bond spin-spin coupling
depicting 2J('5N-'H) and 4J('9F-'H). (c) 15N Spectrum (50.70 MHz) 2A1( 9F-.'SN) and is sirnilai in magnitude to previously reported
depicting 2J(t"F-1.5N) and 2J(13N-lH). values for F-Xe-N(SO 2F) 2 [2J(19F-15N) 39.2 Hzj and

[Met_--N-Xe-F]- 12J(19F-14N) 18 Hz; 2J(i 9F-15iN) 25 Hz
(calc.)I. Krypton isotopic shifts arising from 82Kr (11.56%),
84Kr (56.90%), and 86Kr (17.37%) are well resolved on the 19F

broad and cannot yct be assigned with certainty. The doubly resonance (0.0138 p.p.m. per a.m.u.). The value compared
degenerate bending mode, b(F-Kr--N), is expected to be favourably with that measured for KrF2 in BrF5 solvent
intense but is presumably obscured by the intense KrF2 line at (0.0104 p.p.m. per a.m.u.) t2 and serves as an added confirma-
122 cm--'. Frequencies associated with the octahedral anion tion that the fluorine resonance arises from fluorine directly
AsF 6- were observed at 684 (36) Iv 1(a,.jl, 587 (16) [v,(e.)L bondled to kryptnn The new doublet fine structure 112.2 Hz)
and 370 (13) cm- 1 [v5(t25)j (vz and V, overlap with the on the 'H resonance of the 15N-enriched cation (Figure l(b)I is
corresponding frequencies of unreacted HCENH*AsF 6-). attributed-to 2J(iSNJ'H) [Cf. 2J(15N-iH) 19.0 iz for HC=-NH-

The interaction of HC:-NH'-AsF6- and KrF2 in BrFs led to in HF solvent]. The 15N n.m.r. spectrum consists of a well
a soluble product which was stable to at least -55 0 C in BrF5  resolved doublet of doublets [Figure l(c)J arising frrni
with only slight decomposition. The 191 n n. ~r. spectra of these 2J( '~F-i5N) and ?J( 'N-' H1). which simplities to a doublet
solutions at -58'C and in lip- at -60'C (Table 1) are (26 Hz) upon broad-band il- decoupling, confirming the
consistent with equation (1). A new resonance in the aforementioned coupling constant assignments. A 99.2%/ 13C

4
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enriched sample resulted in additional doublet splittings in the This research was sponsored by the United States Air Force
Ii- and 13C spectra arising from 1J(1

3CIT-I) 312 Hiz and Astronautics Laboratory, Edwards Air Force Base, California
3J('9F-i3C) 25.0 Hz. (Contract F49620-87-C-0049) and a Natural Sciences and

it is noteworthy that the resonances of both solvents Engineering Research Council of Canada operating grant.
displayed well resolIved spin-spin couplings (Table 1) indicat-
ing that fluorine exchange is slow under the stated conditions. Received, 1st March 1988; Corn. 8/0083811
This, coupled with the low concentration of NF4 + decomposi-
tion products in freshly prepared BrF5 samples (<I%), has
allowed reliable integrations of the IH and 19F resonances. References
The following relative intensities were obtained and further I (a) N. Bartlett and F. 0. Stadky. 'Comprehensive Inorganic
support the cation structure and equation (1): 19F, Chemistry,' Pcrgamon, New York. 1973, vol. 1, ch. 6, pp.
1HC-=N-Kr-FI+ HF: AsF6- 1:1:6-, 'H, [HC-zN-Kr-F[+ : HF 213--330; (b) K. Seppelt and D. Lentz, Progr. Jnorg. Chem.,
1: 1. 1982, 29, 167.
Solutions of [HC_-N-Kr-Fj1AsF(,- in WEFS have withstood 2 D. D. DesMarteau, J. Arm. Chem. Soc., 1978, t00. 6270.

temperatures of -58 to -55 *C for several hours with little 3 D. D. DesMarteau, R. D. Lel~lond, S. F. Hossain, and D. N'othe.
sign of additional decomposition. Monitoring the "9F spectra J. Am. Chem. Soc.. 1981, 103, 7734.

4J. F. Sawyer, G. .1. Schrobilgen. and S. J1. Sutherland, Inorg.has shown that subsequent brief warmings of these solutions C'hem. 1982. 21, 4064.
above -50 *C lead to rapid formation of NF4 * [8 218.9 p.p.m., S G. A. Schumacher and G_ J_ Schrobitgcn. Inorg. Chemn., 1983,22,IJ(19F-1.4N) 229 Hz, i](19F17-i5N) 320 Hzj. CF 4 (-63.1 p~pm.), 2178.
and CF311 (-79.3 pp.m., 2J(19F~i-1) 79 Hz] and exchange- 6 R. Faggiant. D. K. Kcrnnepohl, C. J. L. Lock, and G. J.
broadening of both HF and AsF6- resonances arising from Schrobilgen, Inorg. C'hem., 1986, 25, 563.
AsF5 formation. The HF samples also displayed weak "9F 7 J. Fornpoulos, Jr., and D_ D. DesMartcau. J. Am. Chern. Soc.,
resonances attribtitable to NF 4'* t6 218.9 p.p.m., IJ(19F.-14N) 1982, 104, 4260.
229 Hz], NF3 1142.9 p.p.m., iJ(i9F-i4N) 140 Hzj, CF3H 8 A. A. A. Emara and G. J. Schrobilgen, J. Chemn. Soc., Chem.

[ -8.5 ~p~., J(1F-') 7 Hz, ad C4 (64. p~~m. as Commup.., 1987, 164.6.
d-81.5posption pro"ucts. 79zadC (-49pm)a 9 A. A. A. Emnara and G. 1. Sehrobilgcn. J. Chemn. Soc., Chem.

Adecmoitiona products. ofiogncadpefur-ra Commun., 1988, 2.57.
Addtioalexaple o inrgaicandperluro-rgatc 10 V. H. Dibeler and S. K. Liston, I. Chem. Phys., 1968, 48, 4765.

nitrogen ba cs are under investigation in this laboratory as 11 R. J. Gillespie and G. J1. Schrobilgen. Inorg. Chem., 1976, 15, 22.
potential electron-pair donors towards KrF+. 12 J. C. P. Sanders and G. 1. Schrobilgen, unpublished work.
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The Fluoro(perfluoroalkylnitrile)noble-gas(li) Cations, RFC-=N-NgF+ (Ng Kr or Xe;
RF= CF3, CAF, n-C3FA) and the Fluoro(trifluoro-s-triazine)xenon(ni) Cation,

s-CF 3N2N-XeF+; Novel Noble Gas-Nitrogen Bonds
Gary Ji. Schrobillgen
Department of Chemistry, McMaster University, Hamilton, Ontario L8S 4MI, Canada

Three novel examples of Kr-N bonds derived from perfluoroalkylnittriles. the RrC-=N-KrF* cations, and their xenon
analogues RO:UN-XeF* (RF = CF3. C2Fs, n-CF,), have been prepared and characterized in BrF.s solvent by 19 and
"`12Xe n.m~r. spectroscopy; the Xe-N bonded cation s-CF 3N2N-XeF,, synthesized as the AsFre salt, is stable at room
temperature anid has been fully characterized by 129Xe and 19F n.m.r. and Raman spectroscopy.

We have previousl y re p ir~d t hatI hydrogen cyanide and sign ti cmnit iolit cha .1oi * im itillupl wila criuetio fill thcr ltiaii
several classe of organic and fluoro-4irgunic nitroget holte- %tallility Of thC 111ihL' ga~.itiuu

are capahic roi forming Xe-N hondK with the hard acid The meitstred vahi lu 11wliv~ tNl %iabaut: 1 11 %it (+1',(' N
XcF .II The halocs include ailkyl and flohisiulkyl nitriks' and I u(1 9eV), uitige~tcd Iliml tll', .ttltl poim01hly itilatd fkloilkln
perfltenropyrod onesI We 1mve ;1t4 reported ihe fir~it examlpkC ilkyl KIN~~lUN"I illd K: lk-o'l.111it' tt,\tkl:a1Vi tlc ý It\-c 1 l, 1 '111

ofa Kr-N4 hf~nd. I-IC- >ýNKrl A'4,, ' All file ii iltetgcit hatses Xel" ant mid ildik viiic c l k-t1 itotitt 1111tgklm unl'c im c
thus t,,t lotind ciopsl (if hrrling~ Wiull Ngl I te lit~di~laIVO (.4i1tulocve ill Owe Itiumlklma il 111111 M'm unl ' INi tm''

fEtic ifll, onf cite-ediner, tI~h~e cm/lectit allmtnti e% iI' I ulii'11 iiii .e u i'J , IN l. e - i u'k u 111k iiiii tllk i t 1 in,N \ 'A I

I W siin s I t Mrv If Nue itu 1% oil l % 1V i l Ill( twelcirm mn ,11~ c It It:/t.I'I I %, If . AnI Ik ihc V c a' e Il it to k N ml lI VI I ti,\%

thrc 0 (osItt riq It, il (1 (1 2
\. , -tll1111 .1 11iie In 1-wi l' t Hi vl t- 111uc ilul I is l i k' oilliolmt1 1111tmmlllumnu u.11\ , \Ii "1S
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Table 1. N.m.r. parameters for the RvC-:N-NgF' (R, CF,. C2F5. n-C,F.,) cationsd

Chemical shift (p.p.m. lh,

Cation 6('2vXe) 60F J('-'Xe-'YF)/Hz
CF1C-N-KrF* 93.1 F-Kr-

-53.9 FC-
CF1lCF2(Z:N-KrF* 91.1 F-Kr-

1 08.6-CF&_d
CF3CF2CF,.7-N-KrF* 91.9 F-Kr-

- 81.31 FC-
1 05.7 FoC-CF,--CF,-

-125.2 FC-CF,-CF,-
CFC=N-XeF* -1337.1 -210.4 F-Xe- 6397

- 54.8 FC-
CF1jCF,CN-XeF* -1293.7 -212.9 F-Xe- 6-437

-8$3.9 F1C-
1 09.3 -&F-

CF1CFCFC=N-XeF- -1294.2 -213.2 F-Xe- 64310
- 81.9 FC-
- 06.6 FC-CF.-CF.-
125.7 F.,&CF._CF,

Spectra were recorded at 69.563 MHz (INXe) and 235.361 MHz ("IF) in BrF, solvent at -57 to -61 *C for RFC=N-KrF, samples.
and at -58 to -680C (I9F) and -64*C (124Xe) for RFC=-N-XeF- samples. 1, Referenced externally at 24*C with respect to the neat
liquid references: XeOF., (I29Xe) and CFCI~j ("IF); a positive sign denotes a chemical shift to high frequency of the reference. c With the
exception of C2FtC-N-XeF*. no other VJ(F-F) couplings could be observed owing to line broadening arising from slow chemical
exchange and/or residual scalar coupling of the fluorine environments to 14N. d 'J(F-F) = 4.3 Hz.

Xe2F1j4AsF,,- and RFC=-N (RF = CF.,, C2F.;. n-C3F7) in BrFA mare positive 19F (F-on-Xe"l) and 12'JXe chemical shifts when
solvent according to equation (1) was initially studied. The compared with HC=N-XeF- [h(I"F) -3198.4 p.p.m.. 6('-"Xe)
syntheses of the krypton(ii) analogues were also undertaken at - 1552 p.p.m., J(IA2Xe.J'JF) 615(1 Hz: - 10 *C: I-F solvent])
low temperatures in BrFs solvent using the general synthetic and XeF2 . The 'NXe and "IF complexation shifts indicate that
approach given in equation (2). the Xe-N Bonds of the RFCsN-XeF- cations are significantly

more ionic than in HCsN-XeF- or RC'=N-XeF- (ref. 1) and
RFC.-N + XeF+AsFA,-(Xe,F3lAsF,,-) --t this is further supported by significantly larger IJ(I:"Xe-I`TF)

RFC=N-XeF-AsFg (+ XeF,) (1) values measured for the RFC=-N-XeF- cations. which are
known to increase with ionic character of the Xe-L bond in

Rp(2-N-AsF,, + KrF2 - RX.'aN-KrF-AsF,- (2) F-Xe--L type compotundls. The Ri.-C=N-XeF- cations rep-
resent the most ionic Xe-N1 bonded species present ly known.

The RtFC'-N-NgF+ cations have been characterized in BrF 5  In contrast, the analogous comparison of 'IF chemical shifts
by low-temperature (-57 to -61 0C) 'OF and Q"Xe n.m.r. for RI:C'N-KrF- ca-tions indicates the Kr-N bonds are
spectroscopy and consist of two sets of new% signals: at singlet in slightly more covalent than in HC=-N-KrF-.

theF-o-Kr an intheF-o-Xe' rgions, and resonances in All three tlutoroipertlutoroalkvliiitrile)k r>ptoni( ii) catiot-,
the F-on-C region with characteristic 'J(FF) and t(I('Ft ,C1 are thermally less stable with respect to redox decomposition
couplings having chemical shift% to high frequenc\ ot the than HC=-N-KrF- or their xenon~ii) analogues. preventing
parent base molecules (Table 1). In each case, the singlet their isolation and characterization in the solidI state by Raman
assigned to F-on-Xe"l was flanked by natural abundance spectroscopy. Decompositions were monitored bt. I;F n.m.r.
(26.44%) ':"Xe satellites arising fromtI~"e~) The and occurred over periods of ca. 1-2 h at -57 to -ti I C with
integrated relative intensities of the fluorine-on-noble gais the assigned cation resonances decreasing \\hile maintaining
crnvironments and perfluoroalkyl group are con-sistent with the their relative intensity relitionships. The major deconipost-l
propoised formulations. Furthermore, the F-on-Kr'1 reson- lion products consisted of Kr and the tlUOrinated products ('IF
ance (if CFiC=N-KrF' could he resol~ed to showll the llK'r, n.m.r. parameloters listed in parenthe:%es): CF, (-63.1 p~jplm,..
~'Kil, and -Kr im.otopic shifts (01.01115 ppml.ni atomic niast; linit. CF(N ( -88.6 p~pmn). and NF,, 1219.4ppm.. f.i( 10"1F-'-N)
.imu), which compare lavourahl% with plreviousl\ nicaa%,,red 2Jl4 Hz.j for atll three Rt.C=N-KrF- cations litidied, and
values for tl(*=N-KrF- (.1113k pllp.rii.. niu 1.. ;Indl KrF - ii-(',F5  88pm, FC-:- 128 p . -CF.-) for
(11.011114 p~pm.inamu). 7 hi addition, the F-omi-Kr'' resonanice. C:F4=N1-KrF* . and ii-CF~, n-C.,F,,, C -8 .p.p.fii..FC,
occur to highi Itequency of K6.- IN~ ",F) (18 11pr. t -311"C. - 120 21 Ilr in.. -CF.-)1 for n-CF-?C=N-KrrF.

fil soIvenl While the F -on 11A, elo,,we occim to loilk
freq~uencii of XeF~ Imi "P -V s 1 I. It Ip pi :m ilij I'\A - i "sý Ie V \sl-,, *. -. CkN*- ~ V .- XF m3
1711fiP "If :"(\C Tp) -ýf,2 l/I. i, (. BII, it * ImIble I I
sollitil'i lll. 'I %lit lltl% 111timc 1111%111%k'''ll %clmemullkIl ShIitft I1.1%v I'lc ile lIn 'liud llim i,. f maI . - '\ 1 .~ tt

lI0 1 s.o urm 11 (' 1ll I vi lt f tot Is I I - I11t% 1% 111 ('111t % 1,i f iti, I k,1114 I\ 1 I tl \cel, 'I I -t %- tf10 lim' l , 111110,n 111 1 It #Io me mI i l
14, V I 'ciwll .'' I ,sim.l% m ithitl ImWfm iumfc.t ~ ~ illt jIlolm cl \0 101 tl ~,~ f 1ti00111110k .0 1i00111 llfct?

7 Best Available Copy
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coupling coiistailt vailues toi other Xe-N bonded ,pccic',

N<Ký studied to date reveal~sthe followitig ordet R, ('N > H CEN

F(Zt N t(23(CFjSO 2)2,N. where the '2 'Xecheminial shift and IJ(12'DXe-"F)
FQ) N. FUIdecrease wit h increasing covalentI ch aracter of the Xe-N bond.

Xe The Raman spectrum oif %-CAF:N,N-XeF*AsA5 -, was re-

I corded at - 196'(' using 514 5 nm excitation. tn addition to
t (1)modes associatcd with the ring, the spectrum i-sconsistent with

;in ionic formulation, strucutur ( 1). Some key frequencies and
(1)their assignments follow: v(Xe-F). 544 (lINO), 553 (53)cm -1

v(Xe-N), 313 ((0.6) cm-'I (tentative assignment) lbNF-Xe-N),
156 (23), 159 (sh) CM -' 1T(C'jFjN,N-Xe), 1018 (6i) cm-'I

ture. The combining ratio XeF* AsF,,- : -CNjFj 10(N: 10.IN (tentative assignment) and AsF,, -modes v,(a,,,694 ( 9)ci-n 1 :
is consistent wifth equation (3) Both the "IF and 121Xc n.m.r. v,(e,,) 5X8 (-sh), S91 (4) cm'- , vj(tr,) 370 (5), 375 (4) cm -I
findings for the salt dissolved in lBrF, and HF solvent% are This research was sponsored hy the United States Air
consistent with the cation formulation given by structure (I). Force Astronautics Laboratorv, Edwards Air Force Base.
The I-9Xe n.m.r. spectrum recorded in IBrl- ait -50'CO con- California (Contract 1`49620-87-C-(9149), and a Natural
sists of a doublet I'6( 2"Xe) - 1862.4 p.p~m]f arising fromn Sciences and Engiiieering Re'~earch Council of Canada
iJ(I2Xei19F) = 59.32 Hz. The 12'JXe,_iN coupling is quad- (NS17R(W) operating grant.
rupole collapsed, as has been observed previously for 4-CFI-
CF 4N-XeF*AsF,,j and (>FN-XeFýAsNF,, in BrF, at low Received. 2nd June I9SS. (Com X/02/98/1f
temperatures. 2 in [IF solvent, however. iJj( i2XC.j4N) is
observed at -5'C [j(N'2)Xc) - 180t7 9 p~pm.,I I(12QXCIQF)
5909 Hzj. Th~t magnitude. 245 Hiz. compares favourably with References
those reported previously for the related p.rfluoropyridine I A A A Emnara dnd 6. J. lichrohitgen, 1. Chtem, Soc., Chern,
catiotns (235---2-38 Hz). The 19F n.m.r. spectra show two Commun.. 191(7, 1644
F-on-C environments in the ratio of I : 2(F(l). - 154.9, F(2), 2 A. A. A. Ernara and G. J. Schrohailgcn. 1. Chem. Soc.. Chem.
-27.7; F(3). -13.5 p~pm. in HiF solvent at -5'C and F(I). Commun.. 1988, 257.
-145.6; F(2). -26.2, F(3). -8.7p.p.m. in BrF, solvent at 3 G. J_ Schrobitpen, J. Chemn. Sac., Chtem. Cummun.. 1988, M(3.

-50*C1 and a F-un-Xe"-I environment with accompanying 4 V. 11. Dihclei anid S. K. Limlon. J. Chem Phyv~.. 19cM, 48, 4it/M.
12"Xc natural abundance (26.44%/) satellites arising from 5 H. Bock. R. Damrmet. and U) Lentz. Inorg Chern., 1984. D3. 1535

IJ(I9Xc19F anda 1 2:1 tiple arsin frm 4JF~l-F()j C. R Brundle, M. B. Robin, and K. A. Kuebler. J. Am. Chem.
IJOi9Xc.[rsFoland at -50'C tipe ari5sigfomvn along withF() Soc.. 94. 14O6.

10.Hz reslve a 50C inBrF soven alng ith 7 J. C.'P Sanders and G. J. Schrohilgcn, unpublished work
4IIF(2)-F(3)] 13.3 Hz. The coupling, 'JIF(1)-F(2)I. has also 8 G. J. Schrohilgcn. in *NMR and the Periodic Table,' eds. R. K.
been observed for the perfluoropyridine cations 4-CF.-- Harris and B. E. Mann. Acadcmic Press, London, 1978: ch. 14,
C5F4,N-XeF+ (25.8 Hz) and C,5FsN-XeF+ (25.0 "Z).,2 pp. 439-454.
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The recent synthesis of a salt of FKr-NCH 5, together with the earlier preparation of its Xe analogue, makes possible a comparison
of the experimental properties of the bonds formed by N and F to the noble-ga3 atoms (Ng) Kr and Xe. This experimental study
is complemented by a theoretical investigation at the, SCF level of the properties of molecules containing such bonds and by the
dectertrunation of the properties of the atoms and bonds in these molecules using the theory of atoms in molecules. The exceptional
ability of the NgF* ions to act as Lewis acids is related to the presence of holes in the valence shell charge concentrations of the
Kr and Xe atoms that expose their cores. The mechanism of formation of the Ng-N bonds in the adducts of NWF with HON
is similar to the formation of a hydrogen bond: the mutual penetration of the outer diffuse nonbonded densities of the Ng and
N atoms is facilitated by their dipolar and quadrupolar polarizations, which remove density from along their axis of approach,
to yield a final denraty in the interatomic surface that is only slightly greater than the sum of the unperturbed densities, The Ng-N
interactions lie closer to the closed-shell limit than do the Ng-F bonds formed in the reaction of NgFr with F-. The energies
of formation of these adducts ar-c cominated by the large stabilizations of the Ng atoms that result from the increase in the
concentration of charge in their inner quantum shells.

Inaroduction Table 1. Energies ard Geometries of Ng Compounds'
The compound FKr-NeaCl-['AsF,.,; the first to contain a species_ energy,_au_______________ bondlengths,_

krypton-nitrogen bond, was recently synthesized at thtis university I pce nry u cld epl odlnts
Prior to this, the only known compounds of krypton were the K~r-F ArF* -624.97477 1.628
bonded species KxF2, K~rFl, and Kr2F3' 7 as well as KrF2-WOF4  KrF* -2848.47027 1,734

andKrF.nMoO)4 n ~ 3)h Te orrspodig cmpond XeF* -7325.92011 1.886
andKrF'nMoO)4 n 1-).b Te crrspodin cmpond KrF2  -2948.13396 1.843 (1.875 *0.002)1

containing a Xeý-N bond was synthesized earlier3 through the XeF2 -7425.58845 1.985 (1.977 0 .OO15)c
reaction of XeF5AsF. or Xe7F]+AsFd- with HCN. The krypton FKrNCH1 -2941.31362 1.748 ~Kr-r-1,2.307 [Kr-N], 1.128
cumpound was not prepared in such a direct manner because KrF+ [N-C], 1.068 [C-H]
is too strong an oxidizing agent. Instead, its synthesis was obtained FXeNCH+ -7418.76656 1.904 [Xe--F], 2.421 [Xeý-N], 1.127
by allowing KrF+ to react with the protonated HCN salt (N-Cl], 1.068 [C-H]
HCNH+AsF6-. The Xe compound, rxe-NmsCH!'AsF(,- is -HC14 -92.79150 1. 132 (1.156) [C-NI, 1.060 (1.064)
stable up to -10 *C while the correeponding limit for the Kr F--9309 (C-HI'
compound is around -50 *C. It is the purpose of this paper to -9939
compare the properties of the bonds formed by F and N to Kr '.See text for basis sets. 6 Murchison, C.; Reichman, S.; Anderson,
and Xe in terms of their experimental properties and by use of D.; Overend, J.; Schreiner, F. J. Am. C/tem. Soc. 1961, 90, 5690.
the theory of atoms in molecules."' Gas-phase infrared data. cAgron, P. A.; Begun, G. M.; Levy, H. A.;

Mason, A. A.; Jones, G3.; Smith, D. F.; Science 1963, 139, 842. Smith,
Eaerle and Geometr-ies D. F. J. C/tern. Phys. 1963, 38, 270. Gas-phase infrared data.

Single determinantal SCIF calcuilationts with linearly constrained IfHerzberg, (G. Electronic Spectra of Polyatomic Molecules; Van
geometry optimizations using the program GAP4ESS7 Were per- Nostrand: New York, 1966.
formed for ArF~, KrF~, XeF+. KrF2, XcF2, FKrNCH', and
FXeNCH". Ifuzinaga's basis sets for Kr (4 32 12 1s/ 4 2121p/31 id) bond lengths for the two difluorides are in good agreement with
and Xe (433212IS/432l21p/421 Id)l were employed while the the experimental results, with crrors typical of SCIFcalculations
other atoms were described by the 4-31G** basis' augmented with
diffuse s and p functions. 10 Previous ab initio calculations on
the diatomic NgF' species have been perfoirmeid by Liebman and ()Shoign .J .Ctr.ScCtr.Cmu.11,83
Allen (HCF*, NeF*, and ArrI,"112 Liu and Schaefer (KrFI)2 (2) (a) Gillespic, R. J1.; Schrobilgen, G3.J. Inorg. Chtem. 1976, 15. 22. (b)
Frenking et al. HtF+, NeFf, and ArF), 14 and Hottoka et ;1. Holloway, .1. H.; Schrobilgen. G3. J. Inorg. Chern. 1911. 20, 3363.
(NeF+).15 Basch et al.16 have included XeF2 in a theoretical study (3) EFarar, A. A. A.; Sebrobilgen. G..J. J. Ch~em. Soc., Chtem. Comm wi.
of the ne:utral fluorides of xenon while Bagus et al."~ have per- 1917, 1644.

(4) Bader, R. F. W.; Baddall, P. M. J. C/ter. Phys. 0172, 56, 1320.formed a CI calculation for a port-ion of the potentiAl energy (5) Bidet, R. F. W.; Nguyen-Dang, T. T. Adv. Quaitrum Cher, . 1911, 14,
surface for KrF2. 63.

The minimum energy geometrical parameters and the total (6) Bader, R. F. W.; Nguyen-Dang, T. T.; Tal, Y. Rep. Pre_. Phys. 1"11.
energies obtained here are given in Tat'e I. The energies of the 44,893. Srebrenik, S.; Bader, R. F. W. J. Chtern. Phy' 1975, 63.,3945.

reatio bewee th clsedshel secis HN ad FS~(7) Dupius, M.; Spangler, D.; Wendolooki. J. J. NRCC- Software Catalogreacionbetcinthe losd-sellspeces CN nd ~g11910, 1, QGO1.
FNg' + NCH - FNg-NCHI (1) (8) Huzinaga, S. Gaussloan Basis Sets for Molecular Cc1culattonsr Elsevier:

Amsterdam PubI. 1984.
are caicuiated to be -32.5 and -34.5 kcat/mol tar Ng =Kr and (9) Hebre W. J.: Ditchfield R., Pople, 1. A. J. C/tem. Phys. 1972, 56,2.257.
Xe, respectively, while the corresponding c-iergies of the ion re- (10) Chandrasekar, J.: Andrade, J. G.; Schleyer, P. y.R. I. Am. Cheim. Soc.

1981. 103, 5609.action (11) Liebman, J. F: Allen, L. C. J. Am, Chtem, Soc. 1970, 92. 3 539.
i'g +F -FNgF(2) (12) Liebman, J. F.; Allen, L. C. J. C/tern. Soc., Chtem. Comm un. 1%969

F--Ni-F1355.
are --209.0 and -211.9 kcal/tnol. (13) Liu, B.; Schaefer, H-. F. I. C/tern. Phys. 1971, 55, 2369.

In spite of a lack of relativistic corrections, which tend to roduce (14) Frenking, G., Koch, W.; Deakyne, A.; Liebmran, J. F.; Bartlett, N., in
the predicted bond distances to a heavy atom,"' the calculated (13) Not Ia .; Roms, B.; Delos, J. B.- Srivastava, R.; Sbarrna, R.. B.;

_______ ____________ _________Koski, W. S. 1*/tvs. ReD. A 1"07. 45, 4515.
-- ______ _____________ _________ -- (16) Basch, H-,; Mt.akowitz, J. W.; Holihter, C.; Honkin, D. J. C/tem,. Phys.tPresent address: Department of Chemistry, Texai A&M UJniversity, 1971, 55, 1922.

College Station, TX 77843. (17) Bagus, P. S.; Liu, B,; Schaefer, H. F. J. Am. C/tern. Soc. IM7294,6635,
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T ale 11. Correlation of Physical Properties for Representative Ng-F Bonds
NMR params'

r(Ng-F),' ,(Ng-F), 13(129Xe--19F),df W(29Xe),d" S(19F),1- T,

speciesd A cm"1 ttz ppm ppm 0C ref

KrF" (1.740)
KrF'SbF 1l 624 !
KrF+AsFs- 609 t, m
(FKr),F+f 605 73.6 -65 I
HC-N-KrF+ (1.748) 560 99.4 -57 n1
CF3C-N-KrFr 93.1 -59 o--q
KrFj 1.875 462 68.0 -56 p, q

(1.843)
XeF"+ (1.886)
Xel"SbF,(- 1.82 (3) 619 7230 -574 -290.2 23' 1, r-t
XeF÷AsF," 1.873 (6) 610 6892 -869 -47 I, m, o, u
(FXe) 2F'f 1.90 (3) !93 6740 -1051 -252.0 -62 1, s, t, v
CF 5C-N-XeF+ 6397 -1337 -210.4 -63 o
HCzN-XeF4  (1.904) 564 6181 -1569 -198.4h -58 W
CH3CN-XeFvA 565 6020 -1708 -185.5 -10 w
s-C3F 3N 2N-XeF+ 548 5932 -1862 -145.6 -50 o
FO 2SO-XeF 1.940 (8) 528 5830 -1666 -40 s, f, x, y
cis/trans-F 4OlO-XcF 527 5803/5910 -1824/-1720 -161.7/-170.11 0 z
C5FsN-XeF- 528 5926 -1922 -139.6 -30 aa
4-CF3C5F,N-XeF+ 524 5977 -1853 -144.6 -50 aa
F5TeO-XeFJ 520 -2051 -151.01 26 bb, cc
(FOQS) 2N-XeF 1.967 (3) 506 5586 -1977 -126.1 -58 dd, ee

5664' -2009/ -126.01 -40
XeF 2  1.977 496 5621 -1685 -184.3 -52 o, ff, gg

(1.984)

Unless otherwise indicated, all cations have AsF6-as the counterion. I Values in parentheses are calculated values determined in the present work.
"Spectra were obtained in BrFs solvent unless otherwise indicated. 'The NMR parameters of KrF and XeF groups are very sensitive to solvent and
temperature conditions; it is therefore important to make comparisons in the same solvent medium at the same or nearly the same temperatures.
'Referenced with respect to the neat liquids XeOF4 ('

29Xe) and CFCI, ("F) at 24 *C: a positive sign denotes the chemical shift of the resonance in
question occurs to high frequency of (is more deshielded than) the resonance of the reference substance. fTable entries refer to the terminal fluorine
on the noble-gas atom. 'Recorded in SbFs solvent. *A(19F) measured in anhydrous HF solvent at -10 OC. 16(19F) measured in SO2CIF solvent at
-40 'C. JNMR parameters measured in SO 2CIF solvent. 4 NMR parameter measured in SO 2CIF solvent at -50 'C. 'Gillespie, R. J.. Schrobilgen,
G. J. Inorg. Chem. 1976. 15, 22. "Scbrobilgen, G. J. Unpublished work. "Schrobilgen, G. J. J. Chem. Soc., Chem. Commun. 1988, 863.
*Schrobilgen, G. J. J. Chem. Soc., Chem. Commun. 1988. 1506. PMurchison, C.. Reichman, S.. Anderson. D.: Overend. J.: Schreiner. F. J Am.
Chem. Soc. 1968, 90, 5680. 'Claassen. H..; Goodman, G. L.; Maim, J. G.; Schreiner, F.'J. Chem. Phys. 1965. 42, 1229. 'Burgess, J.; et al. J. Inorg.
Nucl. Chem.. Suppl. 1976, 183. 'Schrobilgen, G. J.; Holloway, J. H.; Granger, P.; Brevard, C. Inorg. Chem. 1978, 17, 980. 'Gillespie, R. J.; Netzer,
A.: Schrobilgen, G. J. Inorg. Chem. 1974, 13, 1455. 1Zalkin, A.; et al. Inorg. Chem. 1978, 17, 13i8. °Bartlett, N.; et al. Inorg. Chem. 1974, 12, 780.
"Emara, A. A. A.; Schrobilgen, G. J. J. Chem. Soc. Chem. Commun. 1987, 1644. 'Bartlett, N.; et al. Inorg. Chem. 1972, 11, 1124. ' Landa. B.;
Gillespie, R. J. Inorg. Chem. 1973, 12, 1383. 'Syvret, R. G.; Schrobilgen, G. J. Inorg. Chem., submitted for publication. "Emara, A. A. A.;
Schrobilgen, G. 1. J. Chem. Soc. Chem. Commun. 1988, 257. wBirchall, T.; Myers, R. D.; deWaard. H.; Schrobilgen, G. J. i.norg. Chem. 1982, 21,
1068. 'Sanders, J. C. P.; Schrobilgen. G. J. Unpublished work. "Sawyer, J. F.; Schrobilgen. G. J.; Sutherland, S. J. Inorg. Chem. 1982, 21, 4064.
"Schumacher, G. A.; Schrobilgen, G. J. Inorg. Chem. 1913, 22, 2178. B Reichman, S.; Schreiner, F. J. Chem. Phys. 1969, 51, 2355. IAgron, P.
A.; Begun, G. M.; Levy, H. A.; Mason, A. A.; Jones, G.; Smith, D. F. Science 1963, 139, 842.

with extended basis sets, (compare the results for HCN). The "'N), IJ("'N), and 'J('3C) couplings.3 Thc extent of minimal
reaction of the NgFr ions with F- to yield the difluorides results quadrupolar relaxation via a reduced electric field gradient was
in increases in the Ng-F bond lengths of 0. A, while their reaction examined theoretically by calculating this field gradient at the
with HCN causes the same bonds to lengthen on average by only nitrogen nucleus and comparing it to that in isolated HCN. The
0.016 A. There is a correlation of Ng-F bond length, as is also principal component of the electric field tradient tensor, (VE),,
reflected in its vibrational frequency, with the base strength of (+z is in the direction H - N), at the position of the nitrogen
the ligand attached to Ng-F". This is illustrated by the examples nucleus decreases from +1.02 au in HCN to +0.49 au in FXe-
shown in Table II. The NgF+ species ar'e only weakly coordinated NCH+. The electric field gradient at the nitrogen nucleus is halved
by a fluorine bridge to the anion Sb2F, - while the interaction of upon formation of the KrF* adduct as well; thus, it may be possible
NgF+ with N(SO2F) 2- is reprzsentative of a much stronger in- to observe highly resolved 'J("N-nC) coupling in the "4N NMR
teraction. Thus as the strength of the base B increases and the of this adduct. As a further check of the accuracy of these
Ng-B bond becomes progressively less ionic, the Ng-F bond is calculations, we have calculated the electric field gradients at the
lengthened and weakened. The observed values oi the Ng-F Xe nucleus in XeF+ and FXe-NCH+ and find them to differ by
vibrational frequencies place the adducts with HCN toward the less than 7%, a result in agreement with the experimental ob-
most ionic end of the scale. The same trends are reflected in the servation that the quadrupolar splitting observed in the '29Xe
"19F and '29Xe chemical shifts, which are also listed in Table I1, M6ssbauer spectra of FXe-NCH+ (40.2 :- 0.3 inm/s) is, within
if one a_,~pts thecorrelation of inerea- 1 s _4ing (mort negatihe experimental error, the aamc as that obtainted fi- tile salt
chemical shift) with a transfer of charge to Xe and hence with XeF+AsF 6- (40.5 k 0.1 mm/s).' 9

a reduced ionic character of the Ng-B interaction. The C-N bond of HCN is calculated to shorten by -0.05 A
Quadrupolar nuclei in noncubic environments generally yield on forming the adducts, while the C-H bond is calculated to

poorly resolved one-bond coupling patterns in their NMR spectra lengthen by 0.008 A. These predicted changes in bond length are
due to quadrupolar relaxation effects. In spite of the axial sym- in agreement with the observed shifts in their corresponding
metry of the F'Xe-NCH+ cation t.he "NMR spectrum showed stretching frequencies, P(CN) increasing by 70 cm`' for both
well resolved and only partially quadrupole collapsed lj(129Xe- compounds and v(C-H) decreasing by 171 cm-1 in the Xe adductA

(18) Ziegler, T.; Snijders, J. G.; Bacrends, E. J. Y. Chem. Phys. 1911, 74, (19) Valsd6ttir, J.; Frampton, C.; Birchall, T.; Schrobilgcn, G. J. Unpiub-
1271. 12 lished results,
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Table Ill. Bond Properties of HCN and of Ng Compounds (in au)

bond A-B R rb(A) rb( B) Pb V
2 
Pb X., Ar(NS) 4r(N) Pb"

I--CN 2.002 0.681 1.321 0.302 -1.334 0.394 -0.864
HC-N 2.138 0.734 1.404 0.497 +0.891 3.067 -3,088
FKr-NCH' 4.359 2.171 2.188 0.053 +0.169 0.268 -0.050 1.26 1.39 0.047
FXz-NCH4+ 4.575 2.318 2.257 0.049 +0.150 0.224 -0.037 1.40 1.32' 0.046
F-P 2.538 1.269 1.269 0.332 +0.353 2.209 -0.928
Ar-F+ 3.076 1.612 1.464 0.266 +0.136 0.982 -0)423
Kr-F+ 3.277 1.664 1.624 0.184 +0.134 0.664 -0.265
Xe-F* 3.565 1.813 1.752 0.141 +0.312 0.648 -0. 168
F-KrF 3,483 1.755 1.728 0.138 +0.274 0.619 -0.173
F-XcF 3.752 1.847 1.905 0.109 +0.314 0.541 --0.114

Table IV. Properties of Atoms in NS-F' and HCN
atom 11 q(Q) p(Q)' Q,,(fl) atom 11 q(33) A(O)l Q,,(il)

Ar +0.928 40.257 3.262 F +0.072 --0.063 1.520
Kr +3.148 +0.465 5.185 F --0.148 +0.050 1.219
Xe +1.406 +0.883 8.496 F -0.406 +0.160 0.940
H +0.193 +0.098 0.376 C *1.260 +1.135 2.238
N -1.454 +0.958 0,060 /
'When 14(1) > 0, the negative end of the dipole is directed away ___

from F and toward N8 or away from N and toward H.

Table V. Changes in Atomic Properties in Formation of/
FNg-NCH* and FNg-F (AE(sl) in kcal/mol. Oth~r Properties in
au) --

F Kr N C H ~c -. -zz--~-

AAi(f) -0.003 -0.075 +0.087 +0.093 -0.002 _________

AQ,,(f) -0.143 +1.018 +0.471 -0.953 -0,091
F XC N C H /

7EqFUl) -0.132 +0.009 -0.133 +0.128 +0.128 -~:
AIU~(Q) -0,0 17 --0.246 +0.041 +0.088 -0.002
AQ,,(Q) -0.091 +1.773 +0.330 -0.994 -0.094 _ - -

F- Kr F- Xe.

Aq(f2) -0.434 +G.016 -0.291 --0.012
AA~fl) --0.035 -0.883 -0.088 --0.465
iAQ1.(1) -0.282 +2.085 -0.164 +3.511
&E(SI) -129.2 (+98.8) -178.6 -76.1 (+23.5) -359.4

'The energy differences in parentheme are calculated relative to the
energy of r; the remaining values in these columns are calculated
relative to the values for the F atoms in NgF'.

These experimental characterizations. of the bonds are corn-
plemented with the theoretical results obtained from an investi-
gation of the charge distributions and properties of the atoins in
the reactants and the changes they undergo on forming the ad-
ducts.

Figure 1. (a) Contour apof the charge density in the adduct
Atoms and Bon~ds FKrNCH* showing the bond paths and the intersection of the intera-

The necessary and sufficient condition for two atoms to be tomic surfaces. Bond critical points are denoted by black circles. Note
bonded to one another is that their nitclci be joined by an atomic the near planarity of' the Kr-N interatomic surface, which is also a
interaction line in an equilibrium geometry, i.e., that they be linked characteristic of a hydrogen bond. The outer contour value is 0.001 au.
by a bond path320-2' The presence of such a path indicates that The remaining contours increase in value in the order 2 X 10", 4 X 101,
electronic charge has been accumulated between the nuclei in an 8 X 130" with n starting at -3 and increasing in steps of I to give a

maximum contour value of 20. (b) Contour map of the Laplacian dis-
absolute sense, for it denotes the presence of a line linking the tributior for FKrNCH*. The positions of the nuclei are the same as in
nuclei along which the charge density is a maximum with respect part a. Solid contours denote positive and dashed lines denote negative
to any neighboring fine."-`3  The charge distributions of the values of V2p. The magnitudes of the contour values are as in part a.
complexes exhibit such lines between the Ng and N nuclei, as without the initial value of 0,001 au. (c) A relief map of -V'p. A
illustrated in Figitre. 1 for the Kr adduct- The prestnce of --band maximurn in shc; Trcr -api a .u,.'ifiluil in 61ii$g ruuu1centration. if

the inner spikelike feature at its nucleus is counted, the Kr astom exhibits
_____________________________ ________ four alternating regions of charge concentration and charge depletion

(20) Bader, R. F. W.; Esskn. H. J. C2hem. P/tyv. 1984, 80, 1943. corresponding to the presence of four quanturr shells. Note the absence
(21) Bader, R. F. W. Acc. Chem. Res, 1985. 18. 9. of a lip on the N side of the Kr VSCC demonstrating the presence of a
(22) Bader. R. F. W. In International Review of Science: Physical Chem- hole in its outer sphere of charge concentration. Contrast the localized,

istry, Series 2: Buckinghamn. A. D., Coulson. C. A.. Eds.; Butterwortbs: atomic-like nature of the Laplacian distribution for the F and Kr atoms
London. 1975; Vol. 1. Runtz, G.; Bader, R. F. W., Messer, R. R. Can, with the continuous valcnc.- shell of charge concentiation enveloping all
J. Chem. 3977, 55, 3040.theofhenciinHN

(23) The presence of aline of maximum charge density linking bondled nuclei theofheuciinHN
and its absence when no bond is present is graphically illustrated for pt mle h xsec fabn rtclpit h on ln
the bridgehead carbon atoms in propellanes and their correspondig ptimlethexsncofabdcrialontepitaog
bicyclic analogues: V/iberg, K. B.; Bader, R. F. W.; Lau, C. D. H.J the bond path where the charge density p attains its minimum
Ain. Chemn. Sac. 19"7, 109, 985. 1 4value and where Vp = 0. While the value of p is a minimum at
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noribonded -, orbital localized on N, with the LUMO of tite acid,
the an,..'onding a orbital localized on Ng. There is frequently
a ;.orrespondence of HOMO and LUMO with the charge con-
centration, in the VSCC of the base and the hole in the VSCC
of the acid, respectively, 28 '.3 as is again evident in the present
examples. The LUMO's of both KrF' and XeF" have negative

F Kr N C H orbital energies (•--6.0 eV), a reflection of the strong acidic
character of these ions. This same behavior is reflected by the

Figure 2. Zero envelopes of the Laplacian distributions (172p 0 for all presence of actual holes in the VSCC's of Kr and Xe in these
points on the surface) for isolated KrFP and HCN shown aligned for molecular ions, which provide a base with direct access to the inner
adduct formation and shown to the same scale. The separation between cores of thcse atoms. There is a sphere in the VSCC of a free
the Kr and N nuclei is 5.0 A. All that remains of the V'CC of the Kr Ng atom over which the electronic charge is maximally concen-
atom is a belt of charge concentration, and the diagram clearly illustrates trated (the radial curvature of -V2p is negative over the entire
the exposure of its penultimate spherical shell of charge sphere). Usually uponchemical combination thissphere persists
concentration-the core of the krypton atom. The diagram also soapomnss
the interatomic nature of the charge concentration in HCN with its but is no longer uniform, as local maxima and minima are created
pronounced intraatomic form in KrFe. on its surface. In the case of strong Lewis acids such as BH 3 and

carbonium ions, however, this sphere of charge concentration is
this point along the bond path, it is a maximum with respect to punctured and reduced to a beltlike structure as found here for
directions perpendicular to this path. The lines of steepest descent Kr and Xe in NgF÷. In ArFr, however, the sphere of charge
through the three-dimensional charge distribution starting from concentration persists and V2p is negative over the whole of its

the bond critical point define the interatomic surface (Figure 1). VSCC. This qualitative difference with KrF+ and XeFr is re-
Such a surface is not crossed by any vectors Vp-it is a "zero flux flected in the barely negative LUMO energy of ArF+, -0.6 eV.

surface".' These surfaces partition the space of a molecule into Thus the r- veirties of the Laplacian distributions for these corn-
atoms, and the properties of each atom, because this space is a pounds, ii, addition to predicting the formation of the linear
region of space bounded by a zero flux surface, are defined, and adducts, show the Kr and Xe molecular ions to be stronger Lewis
predicted by quantum mechanics.i'-" The bonds in the reactants acids than is ArF'. This conclusion lends credence to the cal-
and adducts are classified in terms of the properties of the charge culations of Frenking et al.,"' which indicate that ArF+AuF6-
density at the bond critical points (Table III). The formation should possess at least marginal stability in the solid state.
of the adducts is discussed in terms of the properties of the atoms If V2p(r) < 0, then the value of p at the point r is greater than
and their changes, Tables IV and V. Values of properties the value of p averaged over an infinitesimal sphere centered at
evaluated at a bond critical point are denoted by the subscript r. The corresponding statement is true in one dimension, and since
b. It has been shown2" that in general, the properties of p at the the charge density is a minimum at the bond critical point along
bond critical points and its integrated averages over an atomic the bond path, the associated curvature of pt, X1, is positive and
basin are relatively insensitive to electron correlation, the SCF electronic charge is locally depleted at this point with respect to
values differing by small percentages relative to results obtained neighboring points along the bond path. The charge density is,
in CI calculations. The addition of correlation does not alter the however, a maximum at the critical point in the interatomic
classification of the bonds obtained by using SCF densities. surface, the two curvatures of Pb perpendicular to the bond path,

X±, being negative. Thus electronic charge is locally concentrated
Bond Classification at the critical point with respect to the interatomic surface. The

The Laplacian of the charge density has the important property formation of a chemical bond and an interatomic surface is,
of determining where electronic charge is locally concentrated (72p therefore, the result of a competition between the perpendicular
< 0) and locally depleted (71p > 0),20 i formation which is not contractions of the charge density toward the bond path that lead
evident in the topology of p itself. The local maxima in the to a concentration of electronic charge between the nuclei along
concentrations of charge defined in this manner recover the Lewis the bond path and the parallel contraction of p that leads to its
model of localized electron pairs and the associated VSEPR model separate concentration in the basins of the neighboring atoms.
of molecular geometry, 2

6 while the course of a generalized Lewis The value of the Laplacian at the bond critical point, V2p,5 equals
acid-base reaction is predicted by aligning a maximum of charge the sum of the three curvatures, V2 pb = 2X1. + XA, and its sign
concentration on the base with a minimum corresponding to a determirins which of the two competing effects is doominan. in the
region of charge depletion on the acid.26-241 0  The Laplacian formation of a given bond. The bonds in the adducts described
distributions of the acids NgF+ and the base HCN correctly here cover the spectrum of possible behavior.
predict the formation of the adducts described here. This is When Vlpb < 0 and is large in magnitude as for the H-C bond
dramatically illustrated in Figure 2 where the plots of the zero in HCN (Table I1I), the perpendicular contractions in p dominate
envelope of V2p, which separates the valence shell of charge the interaction and electronic charge is concentrated between the
concentiation (VSCC) from the valence shell of charge depletion, nuclei along the bond path (see Figures 1 and 2) as is also reflected
demonstrates the presence of a charge concentration (a maximum in the relatively large value of ph. The result is a sharing of
in -, 2p) corresponding to the nonbonded electron pair on N of electronic charge between the nuclei as is found in covalent or
HCN and an axial hole in the valence shell of charge concentration slightly polar bonds as in NO, for example. The Laplacian of
of the Kr atom of KrF+. The alignment of the maximum in charge the charge density appears in the local expression of the virial
concentration of the base with the hole in the VSCC of the acid theorem
yields the linear adduct. Y'P(r) = 2G(r) + V(r) (3)

Frontier orbital theory describes the formation of these adducts+
in terms of the overlap of the HOMO, corresponding to the where G(r), which is always positive, is the kinetic energy density

(it yields the electronic kinetic energy T(fQ) when integrated over
the basin of atom it) and V(r), which is always negative, is the

(24) Bader, R. F. W. Pure Appl. Chem. 1988, 60, 145. potential energy density (it yields the electronic potential energy
(25) Gatti, C.; MacDougall, P. J.; Bader. R. F. W. J. Chem. Phyr. 1988, 88, V(1l) when integrated over the basin of the atom). Because of

3792. the zero flux surface conaition, the integration of the l.aplacin
(26) Bader, R. F. W.; MacDougall, P. J.; Lau, C. D. H. JI Am. Chem. So,.

191.4, 106, 1594. over an atom vanishes and thus integration of eq 3 yields the virial
(27) Bader, P..F. W.; Gillespie, R. J.; MacDougall, P. J. J. Am. Chem. Soc. theorem (2T(fl) + V(Ql) =0) for an atom, free or bound. The

1988, 110, 7329.
(28) Bader, R. F. W.; MacDougall, P. J. J. Am. Chem, Sc, 1985, 107, 6798.
(29) Carroll, M, T.; Chang, C.; Bader, R. F. W. Mol. Phyj. 1988,63, 387. (31) Tang, T.-|I.; Bader, R. F. W.- MacDougall, P. J. 1norg. Chem. 191",
(30) Bader, R. F. W.; Chang, C. J. Phys. Chem., in pre-i. 1 1 24, 2041.
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total energy density is given by E(r) = G(r) + V(r),' and one haz as tthe distance from the nucleus to some outer contour of the
another form of the virial theorem, E(13) = -T(11). As a conse- charge density, r,(Q))1'.4 The contour shown in Figure 1 and
quence of eq 3, i! tollows that the total energy density is inost used in the determination of the nonbonded radii, the 0.001 au
negatve (r ast stabilizing) in those regions of space where V2p contour, yields molecular sizes and atomic diameters in good
< 0, that is, where electronic charge is concentrated and the agreement with gas-phase van der Waals radii.33 5 The bonded
potential energy density dominates the local virial relationship, radii for the Ng-N bonds are considerably greater than those for
Thus in a shared interaction, the atoms are bound because of the the other reactant bonds, including the Ng-F bonds. They result
lowering of the potential energy associated with the charge con- from the partial penetration of the outer van der Waals envelopes
centration and shared between the nuclei, of the Ng and N atoms. The extent of this penetration is given

In a very polar bond such as CN of HCN, the perpendicular by the difference between the nonbonded radii of the Kr, Xe. and
contractions of p. as measured by X.t, are greater than those for N atoms in the reactants, r.(fl) equaling 3.43. 3.72, and 3.58 au,
the H-C bond and electronic charge is concentrated between the respectively, and the corresponding bonded radii of the Ng-N
nuclei to an even greater extent, as demonstrated by the Laplacian bonds (Table 1I1). These changes in radii arc given in Table III.
distribution in Figure I and as reflected in a larger value of Pb. The strength of a hydrogen bond in general parallels the degree
However, the electronic charge is unequally shared between the of penetration of the van der Waals envelopes.31 The total pen-
atoms and as a result, the bond critical point is shifted toward etrations are 2.65 and 2.72 au for the Kr and Xe adducts, re-
the carbon core where the density rises very rapidly and the spectively. The greater penetration of the Xe atom and its greater
Laplacian undergoes a change in sign. At the critical point its total value are in agreement with its slightly greater energy of
sign is dominated by X, in spite of large negative values for X_. formation. The total penetration of 1.80 au encountered in the

These bond characteristics change little on formation of the formation of the hydrogen-bonded complex FH-NCH is con-
adducts: Pb for C-H remains unchanged and 7

2Pb decreases by siderably less, as is its energy of formation of -6 kcal/mol. Also
0.12 av while both quantities decrease by approximately 0.006 listed in Table Ill under Pbo is the sum of the values of the
au for the C-N bond. unperturbed densities of the isolated reactants at their points of

When • 2Pb > 0 and Pb is small in value, one has the other penetration, i.e., at the positions determined by the values of the
extreme of bonding, one dominated by the contraction of each bonded radii in the adducts. It is a characteristic of bonds resulting
atomic density toward its own nucleus resulting in a depletion of from the penetration of closed-shell distributions that the value
charge at the critical point and in the interatomic surface. These of p at the bond critical point differs little in value from the sum
are called closed-shell interactions as they typify interactions of the unperturbed reactant densities evaluated at the point o1
between closed-shell atoms as found in noble-gas repulsive states, penetration, like the average value of 0.005 au found here. (The
ionic bonds, hydrogen bonds, and van der Waals molecules and value of Pb, is 0.0177 au for the hydrogen bond in FH-NCH
in the relatively long bonds formed between what are formally compared to a value of 0.0183 au for p,.)
closd-shell atoms, as bctwe.n S atom. in S4N 4 and S,+.20 2

93 This analysis yields a picturc of adduct or hydrogen-bond
The depletion of electronic charge in the interatomic surface arises formation that corresponds to the mutual peneuation of the outer
because of the demands of the Pauli principle, and hence these diffuse nonbonded densities of the appropriate atoms of the base
interactions are typified both by a positive value for V72Pb and a and acid molecules, with the final density at the bond critical point
low value for Pbo In closed-shell interactions the charge concen- being only slightly greater than the sum of the unperturbed
trations and the associated lowering of the potential energy are densities. Unlike a shared or covalent interaction, there is no
separately localized in the basins of each of the atoms. concentration of charge density in the interatomic surface and

Reference to Figures 1 and 2 shows that the valence shells of along the bond path. The final density is instead determined
all three atoms in the HCN fragment form one contiguous region primarily by the extent of penrtration-the greater the penetration
of charge concentration-the valence shells of charge concentration the larger the value of ph, and the stronger the resulting bond. The
(VSCC) are linked together over the 11-C and C-N bonds as is analysis of the atomic properties given below shows that both the
typical of shared interactions, polar and nonpolar. For the Ng-N Ng and N atoms of the reactants polarize in such a way as to
bonds and also for the Ng-F bonds, however, the VSCC's of the facilitate this mutual penetration of their closed-shell density
individual atoms are not linked. Instead charge is concentrated distributions.
separately in each atomic basin and there is no shared concen- The Ng-F bonds in the reactants NgFl, including ArF" for
tration of chaige. The Ng-N bonds result from the interaction an ertended comparison, are intermediate between the two cx-
of the closed-shell reactants NgF* and NCH, and they are ex- tremes of bonding and are similar in their characteristics to the
amples of the closed-shell type of interaction. The values of Pb bond in the isoelectronic F2 molecule (Table Ill). This is par-
are small, the same order as found in ionic systems such as KF ticularly true for the first member of the series ArF÷ in which
and NaCI, and Vlp, is positive with A, >> A1 , and both compo- the valence electrons are nearly equally shared between the two
nents are relatively small in magnitude (Table III). The mech- atoms (Table IV), the net charge on Ar being close to + 1. The
anism of formation of the relatively long adduct bond Ng-N is net charge of atom fl, q(0i), is defined as the difference between
similar to the formation of a hydrogen bond. its nuclear charge and its average number of electrons, N(tf), the

A hydrogen bond resulis from a partial penetration of the van latter being obtained by an integration of the charge, density over
der Waals envelope of the H atom of the acid and the base atom the basin of the atom.
B of the base molecule, the strength of the interaction increasing
with the degree of mutual penetration. Electronic charge is not q(Q) - Zn - N(R) - Za -I Jp(r) dr (4)
concentrated in the interatomic surface as is typical of a shared
interaction. Instead, the densities of the H and B atoms are The positive charge on the Ng atom increases in the order Ar <
polarized so as to remove density along their line of approach to Kr < Xe, and their bond characteristics exhibit a corresponding
facilitate the penetration of their nonbonded envelopes with the shift toward the ciosed-sheii limit. 'While tile charge density is
result that the final density at the H-B bond critical point is contracted toward the bond path, leading to a significant value
approximately equal to the sum of the unperturbed deosities of for ph for F.2 and ArF+, thc interactioni arc increasingly dominated
the H and B atoms at their points of penetration,3  These same through the series by the separate localization of electronic charge
features characterize the redistribution of charge foond to ac- if, the basins of each of the atoms. Not only do the F and Ng
company the formation of the Ng -N bonds.

A bonded radius of an atom is defined as the distance from its (33) Rader, I1. F, W,; Ilennektr, W, H.; Cade, P, E. J, Chem, Phyr. 1967,
nucleus to the appropriate bond critical point and is denoted by 46. 3341.
rb(ll) (Table ill). Its nomnbonded radius is correspondingly defined (.34) Badcr, It. F. W,; Boddall, P, M.; Cade, 11. LF. , Am. C(hem, Soc. 1971,

93, 3095.
(35) B ade-r, K. F. W., Caroll, M. T.; Chc.srenan, J. PI.; Chtng, C. J. Am,

(32) Carroll, M. 1T; Hader, R, I'. W. Mol. Phys, 1988, 65, 69., 1.5 Chem, So., 1997, 109, 7968
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atoms bind their densities tightly but also the charge is physically Q.A(0i) = -J p(r) (3z2 - rn2) dr (6)
localized within the boundaries of each atom°0 Thus even in F2
the intraatomic Fermi correlation is pronounced, the electrons are with corresponding definitions for the other diagonal elements.
93% localized within the basins of the separate atoms, compared Each of the diagonal elements, which sum to zero. has the form
to a value of 73% in a molecule such as C2.1

6 Such localization of the familiar d,2 orbital. For a spherical charge distribution.
of charge, while providing the major source of binding in fluorides each equals zero. For the linear molecules considered here with
via a charge transfer to fluorine, is the antithesis of that required z as the internuclear axis. -1/2 Q,,(t1) = Q,,(fl) = Q~Y(Q). A
for the sharing of electronic charge through the mechanism of positive value for Q,,(fl) implies that electronic charge is removed
exchange as found in a homopolar bond such as F 2. Thus the from along the internuclear axis and concentrated in a toruslike
bonds in F2 and ArF+ are relatively weak. This analysis leads distribution about the axis. The quadrupole moment is the density
one to conclude, that the bond strengths should increase with the complement of an orbital r population. Thus in acetylene, Q,,(C)
degree of charge transfer in the order F2 - ArP"' < KrF* < XeFr. is large and positive, equal to +4.14 au, corresponding to an
This conclusion is supported by the known dissociation energies, accumulation of r density in a torus about the z axis. In benzene
which in kcal/mol are 37.0,-" >38, >36.4, and 46.8,1' respectively, and ethylene, with z perpendicular to the plane of the nuclei.
Liu and Schaeferi" have calculated a value of 43.8 kcal/mol for Q,,(C) is large and negative corrsponding to the presence of one
KrFP. r electron per atom. The magnitude of Q,,(C) for the para carbon

The Ng-F bonds of the molecular ions are only slightly per- atom in substituted benzenes varies in a linear manner with its
turbed on forming the adducts with HCN. Their bond lengths integrated r population,"' from a maximum value in phenoxide
increase by 0.014 and 0.018 A for Kr and Xe species, respectively, ion to a minimum in nitrobenzene.
with corresponding small decreases in the values of po, of 0.005 The charge on the Ng atom in NgF* increases from -t+1 for
and 0.008 au. and increases in the values of V'2pb to 0.195 and Ar to +1.4 for Xe, and there is an accompanying increase in the
0.348 au. These changes are consistent with a weakening of the polarizations of the density of the Ng atom away from the in-
Ng-F bond and to a slight shift in its characteristics toward the creasingly negatively charged F atom. It is a general result that,
ciosed-shell limit on formation of the adduct. There is a small atoms are polarized in a direction counter to the direction of charge
shift in electronic charge from Ng to F (Table V). The same transfer. Thus the N, C, and I1 atoms arc all polarized in the
changes are found for the H-A bond of an acid in the formation direction N to It, because of the transfer of negative charge to
of a hydrogen bond. N.

These same bonds (Ng-F) arc perturbed to a much greater In forming a hydrogen bond AH-BX between an acid All andi-
extent on the formation of the adducts with P and so is the shift a base BX, there is a small transfer of charge from the base to
toward the closed-shell limit of bonding in agreement with the the acid. Within the acid itself, there is a still smaller loss of charge
experimental characterization of these bonds. The values of Pb from H and a slightly larger gain in charge for the base atom B.
and V'Pb are decreased and increased, respectively. While the There is thus a net transfer of charge from X to A. Both the H
increase in the value of the Laplacian is quite small for the Xe and B atoms polarize in such a way as to facilitate their mutual
adduet, the ratio of the parallel to the perpendicular contractions interpenetration: the polarization of H away from A is decreased,
of p as measured by t increases significantly for both adducts while the polarsization of B toward X is increased. The quadrupolar
from 2.5 to 3.6 arid from 3.9 to 4.8 for the Kr and Xe compounds, polarizations of both 1- and B are increased, corresponding to a
respectively. Except for XeF 2, the Ng atoms are predicted to promotion of density from along the internuclear axis in their
undergo small decreases in electron population on formation of direction of approach to a torus of charge about the axis. This
the adducts. While this might appear to be at variance with the corresponds to a promotion of a to v density. In the formation
general conclusion that the Ng atom becomes more shielded as of FHi-NCH, which has a relatively small eneigy of formation
the base strength increases, as exemplified by i29Xe chemical shift of --6 kcal/mol, the changes in populations of the acid atoms are
data given in Table 11, this is not the case because small changes Aq(F) - -0.038 and Aq(H) = +0.021 and in the atoms of the
in population do not necessarily reflect corresponding changes in base are Aq(N) = -0,039 and Aq(Cli) - +0.056, while the
the screening of a nucleus. A more direct indicator of nuclear changes in quadrupole for the HCN fragment ate AQ,,(N)
shielding is the quantity V,0(11), the attraction of a nucleus for 0.220 au, AQ,,(C) - -0.226 au, and AQ,,(l) = -. 017 au,
the electronic charge density in its own basin. An increase in the Precisely thre s-me _l.'r-ges in charge and polarization! ac:
magnitude of this quantity, in spite of a loss of charge for the atom, company the formation of.the rare-gas adducts. as can be seen
implies that the density is more contracted toward the nucleus from Table V. The F atom gains more electronic charge than
and hence is bound more tightly--and provides greater shielding, the Ng atoms lose, and the N atom gains less electronic charge
The magnitudes of V0(Kr) relative to its value in KrF' are greater than the CH fragment loses. There is thus a net transfer of charge
by 20.1 and 52.0 kcal/mol for the I-CN and F- adduct.s, re- from the CH fragment to F as in the formation of a hydrogen
spcrtively, in accord with the trend established in Table I!, The bond. (The loss of charge from the CII fragment of the base is
properties of p at the bond critic.al point and of the atoms clearly remarkably similar for the two adducts, as is the fact that both
indicate that the Ng-F bonds in the HCN adducts are interme- atoms lose the same amount of charge.) In both adducts the
diate in character between those for Ng-F* and for NgF2 . polaritatior, of the Ng atoms away frrn lF is decreased and the

Changes in Atomic Properties polarization of the N atom toward the C11 fragment is increased,
In addition to the net charges on the atoms, Table IV lits t;le Finally, the value of Q,,(tl) is increased for both the Ng and N

first and second moments of the atoms in the reactants and Table atoms and decreased for the remaining atoms, indictting that the
V gives the changes i., the atomic properties on forming the dipolar and quadrupolar polarizations are such as to remove
adducts. The charge qý fi) of atom fl is defined in eq 4. The first density from the Ng-N internuclear region and along their in-
moment (tU) measures the dipolar polarization of the atomic ternuclear axis so as to facilitate the approach of two closed-shell
d ensity nnd iS defined as syti rm,

I These same polarizationts are reflected in the changes of the
U(Q)- irno(r) dr (5) Laplacian distributions upon addluct formation. Ihe magnitude

of the nonbontded chatrge coricntrration on tl,c N atorn is decre~ascd
where the po)sition vector r, is centered at the rnicleus of atoin fro)m 3,4 au in I!ICN to 2.8 au in the adducts. 7he maximnum

1. ie diagonal eleenicnt of the quadrupoe moment of an atomic rnagn;rude attained ini the vestigial bclt of charge concentration
distribution for the z axis is in the VSCC's of the Ng atoms increases from 0.08 to 0.10 au

for Kr and from 0.03 to 0.04 au for X., while the magnitude of
the torruidal bIlt encompassiny the axis on the N atom increases(36) Hader, R. F, W.; Stephens. M, E. J. Arn. Chem. Soe. 1975, 97, 7391.

(37) Derwen!, 1J. de B. NBS Pub. NSP.DS.NIS 31. 1970. from 0.72 au in IICN to 0.89 au in the adducts. The same belt
(38) Berkowitz, J.; Chupka, W. A. Chrer, Phys. lrtt. 1970, 7, 447. for the carbon atom'. which loses 7n density on adduct formniation12
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£,nd for which AQ1,(C) < 0. decreases in magnitude, from 0.72 charge distribution of HF is dominated by the electronegative F,
au in HCN to 0.46 au in the adducts. Similar behavior is observed making the density on H difficult to polarize. The change in
for the F atoms where the belt of charge concentration in its VSCC dipolar polarization of H on formation of FH-NCH is 0.02 au,
(see Figure 1) decreases in magnitude from 14.3 to 13.1 au for 25-45 times smaller than that for the Ng atoms, The quadrupolar
the Kr system, and from 12.9 to i 1.8 for the Xc systeat. polarization of the H atom is similarly very slight, AQ,(H) =

The energy of an atom in a molecule is defined using the atomic 0.07 au, compared to a promotion of axial to toroidal density
statement of the virial theorem.4 .5 .24 These theoretical energies corresponding to changes of 1.0-2.0 au in the Q,,(fl) values of
agree with the experimentally measurable additive energies of the the Ng atoms. The H of HF is a much "harder" atom than the
methyl and methylene groups in the saturated hydrocarbonsg.39  Ng atoms, as is also reflected in the relatively small value of 0.79
thereby showing, together with their properties, that these atoms au for the penetration of its van der Waals envelope in its reaction
are the atoms of chemistry. Because the virial theorem is not with HCN. As a result, the energy change for the H atom on
satisfied to the same degree for HCN alone as it is for NgF+ and hydrogen bond formation is small and, since it is dominated by
their HCN adducts. the changes in the atomic energies cannot a loss in charge, destabilizing.32

be discussed for reaction 1.39 This difficulty is not encountered A comparison of the Laplacian distributions for the NRF* ions
for the molecules involved in the formation of NgF2, and the and HFm also show that the Kr and Xe atoms in NgF+ arc
changes in the energies of the Ng and F atoms for reaction 2 are stronger Lewis acids than H of HF. The Laplacian distribution
listed in Table V. for HF'° exhibits a single, continuous valence shell of charge

The energies of reaction 2 are dominated by the changes in the concentration (VSCC) that encompasses the proton. There is a
energies of the Ng atoms, and the same qualitative result is small local minimum in the valence shell of charge depletion
obtained for the formation of the HCN adducts. The considerable located 0.72 au from the proton, as opposed to the presence of
increase in stability of these atoms is not a result of charge-transfer an actual hole in the VSCC of the Ng atoms, which, as discussed
effects, which are small and correspond to a slight loss in charge above and illustrated in Figures 1 and 2, lays bare to an ap-
for Kr, but rather are a result of a reorganization of the charge proaching base the field of the central core of these atoms. Thus.
within the Ng atoms and their interaction with the base atoms, in addition to the decrease in the magnitude of thu nonbonded
As noted above, the charge density of the Kr atom in KrF* is charge concentration on the nitrogen atom on adduct formation,
contracted toward the nucleus in forming an adduct, In the case there is an increase in the penultimate shell of charge concentration
of KrF 2 this results in a contribution of 52 kcal/mol to the sta- of the Ng atoms, corresponding to the third quantum shell in Kr
bilization of the Kr atom, in spite of its loss of charge. This (Figure 1) and to the fourth shell in Xe, These are the shells
contraction is also eviden, in the change in the volume of the Kr exposed by the holes in the valence shells of charge concentration
atom on adduct formation, from 1I7 a,3 in KrFl' to 169 aal in in the Ng atoms (figure 2). According to oq 3, which shows that
KrF 2.4' Further stabilization results from the interaction of the the sign of the Laplacian determines the local departures of the
density on the Ng atom with the nucleus of the base atom. These kinetic and potential etiergy densities from their average ratio of
inrceasrd attractive interactions outweigh the increased desta- 2:1, a Lewis acid-base reaction corresponds to the combination
bilizing effects, the interatomic electron repulsions being minimized of a region with excess kinetic energy (the local charge depletion
by the dipolar and quadrupolar polarizations of the densities of on "he acid) with a region of excess potential energy (the local
the Ng atoms as described above, charge concentration on the base). It is the transfer of nonbonded

The considerable decrease in the energies of the Ng atoms on charge from the VSCC on the N atom to the tightly bound inner
formation of a Lewis acid-base adduct is predicted by the theory quantum shell of charge concentration of the Kr or Xe atom as
of atoms in molecules is the quantum equivalent of the classical made possible by their dipolar and quadrupolar polarizations that
description of the interaction in term.s of a large polarizable atom results in the dramatic lowering in the energies of these atoms
in the negative field of the base atom. The reason why the adducts on adduct formation.
of IICN with KrF` and XeF-• are considerably more stable than Acknowledgment is made to the donors of the Petroleum Re-
the adduct formed with the acid HF are quantitatively accounted search Fund, administered by the American Chemical Society,
for by comparing the properties of the Ng atoms with those of for partial supportl of this research (P.I.M. and R.F.W.B,). This
1t. The net positive charge on H is only 0.75 compared to 1.15 research was also pponsored hb, the U.S. Air Force Astronautic'.
and 1.41 for Kr and Xe, respoAtively, in the three fluorides. The L.aboratory, Edwards Air Force B'ase, California, Contract

49620-87-C-0049 (G.J.S.), and a Natural Scieces and Engi-
159) Wiberg, K. H.; B,idtr, R, J". W; Lau, C. D. It. J. ,m. Chem. So-, Ifl", Peering Research Council of Canada operating grant (G.J.S.).

109, Ioot.
(40) Hlader, R. F. W. Can. J. Cherm. 1986, 64, 1036. Registry No. Kr, 7439-90-9; Xe, 7440-63.3; N2, 7727-37-9; F2,
(41) Yhc viurne of an atomn it a measure of -h• region of space enclosed h 7782-41-4; ArF, 11089-94-0; KrF+, 11088-74-7; XcF*, 47936-70-9;

the union of the atom's interatomic surfaces and the 0.001 au censity KrF,, 1377.3-81-4; XeF2, 13709-36-9; FKrNCI|!, 118494-40.9;
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Krypton Bis[pentafluoro-oxotellurate(vi)], Kr(OTeFs) 2, the First Example of a Kr--O Bond
Jeremy C. P. Sanders and Gary J. Schrobilgen"
Department of Chemistry, McMaster University, Hamilton, Ontario LBS 4M 1, Canada

Krypton bis[pentafluoro-oxotelluiate(vi)I provides the first example of a species containing a krypton-oxygen bond
arid has been prepared by the reaction of KrF 2 with natural abundance and 17O-enriched B(OTeF5)3 at -90 to
- 112 T in S02CIF solvent; characterization of the thermally. unstable Kr(OTeFs) 2 and its decomposition products has-
been achieved using 19F and 170 n.m~r. spectroscopy.

It is only recently that the chemistry of krypton has been The interaction of KrrF2 and (10,173) 2 in SO2CI-F solvent has
extended beyond the Kr-F bonded species KrF2,1 KrF+, and also been reported to lead to peroxide formation at -45 TC by
Kr2F3 1 2 to include tile Kr-N bonded cations HC=-N--KrF+ 3 the route proposed in equations (5) and (6).8 The series of
and RFC:-N-KrF+ (RF CF3. C2175 , n-C3F-7)4 which are adducts XeF 2*nWOF. (n > 2) undergo bond isomerization to
thermally unstable above -50*C. With the extensionl of the give equilibrium mixtures ofFXeF - - -W0F4W0F 4 ),... and
chemnistry of Kr"l to Kr-N bonds, it seemed likely that a FXe-0-WF,.(WOF 4),,. in S0,ClF solvent while the MoOF.,
suitable strongly electron withdrawing oxygen ligand might adducts and !heir KrF2 analogue.s only exist as thc FNg-F--
afford a Ki-0 bond, albeit thermally unstable. -MoOF,(MoOF4..,, structures,') While it was thought that the

A previous published attempt to form Kr-0 bonds reports reaction between KrF2 and WOF4 might lead to Kr-0 bonded
the reaction of KrF2 with B3(0TeF,)3 in C10 3F at -10 I (C for species, these mixtures. unlike their F bridged Mo analogues,
16 h followed by a further 3h at -78 *CA. However, instead of are remarkably unstable. decomposing above - 100 *C in
the anticipated products being formed according to equations S02CIF to Kr, 02, WF6 , arid WOF 4.9 Again, P~t was proposed
(1) a'id (2). the ITF n,m,r, spectrum of the sample only that a Kr-.0 bonded structure may be an intermediate in the
revealed resonances attributable to F5TcOOTeF3 and the decomposition.
so~vent. Similar results have been obtained in this laboratory
for the reaction of KrF2 with B(o~rcF5) 3 in S02CIF at -78T8  (102F3)2 + KrF2 --+ Kr(OF41=0) 2  (5)
for several niinutes.0, In contrast. the reaction of XeF2 with
B(OTeF 5)j yields the thermally stable Xe(OTeF5)2.7 It was Kr(0F41=0)Z -. Kr + 0=1F740-0174 1=0 (6)
proposed that the FTeOOTeF.5 resulted from the decomposi-
tion of the intermediates, FKrOTeF 5 or Kr(0TAF5)2, accord- The thermo!yses of Xc(OTeF 5), and FXeOTeF 5 have been
ing to equations (3) and (4).5 reinvestigated iii glass at 160 0Cin the presetnt study diid shown

to yield almost quantitatively F5TcOOTeF 5 and Xe, and
3KrF2 + 213(OTcF 5),3  3Kr(OTcF5) 2 + 21F317 (1) Fjc:00Te!Fý and XeF,. according to couiations (3) and (4).

respectively. Contrary fo previous reports in which the
3KrF, 4+ B(OTcFEs)3 3FKr0'feF.% + 13F., (2) thermov~sc(if the two xcfior compounds had been carried out

in a Mondl vessel at 13)) 11 I only traces of FjeOTeF 5
r'g(OTcIF5 )2 * Ng -t F,-1 OO1eE5s (Ng =Kr or Xc) (3) (<2%) and other members of the serics TceF,,(OTeF0W,,_

21--O~el, -gf:, 4 F1'e0TO:5 (4) werc observed foi- the thermiolyses in glass tubes. T'lese
2F~g~eV- N~ 4FSTOOT'F 5  (4) findings suggested that analogous d ecomposit ions of
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Table 1. 170 and "~F n.m.r. parameters for Kr(OTeF,) 2 and related species.,

Chemical shiftSb

~sQ0 ~ (19 F) 2., -

Species A R, /HZ T11C
F.Jc0QTeFs, 314.5 -50.8 -52.3 - 110

(314.6) (-52.4) (-53.1) (20 1) (30)
F5TeOTeF, 140.7 -49.1 -39.2 182 -70
Xe(0TeFR)3d 152.1 -42.6 -45.3 183 -16
FXeOTcF~d 128.8 --40.8 -46.7 180 -If,
Kr(OTcF,). 95.2 -42.1 -47.2 181 -90)

Recorded in S0,ClF sovet b Chemical shifts were referenced with respect to H10 (1703 and CFCl, (19F)- c Parentheses denote
n.m.r. parameters obtained from it sample of (he pure material in SOICIF. d Niner. parameters obtained from samples of the pure material
in SO2CIF.

FKrOTcF5 and/or Kr,(OTeF 5)2, but at much lower tempera-

(a) . Btures. may be responsible for the formation of FsTeOQTeFs
B resulting from the reaction of KrF2 and B(OTeF,,)3. These

2000 H7findings prompted the reinvestigation of reactions (1) and (2)
A at lower temperatures with the view to providing definitive

evidence for FKr0TeF, and/or Kr(0TeFs)2 .
The reaction of B(ClTcFs 3 and 21 % 170 enriched

I B(OTeF,)3 with KrF2 at - 1 100C was monitored in S0 2 CIF by
B (251e) bath high-field 19F 17059 ~) n 0 (67.801 MHz)

d In.m.r. spectroscopy. Owing to the increased dispersion

1 Al, afforded in the i9F spectra at 11.744 T, it was possible to
.~ -~ 1k~.*observe a new AB, pattern to high frequency of the AB4

pattern of F$Te00TeF, (Figure 1) and this new pattern is
assigned to Kr(0TeF.,)2 . The AB4 pattern of this species

- . .- . -resembles the corresponding A134 spectra of Xe(OTeF 5)2 and
FXeOTeF 5 in that the A part occurs to high frequency of the-

-4.0 415 -50 55s -60 B4 part and the A part is well separated from the B4 part at an

(from CFCYexternal field strength of 11.744 T (Table 1). Furthermore, the
(1FrmCC) new AB, pattern cannot be attributed to any of the species in

the BFJ,(TeF 5)1ý_ scries, since the 19F n.m.r. spectrun of a

B sample containing BF ' and B(OTeFs)3 in a 1:1I mole ratio in

(b) . S0 2CIF reveals that, although the AB4 spectra of the mixed
I species occur in the region -45 to -48 p~pm.. the A parts of

6C H the spectra are almost coincident with the B4 parts. The

absence of these specte,, in the KrF2/B(OTeF5,)3 reaction
¶ I - mixturc is co-roboraicd by thc fact that the r-otn-B region of

e~ C'25Te) Ithe '9F spectrum shows only a single resonance attributable to

b (125Te BF3 (--126.8 p~pm.). The signals ascribed to Kr(OTeF 5)2
Aa Te) slowly diminished at -90'C and rapidly decreased upon

'.1 d Kwarming to -78'C for 3 min, yielding Kr and additional
11 C..;! . F5TeOOTeF5 (Figurc 1). However, a new F-on-Kr signal was

A li ,"not observed in these spectra, ruling out the formation of
FKrOTeF,. The 19F n.m.r. spectrum also showed four weak
doubetes in the region -38.2 to -40.3 p~pm. These have been

- .---------..----.-- assigned to the B. parts of the AB.i spectra arising from species
in the series TeF,,(O1 eFj)is ,, by comparison with 19F 11.1771r.

-4.0 -4.5 -50 -55 -60 data obtained at 470599 MHz for solutions of TeF,,-

159.(from CF1)(OTeF '~, in S02CIF and with the literatiure data for these
CF~~)species, 1iS1 The weaker A parts of the ABA4 patterns were not

identified since they are obscurred by the AB., pattern of
Figure 1. 19F N.m.r. spectra (470.599 Mliz) of KrF.2 (excess) in FTeOOTeF5 . The formation of smiall amounts of the
13(0TeF,) 5 in SO2CIF solution at -11l01C. (a) Spectrum obtained -r-1 7 1 pc~ Saiigu t icjslsoti
immediately after placing -;ample in probe: (A) AR4I SPeCtrUM Of ItTc5,.,sci s

KrfOTeF5)2: (B3) AR,4 spectrum of F,Te00TcFj with accompanyinv for the high-temiperature decompositions of FXe0TeFs and
1251C (6 99%10 1 =1) satellites. (abe.cd) B,4 parts of Alib spectra' Xc(0TeF5)0. The 710 in.m.r. spectrum of the KrF2 /B(OTeF5)',

arising from species ini the series (cl~F~~ , b) Specitrum reaction nhixturc also vicldcd a new 17C0 resonance to low

obtained at -111tiC after wairming sample to -78'(: for 3 !nm frequency of the Fl'iTc01TelF5 resonance (Table 1). The niew

depictin th re substantially dirniniv.hed intensity of the Kr(0IeP5) 2  resonance displayed atuilogous behaviour to the new 'IF
resoinances (A). resotnance whlen the catupic wsas warmed and is assigned to
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Kr(OTeF5 12. Thc new "IF and 110 chemical shifts are This research was sponsored by the United States Air Force
consistent with the OTeFi ligands possessinge more ionic As;tronautics L-aboratorv, Edwards Air Force Base, California
character than in their FXeOjTeFR and XceIO'cFj+ ana- (Contract I,4962tl-87-C70049) and a Natural Sciences and
logues. Whose 17( chemnical -hinfts arc reported here for the Engiiicering Research Council of Canada (N.S.E.R.C.C.)
first time (Table 1) "Thus,. the 170 resonance of Kr(OTeFO)s operating g-rant.
appears 'at the Io ret TquencY in ihi'. series.

In contrast to the reaction of XcF. with one third the Receiied, 14th June 1989. Coin. 9/02501 V
stoichciometr ic amount of B(OTeFAl ,. w hich yields an equili-
brium mixture of XeF -. FXeOTcFo_ and Xe(OTcF5) n eerne
SOClF. the reaction of a three-fold excess of KrF, with Rfrne
B(OTcF,)3 has failed to produce any direct evidence for I F. Schreiner. J. U. Malm. andJl. S. Hindman.J. Am,. Chjem. Soc..
F`KrOTe*Fý formation. Instead. Kir(OTeF~).. Kr. and 1965. 817. 25.
F5TeOOTeFý with traces of TeF,,(OTcFl,_,, %,etre obscirved 2 R. 1. Gillespic and G. J. Selirobilgen. Itiorg. Chem..ý 1976. 15, 22.
when the reaction "as allowed to proceed at -9(lto -1 I IICCin 3 G. I1 Schrobilgen. J. Chemn. Soc.. Chtenu. Corn"Plun.. 1988, 8563.
SOClF. The high solubility' of B( OTeF,4- relative to KrF2 in 4G crble.J /ei o. iei ~nnu. 98 56

SOCF tth owtmprtre eqiedt sailz E. Jacob, D. Lentz. K. Seppelt. and A. Simon. Z. Aiiorg. 111g.

Kr(OaeF)b presumnably ;cr\,cs to maintain B(OTcF),) in 6 N. Keller and G J. Schrobilgeii. unpublis.hcd observations.
eXCess. preventing the formation and obcservation (it 7 K. Seppelt. A.4ke- (Ihe,,,. Int,. Ed Enig/.. 1982. 21.-977.
FKrOTeFi. 8 R. G Svvret. Ph.D. Thesis. McMaster University. 1995.

The therinoissis of Kia()TFeFK ) has hccn foiund to be 1) 1 H Hollow.,%- ind G. J . Schrohilgev ii.Iorie Chem,i 1981. 20.

analogous tothat found for XeoffeF4.,. but occusrpd\a
considerably lower temperatures,. It is, theretore not surprising Wt F Slajdk>. ,iloiwmai. (bin).. 19701. 101. 1559

I I F Sl~idkv, AloniftOl Chie~m . 1970. 101t. 1571.that the species was not observed under the pres'iouslk i~ULn.H rtkw n . eph og lo. 98 7
reported reaction conditions and ati the low, dispersion field tv2
strengths used to observe the "IF 0m .spectra. 11 R. Danrienus;. P Huppmann. D. Lentz, and K. Seppelt. J. Chemn

In view of these findings further attempts to synithesize Soc.. Dahoti Irans.. 198-I. 2.P21
additional examples (if Kr-O bonded species are presently 14 J. C. P. Sander% and 0. J1. SchrobiIgen. biotK. C/ic,,.. to be
underway in this laboratory. submitted for publication.
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PART V

XENON(LI) ADDUCT-CATIONS OF N=SF 3 AND THE SOLVOLYTIC
BEHAVIOR OF FXe-NSF3,'; THE LXe-N=-SF 3 ' (L =F, OSeF5),
FXe.-N(H 2 )SF5,' and FXe-N(H)=SF 4' CATIONS
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SECTION 1. REACTIONS OF NOBLE-GAS CATIONS WITH THE LEWIS BASE NISFý,;

EXAMPLES OF NOVEL BONDING SITUATIONS IN NOBLE-GAS CHEMISTRY

INTRODUCTION

General Criteria Required for Ligands Bonded to Xenon

There are two general classes of ligands which are suitable for

stabilizing noble gases in their positive oxidation states, those derived

from protonic acids which also exist as stable anions, and neutral Lewis

base species. An "anion-type" ligand must possess properties which renders

it resistant to redox degradation if it is to withstand the high electron

affinity associated with the positive formal. oxidation state of the noble

gas it is bonded to. Using the following criteria, a ligand of this class

1. must have a high effect'- group electronegativity,

2. usually exists as a mouv~rate to strong monoprotic acid,

3. should exist as a stable anion in alkali metal salts,

4. should form a positive chlorine derivative.

For example, in the case of FXeOTeF,, Xe(OTeF,) 2 and Kr(OTeF,),, the precursor

acid, HOTeF,, its alkali metal salts M÷OTeF,- and the chlorine derivative

ClOTeF, are known.

114•w U .Z aaseVL)1iG5-t.Y le ligands must meet someuhat modii-

requirements in order to serve as a suitable noble-gas ligand
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1. the base should possess a first adiabatic ionization potential
greater than the electron affinity of the strongly oxidizing
noble-gas cation, and

2. the ligand must be basic enough to donate a lone pair to
the noble-gas cation.

The electron affinity of the cation XeF÷ has been estimated to be 10.9

eV- using a modified form of the Born-Haber cycle (Figure 1), while that of

KrF÷ is estimated at 13.2 eV' using a similar approach.' In xenon(II)

cations, their electron affinity decreases as the electronegativity of the

stabilizing ligand decreases. Therefore, the electron affinity trend for

these cations is KrF÷ > XeF÷ > XeOSeF5 ÷ > XeOTeF,*. Using the estimated

electron affinities, one can generate a list of ligands which, based solely

on their first adiabatic ionization potentials, should serve as a guide for

forecasting which ligands are stable to redox degradation by these noble-gas

cations (Table 4).
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BE(XeF1)
Xe÷ + F • XeF*

A

IP(Xe) EA(XeF÷)

Xe + F 4 XeF"
BE(XeF")

EA(XeF÷) IP(Xe) + BE(XeF') - BE(XeF*)

IP(Xe) = 12.1 eV

BE(XeF÷) • 2.1 eV = 2.03 eV (gas phase)

BE(XeF*) • 0.86 eV

EA(XeF÷) • 10.9 eV

Figure 1. Estimation of the electron affinity of XeF*.
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Table 4. Ionization Potentials of Some Organic and Inorganic

Ligands (eV)

Spgund Ref. _compound lot IBe -,.

CFCmN 13.90 a ND, 11.52 j

(CrNN) 2  13.80 b s-C 3 F3N3  11.50 k

HCrN 13.59 c N'D 2H 11.47 j

trans-N2 F2  13.10 d NCC-CCN 11.45 1

CH 2FC-N 13.00 e NCC=-CC-CCN 11.40 1

CH2C1C-N 12.90 e S(C=N) 2  11.32 m

CFN-C 12.60 a CH3N--C 11.30 A

NrSF, 12.50 f CH 3C=CH. 11.24 b

CICIN 12.49 g ICaN 10.98 g

CHF 2CF-N 12.40 e HNC=-N 10.76 n

CDCEN 12.24 h B-B 3H3F3N,, 10.46 k

CHC1 2CuN 12.20 e NH, 10.34 o

CH,CmN 12.19 h CFN .0.08 k

N.F. 12.04 i C3 HN, 10.07 p

BrCiN ii.95 g C6F•II 1.0.00 q

CHCmN 11.85 b CF 3  9.25 r

NmSF 11.82 f

Bock, H; Dammel, R. and Lentz, D., Inorg. Chem., 1984, j3, 1535.

SField, F.H. and Franklin, J.L.,"Electron Impact Phenomena and the

Properties of Gaseous Ion", 1954.

Dibeler, V.H. and Liston, S.K., J. Chem. Phys., 1968, 48, 4765.
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Xenon-Nitrogen Chemistry

It was not until 1974 that the first xenon-nitrogen compound was

prepared.3 The general approach was to use a ligand satisfying the criteria

for "anion-type" ligands. For this purpose, a nitrogen ligand made highly

electr-,negative by substitution with the electron withdrawing SOQF groups

was selected. The reaction was shown to proceed according to equation (3).3

CF 2 Cl 2

XeF 2 + HN(SO2F) 2  > F-Xe-N(SO2 F) 2 + HF (3)

0 °C, 4 days

The instability of the bis(fluorosulfuryl)imido derivative resulted in

the product not being fully characterized until 1982 when definitive

evidence for Xe-N bonding was obtained in the form of low-temperature

crystal structure in this laboratory (Figure 2).'

Several other compounds containing N(SO2X)1 (X = F, CF,) groups bonded

to xenon(II) were also prepared (Table 5) with Xe[N(SO2 CF,) 2 ]2 being stable

at room temperature.
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1% (3)

SXe

0(23)0(22 ~2.200M3

,. , SO?-- N

1523 1.20s 003•-•oI)

F(21) 0 ()22) 1.539(3),) F.• 1)

0 o(12)

Figure 2. Crystal Structure of F-Xe-N(SOF),.
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Table 5. Xe-N Derivatives of the N(SO2 X)2 Group (X = F, CF,)

FXeN(SO2F)2  4

( XeN (SO 2F), ] ]AsF,"' 5

[ XeN (SOF),2 ] *Sb,F•," 5

F [ XeN (SOF)J 2 ],AsF,- 6

Xe [N(SO2F) 2 ] 7

Xe [N(SO2CF 3.)] 2  3

Table 6. Physical Properties of Thiazyl Trifluoride

melting point,' -72.6 0C

boiling point,' -27.1 °C

first adiabatic ionization potential' 12.50 eV

78. 4 -67.2

134.9 -59.2

206.8 -52.2

300.8 -45.6

400.1 -40.2

443.5 --38.3

548.6 -34.0
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LgwjAqd5b o of ME`~ and 1YrF'

In 1987, the scope of xenon-nitrogen chemistry and noble-gas chemistry

in general was dramatically broadened by the discovery that XeF÷ had

significant Lewis acid properties and would, therefore, interact with

nitrogen bases to form donor-acceptor type adducts."' The XeF* cation

functions as an electron-pair acceptor towards the lone pair on a variety

of oxidatively resistant nitrogen base ligands and can conveniently be

classed as a "hard" Lewis acid.' Nitrogen containing ligands possessing

first adiabatic ionization potentials in excess of 10.9 eV, the estimated

electron affinity of XeF*, were sought out as suitable candidates for adduct

formation.

Adduct preparation involves the interaction of stoichiometric amounts

of XeF'AsF," and a suitable nitrogen base in anhydrous HF solvent (e.g.,

reaction 4), or a protonated base salt with XeF, in BrF, solvent (e.g.,

reaction 5). Both reactions

HCON + XeF*AsF6 - > HC=N-Xe-F÷AsF.- (4)

F8CNH+AsF," + XeF, / = FCN-Xe-F+AsF6 " + HF (5)

are followed by pumping off the HF and BrF, solvents and HF produced in the

reaction. Brief warming to between -30 and -20 °C generally effects

reaction and dissolution of the xenon(II) adduct cations in the solvent

without significant decomposition. Pumping (in vacuo) at -50 to -30 'C
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resulted in the isolation of white solids, many of which are not stable

above -10 °C. This approach has lead to the praparation of a large number

of novel xenon-nitrogen compounds, including adducts with perfluoroalkyl-

nitriles," perfluoropyridine.: 0 and s-trifluorotriazines."2 Solutions of the

adducts in HF and/or BrF, have been examined by 'H, "C, 2"F, 12"Xe, "'N and "N

NMR spectroscopy, and solid samples of many of these compounds have been

characterized by low-temperature laser Raman spectroscopy.

The KrF+ cation (estimated electron affinity, 13.2 eV),' has also been

shown to exhibit Lewis acid properties, reacting with suitable oxidatively

resistant ligands using the synthetic procedures outlined above. The KrF*

cation is, in its own right, a very potent oxidant, the most potent chemical

oxidant known, and also undergoes autocatalytic redox reactions in HF

solvent liberating Kr and F, gases. In order to overcome these

difficulties, the interaction of neutral KrF, with HC5NH+AsF6 - (first IP of

HC0N, 13.59 eV)13 in BrF, was attempted. The reaction proceeded according

to equation (6) and resulted in the formation of HC'N-KrF÷AsF 6-, the first

known species containing a krypton-nitrogen bond." The HCaN-Kr-F÷ cation

KrF, + HC=NH'AsF6 - > [HC•N-Kr-F]'AsF 6, + HF (6)

is stable at -50 to -60 °C in BrF, solvent but detcnates as a solid

precipitated from HF solvent at ca. -60 °C. The cation has been

unambiguously characterized by low-temperature Raman spectroscopy and "9F,

15N, "3C and 'H NMR spectroscopy.
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Thfiagl Tif luoride: a Lewis-Base f or Ad-j_,FormatiQn

Thiazyl trifluoride, N=SF,, is synthesized in a three step process as

shown by equations (7) - ( 9 ).15,6 Some of its physical

SiCl, + 4KOCN > Si(NCO), + 4KCI (7)

4SF4 + Si(NCO), > 4FC(O)NSF2 + SiF, (8)

FC(O)NSF2 + 2AgF2  > COF 2 + NýSF 3 + 2AgF (9)

properties are given in Table 6. Crude NaSF, gas is further purified by

washing in water to remove COF2 , but in the process, unreacted SF, is

hydrolyzed to SOF2 . Unfortunately, the vapour pressures of NESF, and SCF,

are sufficiently similar so that their separation cannot be effected by

simple trap to trap distillation. Therefore, chemical means were employed

where SOF, was oxidized by an aqueous solution of potassium permanganate to

C042- 16

The observed first adiabatic ionization potential (12.50 eV) 9 ought to

render the compound stable to redox degradation due to oxidative

fluorination of the ligand by XeF÷. Moreover, the known adduct behavior of

NmSF, with Lewis acids (e.g., MF,, M - As, Sb)17 suggests that NsSF,

possesses a significant basicity and it should form stable Xe-N bonds with

XeF*, XeOSeF,÷ arid XeOTeF5 " and possibly even KrF÷ and the xenon(IV) cation,

XeF,*.
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Nuclear Magnetic Resonance Spnctroscopy

NMR spectroscopy is the single most powerful technique used in the

structural characterization of noble gas species. This technique is

especially useful in the structural verification of xenon-nitrogen compounds

due to the presence of several naturally occurring, spin-active isotopes,

e.g., '29Xe, "4N, 2H, 13C and 9"F. The one-bond % )upling constants 'J(1 2 9Xe-"-F)

and, in some cases, 'J(. 29Xe-I"N) can be used to characterize F-Xe-N linkages.

Two-, three- and, sometimes, four-bond couplings can also be observed which

provide additional structural information. Although "N is a quadrupolar

nucleus.with a small quadrupole moment (Q = 1.67 x 10--3 m2 )2' couplings to

it can be observed when the following conditions are met: a) the electric

field gradient at the nucleus is zero or low as in tetrahedral or octahedral

environments (e.g. AsF 6 ), or small as in axially symmetric

species such as the HCmN-XeF* cation and b) the rotational correlation time

is small, such as in the low-viscosity solvent anhydrous HF. Spin-spin

coupling constants can also be used to assess bonding trends in

structurally-related species. The NMR-active isotopes relevant to the

present work and some of their properties are listed in Table 7.
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Table 7. NMR Properties of Nuclides Employed in This Work'"

Isotope in Natural Abundance _Mj NMR Freaugncy (MHz•°

"19F 1/2 100.00 94.094

.
29Xe 1/2 26.44 27.856

"34N 1 99.63 7.226

77se 1/2 7.58 19.071

" Frequencies are relative to the protons of TMS, which resonate at exactly

100 MHz (B, = 2.349 T).

Raman Spectroscopy

Raman spectroscopy is the preferred vibrational spectroscopic method

employed for the characterization of the majority of reactive fluorides in

the solid state. Because of their strong oxidant characters, noble-gas

fluoride species are particularly problematic. These materials must be

handled in inert sample containers composed of a transparent fluoroplastic

such as FEP, glass or sapphire. This technique is especially useful for

noble-gas species of the type L-Xe-F (e.g., L = -OTeF;-, HCýN-). In

particular, the Xe-F stretch is generally the most intense or one of the

most intense lines in the Raman spectrum and can be used to assess the

degree of covalency in the Xe-L bond, i.e., a shift to lower frequency for
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the Xe-F stretch implies a more covalent Xe-L bond (see Table 8).

In the present study, Raman spectroscopy was the preferred vibrational

method for several reasons. Raman spectroscopy provides more information

about low-frequency vibrations which are common for the heavier, main-group

elements and is a particularly sensitive technique owing to the strong Raman

scattering character of vibrations involving heavy elements. Of the two

containment materials used in this study, FEP does not produce a significant

number of bands in the frequency range of interest and glass produces no

interfering lines. However, both of these materials absorb strongly in the

IR spectrum, rendering them useless for the latter studies. Moreover,

noble-gas species studied in the course of the present work cannot be

studied using conventional IR cell materials owing to the strongly oxidizing

properties of these species which attack most IR window materials. Other

advantages are that Raman spectra can be easily obtained, even at low

temperature (-196 °C), since the apparatus allows the sample to be suspended

in an unsilvered Dewar containing liquid nitrogen (see Figure 10).
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Table 8. Comparison of Xe-F Stretching Frequencies in F-Xe-L

.Derivatives

Compound/ Cation v(Xe-F), cm-" Ref.

F-Xe*. F ... SbFi" 619 a

F-Xe*- .F. • .AsF.- 610 a

(F-Xe) 2 F÷ 596 a

CH3C--N-Xe-F÷ 560 b

HC=N-Xe-F÷ 559 b,c

CFNN-Xe-F' 544 d

F-XeOIOF4  527 e

CFN-Xe-F÷ 528 f

4-CFCFN-Xe-F÷ 524 f

F-XeOToF 5  516 g

F-XeN ( SO 2F) 2  506 h

" R.J. Gillespie and B. Landa, Inorg. Chem., 1973, 12, 1383.

SA.A.A. Emara and G.J. Schrobilgen, J. Chem. Soc., Chem.

Commun., 1987, 1644.

A.A.A. Emara and G.J. Schrobilgen, unpublished work.

G.J. Schrobilgen, J. Chem. Soc., Chem Commun., 1988, 1506.

R.G. Syvret and G.J. Schrobilgen, Inorg. Chem., 1989, 28,

1564.

SA.A.A. Emara and G.J. Schrobilgen, J. Chem. Soc., Chem. Commun., 1988,

254.

F.O. Sladky, Monatsh. Chem., 1970, 1Q0, 1571.

G.A. Schumacher and G.J. Schrobilgen, Inorg. Chem., 1983, "2, 2178.
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Purpose and Scope of the Pre§snt Work

In the present work, N=SF, was selected as a suitable candidate

to form adducts with selected xenon(II) cations because of its high first

adiabatic ionization potential (12.50 eV).9 Thiazyl trifluoride was studied

in solvents used in noble-gas research to determine the stability and

solubility of the ligand. The F3SmN-AsF, adduct was prepared in order to

confirm the base strength of the ligand. Based on the expected base

strength of N•SF3 , syntheses were attempted to form Lewis acid-base adducts

with the noble-gas cations XeF÷ and XeOSeF,*. Characterization by "F, 1-'N and
129Xe NMR spectroscopy was the primary spectroscopic technique employed with

adducts in solvents deemed suitable for either the preparative work or the

dissolution of the species. The isolated salts were studied in the solid

state using low-temperature Raman spectroscopy.

EXPERIMENTAL

Apparatus and Materials

The air- and moisture-sensitive natures of the precursors and

products required that all manipulations be carried out under anhydrous

conditions. Air-sensitive samples of low volatility, e.g., XeF÷AsF,-, were

transferred in a nitrogen-filled drybox (Vacuum Atmospheres Model DLX)

equipped with cryogenic wells which were used to transfer samples that were

thermally unstable under anhydrous conditions. Volatile reagents and
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solvents were transferred on a metal vacuum line constructed from 316

stainless steel, nickel, Teflon, FEP and Kel-F (Figure 3). Pressures were

.measured at ambient temperature using an MKS Model PDR-5B power supply

digital readout in conjunction with pressure transducers having inert,

wetted surfaces constructed of inconel. Two transducers of different

dynamic ranges were used, 0 to 1000 Torr and 0 to 1 Torr. The pressures

were accurate to ±0.5% of scale.

NMR samples were prepared either in glass tubes (5 or 10 mm o.d.)

and flame-sealed, or in FEP tubes (4 or 9 mm o.d.) heat-sealed at one end

and flared (SAE 450) at the other. Raman samples were prepared in FEP tubes

(1/4 inch o~d.) heat-sealed at one end and flared (SAE 450) at the other.

Each tube was fitted with a Kel-F valve (see Figures 5 and 7).

The purification of the solvents SO2C1F (Columbia organic

Chemicals)," 9 HF (Harshaw Chemical Co.), 2b and BrF, (Ozark Mahoning), 20 have

been described previously. The preparation of the starting materials

XeF÷AsF6 -, 2' and XeOSeF,*AsF6 22 has been described elsewhere.
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-~ transducer

to r'ough dr'yVacuum nitrogen

to hard 4
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Figure 3. Metal. vacuum line used for the preparation of N=SF3 derivatives

and spectroscopic samplec.
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Purification of NaQF,

A sample of NaSF3 , provided by Dr. J. Thrasher, University of

Alabama, Tuscaloosa, was prepared by the standard literature method.'-5 16 A

modified version of the literature method for purifying NESF3 was employed,,-

using the apparatus shown schematically in Figure 4. The apparatus was

initially flushed with dry nitrogen for five minutes and was maintained at

slightly over atmospheric (ca. 780 Torr). Impure NMSF, was introduced into

the flow at a very slow rate. The SOF 2 impurity,"5 was oxidized by aqueous

solutions of 5% KMnO, to SO,2" by dispersing the gas stream using a coarse

sintered glass diffuser followed by passage through a second fine diffuser.

The carrier-gas and NaSF, were dried by passage through a column filled with

granular PO,,. The dried gases were then passed through a U-tube cooled

to -196 °C where the purified N=SF3 was collected.

The amount of pure NRSF, recovered was 90.1%. The purity of N•SF,

was assessed using gas-phase infrared spectroscopy. The specta were

recorded in a glass cell (10 cm path) equipped with AgCl windows. The

predominant impurity, SOF2 , displays a band at 1333 cm-' corresponding to the

S=O symmetric stretch 2  which is not coincident with any peak in the

infrared spectrum of N•SF,. The impure sample, at 10 Torr pressure in the

IR cell, produced an intense peak at 1333 cm-1, but no peak was observed for

the pure sample even at 300 Torr.
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Figure 4. Schematic diagram of the apparatus used for the purification for

N=SF,.
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Preparation of NaSF,__olutions for NMR S2ect~rosF.2P

Approximately 0.04 mL of NaSF., was dist.iled into 4 5 inm glass

precision medium-wall NMR tube (Wilmad), or a 4 fila FEP tube (used for Hr

solvent). The appropriate solvent (SOCIF, BrF, or anhydrous HF, za. 0.4

mL) was then distilled onto the sample which was frozen at -196 °C and the

tube sealed under dynamic vacuum. Apparatus used for the preparationi of

solutions in each solvent are shown in Figures 5 - 7.

I!e-Prt-d ion of for F NMfR Spectroscopy

Approximately 0.04 mL of NsSF, was distilled into a 5 mm glass

precision medium-wall NMR tube (Wilmad) and frozen, followed by a slight

excess of AsF,. Under static vacuum, the sample was warmed to -71 °C where

reaction took place forming a white solid which dissociated upon warming to

room temperature. After cooling to -78 °C, unreacted volatiles were pumped

off and solvent (SO 2ClF, or BrF,) was distilled into the tube at -196 OC

(Figure 8) and the tube was flame-sealed under vacuum at -196 OC4
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Figure 5. Apparatus used for the preparation of a solution of NmSF, in

SO 2CIF solvent for NMR spectroscopy.
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0

Figure 6. Apparatus used for the preparation ot a solution ot N--SF, in BrF,

solvent for NMR spectroscopy.
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Figure 7. Apparatus used for the preparation ot a solution or N=', in

anhydrous HF solvent or samples for NMR spectroscopy.
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ELreparation of F 1-X-e-F÷As&E- for "F and "2 'Xe NMR Spectroscopy

In a typical preparation, XeF*AsF,- (0.0988 g, 0.291 mmol) was

transferred in a drybox into a 5 mm glass precision medium-wall NMR tube

(Wilmad). The solvent, BrF, (ca. 0.4 mL), was distilled onto the salt at --

196 °C. The XeF÷AsF;- was dissolved in the BrF, solvent at room temperature

and then reprecipitated by chilling to give finely divided material.

Thiazyl trifluoride was then distilled in at -196 °C (295 Torr, 21.28 mL;

0.317 mmol), Figure 9. A pale yellow solution was observed as the reaction

proceeded at -65 OC. The tube was then frozen at -196 °C and flame-sealed

under vacuum. The same synthesis was carried out in a 9 mm FEP NMR tube

using 0.4304 g (1.269 mmol) of XeF÷AsF,- and 1.377 mmol (1202 Torr, 21.28 mL)

of Nr4SF,.

Preparation of Fr SmN-Xe-OSeF.4 AsFg- for "-F and '29 Xe NMR Spectroscopy

The sample was prepared in an analogous fashion to that used for

the preperation of FS=N-XeF÷AsF,- in BrF5 solvent using 0.1520 g (0.2979

mmol) of XeO:AF,÷AsF.- and a 15 mole % excess (319 Torr, 21.28 mL) of NaSF3 .

On warming to -65 "C, the BrF. solution turned pale brown in color. The

solid adduct was not isolated from the solution. The same synthesis was

carried out in a 9 mm FEP NMR tube using 0.5145 g (1.008 mmol) of

XeOSeF,*AsF,- and a 36 mole % excess (1200 Torr, 21.28 mL) of NsSF3 .
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Figure 9. Apparatus used for the preparation of F3S-=N-Xe-L÷AsF,- (L = -F,

-OSeF 5 ) by the direct -of Xe-L÷AsF.- and N=SF, in BrF.

solvent.
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Preparation of FSN- eF+AsF•- forRaman Spectroscopy and for Solution in

Anhydrous HF Solvent for NMR Spectroscopy

The title compound was prepared as described previously, except

that a 1/4" o.d. x 3/16" i.d. FEP reaction tube was used,

and larger scale samples were prepared. Typical quantities used were 0.4266

g (1.2577 mmol) of XeF÷AsF,- and a 27 mole % excess

(1365 Torr, 21.28 mL; 1.597 mmol) of N=SF.. The sample was not sealed, but

warmed to ca. -40 °C, then warmed further to -15 °C, in an attempt to pump

off the BrF, solvent used for these preparations. Even after several days

of pumping, BrF, was still detected by condensation at -196 0C on the wall

of the tube.

For the NMR sample, solid FS=N-XeFVAsF6 - from a Raman saiLple

isolated from BrF5 solvent (ca. 0.1 g) Was transferred at low temperature

in a drybox to a 4 mm FEP tube. Anhydrous HF solvent (ca. 0.4 mL) was

distilled at -196 °C onto the salt, the tube was heat-sealed, and the sample

warmed briefly to -78 °C to dissolve the salt before storing at -196 °C.

Neat Preparation of F3SýN-XeF÷AsF- for Raman Spectroscopy and for Solution

in Anhydrous uF Solvent for NMR Spectroscopy

The salt, XeF÷AsF6 - (0.1481 g, .437 mmol), was transferred to a

1/4" o.d. x 3/16" FEP reaction tube and a two-fold excess (738 Torr, 21.28

mL; 0.793 mmol) of NmSF, was distilled onto the salt. The tube was warmed

to -25 °C for two hours while t r on took place which produced a white

powder.
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For the NMR sample, the title compound was prepared as above on

a similar scale, but in a 9 mm FEP NMR tube. Anhydrous HF (ca. 1.5 mL) was

distilled onto the salt at -196 *C and the sample was heat-sealed and stored

at -196 'C.

Nuclear Magnetic Resonance Spectroscopy

Additional samples of the above systems were prepared as required

depending on the nucleus under investigation and the solvent used as

specified in Table 9.

The 19F NMR spectra were recorded with the use of a Bruker AM-500

spectrometer equipped with a 11.7438-T cryomagnet and a Aspect 3000

computer. The '29Xe and "N spectra were recorded with the use of a Bruker

WM-250 spectrometer equipped with a 5.8719-T cryomagnet and an Aspect 2000

computer. Acquisition parameters for "F, •'2 Xe and "4N are listed in Table

10. For low-temperature measurements, the samples were usually warmed only

sufficiently to liquify and solubilize or partially solubilize the

compounds. Samples were placed in the precooled NMR probe and allowed to

eqv librate in the probe for several minutes while spinning prior to data

v,75uisition.
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Table 9. Sample Tube Materials and Dimensions for NMR Samples

Nucleus Solvent Sample Tube Materials and Dimensions

*9F SOQCIF Wilmad 5 mm o.d. medium wall glass tube
BrF,

HF 4 mm o.d. FEP tube for insertion into a Wilmad thin wall
5 mm o.d. precision glass tubea

3.9Xe BrF, 9 mm o.d. FEP tube for insertion into a HF Wilmad thin
wall 10 mm o.d. precision glass tube4

"N HIF 9 mm o.d. FEP tube for insertion into a Wilmad thin wall
10 mm o.d. precision glass tube*

4 FEP tubes are made to fit inside an appropriate glass NMR tube which is
precooled when necessary for obtaining low-temperature spectra.

Table 10. Acquisition Parameters for '"F, I'2 Xe and 14N NMR Spectra

Acquisition Parameter !ýF L• 14N

Reference Standard CFC1, XeOF, CHNO2

(24 "C, neat)

Resonance Frequency (MHz) 470.599 69.562 18.075

Data Point Resolution 0.2 to 3.6 1.5 to 12.0 4.9
(Hz/data point)

Spectral Width (Hz) 2000 to 30000 25000 20000

Memory Size (Kb) 16 to 32 8 to 32 8

Pulse Width (ps) 1.00 35.00 49.00

Line Broadening (Hz) 0 to 5 3 to 15 1

"ALI- of 400 to 3000 2000 to 20000 2000
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Raman Spectroscopy

A Coherent Nova 90-5 argon ion laser, providing up to 5 W at 514.5

nm was used as the excitation source in conjunction with a Spex Industries

Model 14018 double monochromator equipped with 1800-grooves/mm holographic

gratings. The spectra were accumulated using a RCA C 31034 phototube

detector combined with a pulse count system (Hamner NAIl) consisting of a

pulse amplifier analyzer (Hamner NC-lI), and a rate meter (Hamner N-708 A).

Spectra were recorded using a Texas Instruments Model FSOZWBA strip chart

recorder. Slit widths depended on the scattering efficiency of the sample

but were typically set between 50 and 150 pm. The scanning rate used was 0.5

cm-s-. The typical laser power range used was between 0.4 and 0.9 W. All

Raman shifts quoted are estimated to be accurate to ±2 cm-'. Cylindrical

sample tubes were mounted vertically. The angle between the laster beam and

sample tube was 45%, and Raman-scattered radiation was observed at 450 to

the laser beam or 900 to the sample tube. Low-temperature spectra were

recorded by mounting the sample vertically in an unsilvered Pyrex glass

Dewar filled with liquid nitrogen (Figure 10). All spectra were obtained

directly in FEP reaction vessels.
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Figure 10, Unsilvered glass Pyrex dewar used to obtain low-

temperature Raman spectra.
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•Tharacterilation of NOSF, by "'F NMR Spectroscopy

The characterization of NmSF, by low-temperature "F NMR

spectroscopy was carried out in SO2ClF, BrF, and anhydrous HF solvents, and

served as the basiL for the selection of appropriate solvents in subsequent

synthetic work. Thiazyl trifluoride was expected to be stable in SO2ClF and

the spectrum of this sample was used primarily as an additional means to

assess the purity of the compound. The strong oxidative fluorinating

solvent, BrF,, may reasonably be expected to fluorinate N=SF3 , thereby

rendering the solvent unsuitable for further synthetic work. Moreover,

NESF, was known to undergo solvolysis in anhydrous HF by addition of HF to

the NýS bond forming SF,-NH2 as the product."4 By monitoring the extent of

solvent attack in both BrF, and HF at low temperature, the suitability of

each solvent for the proposed synthetic work could be assessed.

The "'F NMR parameters for NmSF, in SO2CIF, BrF, and anhydrous HF

solvents are given in Table 11. The 1-F NMR spectrum of NESF 3 in SO2ClF

solvent at 28 °C is shown in Figure 11. The scalar coupling, 2J( 1F-14N),

between "F and "'N is observed as a 1:1:1 triplet in the -9F spectrum. In

addition, the isotopic shift associated with 34S (4.21 % natural abundance)"'

was observed for the first time at -0.060 ppm relative to NE3 2SF3 . The

observation of coupling to the quadrupolar nucleus, 1"N, indicates that

quadrupole relaxation is slow, presumably because the electric field

gradient at nitrogen is small and the low viscosity of the solvent allows

for rapid molecular tumbling, reducing the molecular correlation time
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'able 11. 19F Parameters for N--SF 3 and Related Speciesa

species a 6 (19F) ,b 2J(,F-"N) ,
RUM Hz _ PRm

F3SýN: SOC1F 68.2 26.5 -0.060

F3S=N: BrF, 63.1 c -0.060

F3S--N: HF 56.3 c d

FS-NH2  HF 51.0, F.. C -0.060
71.3, F.q c -0.057

F3S-N-AsF," SO2ClF 49.7 c -0.067

F3S=-N-AsFt BrF5  46.3 c d

"All spectra were recorded at -56.5 'C with the exception of the NSF,
solution in SO2C1F, which was recorded at 28 °C.

F-on-S(VI) region.

Spin-spin coupling not observed.

d Isotopic shift not resolved.

"Spectrum obtained at 28 "C; F-on-As(V) region: 6(19F), -42.8

ppm.

F-on-As(V) region: 6(F,,), -80.6 ppm; 6(F•), -32.7 ppm;

2-J(39Fa,-1"F.,q), 121 Hz.
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Figure ii. "'F NMR spectrum of N3SF, in SOC.1]. at 28 °C:

(A) F-on-32S(VI), (B) F-on-"'S(VI).
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in the equation for quadrupole relaxation. 2"

The "'F NMR spectrum for N-SF, in BrF, at -56 *C displayed no

evidence for decomposition in BrF5 solvent. The isotopic shift associated

with 2'S was observed at -0.060 ppm relative to No 2SF,, while the coupling

to I"N was no longer observed owing to the greater viscosity of the BrF,

solvent which, in turn, increases the molecular tumbling rate, leading to

quadrupole collapse of 2J(",F-X4N). 2 '

The reported solvolysis of NmSF, in anhydrous HF2' was confirmed

by recording its "'F NMR spectrum at -56.5 °C. The spectrum consisted of an

intense singlet at 56.3 ppm assigned to NsSF, in the F-on-S(VI) region and

was similar to that observed for NzSF, in BrF, solvent (63.1 ppm); however,

the coupling to "N and the 14S isotopic shift were not observed. A weaker

set of signals at 51.0 and 71.3 ppm was also observed (Fig. 12) which could

be associated with the solvolysis product FS--NH,. A mechanism has been

suggested which proceeds by the. addition of polar species such as HF or CIF

across the SON triple bond. 27  Upon warming to ambient temperature, the

characteristic pattern for an AX, spin-system grew in with the concomitant

loss of the N&SF. singlet, confirming the complete solvolysis of NmSF, by

anhydrous HF at or near room temperature.

Characterization of F.5 AEF in 5.Q•ClF and BrF_ SolYents b2Y-F 1UM

The F,SwN-AsF, adduct was prepared in ozder to confirm the base

strength of the ligand, N-SF,. The 19F NMR parameters for

this adduct in SO,ClF and BrF, solvents are given in Table 11. The "9F NMI)
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'igure i2. --Y NMR spectrum ow NSr', in anhydrous Hm at -bb.b -C:

(A) F-on-S(VI); (B) F.,-on-S(VI), (C) F.x-on-S(VI).
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spectrum of FS=N-AsF, in BrF, solvent at -56.5 °C is shown in Figure 13.

Adduct formation was confirmed in both solvents as demonstrated

by the lower frequencies of the F-on-S(VI) chemical shifts and proceeds

according to equation (10). The 'IF chemical shift

neat
FS=N: + AsF, > F3S=N-AsF, (10)

-71 OC

decreases from 68.2 to 49.7 ppm in SO2ClF, and from 63.1 to 46.3 ppm in BrF,

solvent. The isotopic shift, 'A' 9F- 34
/
32

1S, increases in magnitude from 0.060

to 0.067 ppm as a result of adduct formation in SC2C1F solvent, and is

indicative of an increase in the S-F bond strength.' 5

Characterization of FS=f-Xe-OSeF, in BrF. Solvent by -1F and 1
29Xe NMR

Spectroscopy

The F3S=N-Xe-OSeF5, cation was prepared by the reaction of

XeOSeF,4 AsF6 - with N=SF, in BrF, solvent at -60 *C, and was characterized at

this temperature in BrF, solvent by '-F and 1"'Xe NMR spectroscopy. The NMR

parameters are given in Table 12.

The 12"Xe NMR spectrum of FSmN-Xe-OSeF,*AsF," in BrF, at -60 0C

displays a broad singlet (Au, = 157 Hz) at -1979 ppm compared with -1438 ppm

for Xe-OSeF,÷ in BrF5 (-56 1C). The decrease in 6(" 2'Xe) results from an

increase in shielding at xenon attributable to the formation of the Xe-N

donor-acceptor bond according to equation (11).
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4646 44 -30 -35-5 0

6 19F (PPM from CFCI,)

Figure 13. 1-9F NMR spectrum of FS=-AN-AsF, i.n BrF, at -56.5 0C:

(A) F-on-S(VI), (B) Fq-on-As(V), (C) F..-on-As(V).
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BrF,
FS-N: + Xe-OSeF,*AsF 6 " > F3SiN-Xe-OSeF,÷AsF,- (11)

-65 °C

The "'F NMR spectrum in the F-on-S(VI) region (Figure 14),

displays a singlet at 53.5 ppm (cf., 63.1 ppm for free. N-SF2 ) and an

isotopic shift, 'A&'F( 4' 22aS, of -0.066 ppm (cf., -0.060 ppm for free N=SF,).

Both parameters are similar to those of the FS-N-AsF5 adduct (see Table

11), indicating that the Xe-OSeF5
4 cation forms a stable Lewis acid-base

adduct with NýSF3 . The doublet of F3
32S-N-Xe-F* and the isotopically shifted

doublet associated with F 34S-N-Xe-F* (see discussion in the following

section) were also observed in this region and result from solvolysis of the

FSFN-Xe-OSeF,÷ cation.

Evidence of the solvolysis of the F3S-N-Xe-OSeF,5 cation was

observed in the F-on-Se(VI) region of the "'F NMR spectrum (Figure 15). A

multiplet at 59.0 ppm, with satellites corresponding to coupling to 77Se

('J( 7 7Se-19F) = 1428 Hz) is observed and can be assigned to SeF6 .2' Under high

resolution, the central line was clearly resolved into five lines in the

ratio 2:12:29:55:10. The pattern arises from isotopic shifts corresponding

to the non-magnetically active isotopes of natural abundance selenium." 5

The intensities are in good agreement with the natural isotopic abundances

which occur in the ratio 1:10:27:57:10. The isotopic shift was -0.007

ppm/amu. It is likely that SeF, and FSmN-XeF÷ could arise from the

solvolysis reaction (ecuation 12), however, a peak in the region -150 to -

160 ppm could not be observed for BrOF,.

FS=N-Xe-OSeF,÷AsF6 - + BrF, -> F, SaN-XeF 4AsF," + SeF, + BrOF3  (12)
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Table 12. NM4R Parameters f or FS-=N-Xe-OSeF,4*AsF,- in BrF, Solvent

S12egies Solvent.T(-C) Chemical Shift~ppm

6 L12Xe) S(") -U"~

Xe-OSeF5 *AsF 6 - BrF,, -56 -1438 d 6 2. 4, Fax,

S3. 5, F.9

FS-=N-Xe-OSeF,+AsF,- BrF,, -60 -1979 53.5 67.9, Fax

70.4, F *

aF-on-S(VI) region.

F-on-Se(VI) region.

cF-on-Se(VI) region : 2 jU'a( 9 e~ 219 Hz; 2J(77Se-'gF,,), 1398 Hz;

2J( 77 Se-19F,,), not resolved.

* Not applicable.

* F-on-Se(VI) region: 2 J(' 9 Fax.-"Fq), 217 Hz; 2J (7 7 S e-3-F.q), 1392 Hz;

2J (77 Se-19Fnx), not resolved: 1AF('0Fl1 132 S, -0.066 ppm.
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A

C

B

53.6 53.4 s.

5 19F (ppm from CFCI 3)

Figure 14. "T NMR spectrum of F3SmN-Xe-OSeF,*AsFG- in BrF_, solvent at -60 OC,

F-on-S(VI) re.:gion: (A) F-on-32S(VI), (B) F-on-3 4S(VI), (C) F-on

-S(VI) of FSs5N-Xe-F*AsF,-.
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S .... k _ __ _ . t_. . .... .

0t 0 05 $ 5f. , .O.9 0 ,

(319F (ppm from CFCI 3)

Figure 15. •'F NM2R spectrum of F3S=N-Xe-OSeF,*AsF,- in BrP, solvent at -60 1C,

ragion: .decoposition product, SeAo A)_,

-Se(VI), (*) "1Se satellite.
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The F-on-Se(VI) region of ;he -F NMR spectrum shown in ".,gure 16.

is an AB. spin system. The chemical shifts and coupling constant for the

system were calculated using the method of Harris and Packer. 29 The

observed couplings associated with this second order spin system, lJ(
77Se-

' 9gFa,), IJ( 7 7Se-"'F•) and 1J("F..-x"F.), indicate that the s-character of the

bonding molecular orbitals for the SeF, group is essentially the same in the

precursor and in the adduct cation.1"

Sharacterization of FS=N-Xe-F÷AsF&--in Br 5olvent by 9F and I9Xe NR

~pegtroscopv

The F,S=-N-Xe-F* cation was prepared by the reaction of XeF+AsF6 -

with N-=SP 3 in BrF, solvent at -60 °C, and was characterized at -60 °C in BrF,

by 1F and '29Xe NMR spectroscopy. The NMR parameters are given in Table 13.

The 1
29Xe NMR spectrum displays a broad doublet at -1661 ppm

compared with -869 ppm for XeF÷ in BrF, (-52 OC). The decrease in S(I 2"Xe)

relative to that of XeF÷ results from an increase in shielding at xenon

attributable to the formation of the Xe-N donor-acceptor bond according to

equation (13). Moreover, xenon in F3S5N-Xe-F÷ is deshielded by 318 ppm with

respect to

BrF5
F3S-=N: + XeF÷AsF6 " - > F3S-N-Xe-F÷AsF,- (13)

-65 *C

F3S=N-Xe-OSeFs, which is consistent with the lower electro-negativity of the

OSeF, group.
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nfl o~ I9 lo4.

,t.O O 0 9, 0 £

1 19F (ppm from CFCi3)

Figure 16. "'F NMR spectrum of F3S-N-Xe-OSeF,÷AsF,- in BrF, solvent at -60 °C,

F-on-Se(VI) region: (A) F.,-on-Se(VI), (B) Fa.-on-Se(VI), (*) 77Se satellites.
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Table 13. NMR Parameters for F3S-N-Xe-F÷AsF,- in BrF5 and HF Solvents

Species Solvent.T(OC) Chemical Shift.pm

Xc--F÷AsF- C BrF5 , -47 -884 d e

F3S=-N-Xe-F*AsF,- f BrF5 , -60 -1661 53.3 -180.5

F 3SN-NXe-,F'AsF- '- HF, -20 -1653 51.2 -185.5

F 4S=N(H)--Xe-F*AsF- h HF, -20 -2672 54.0, F. i
64.2, Fb

110.5, F0

F 5S-N(Ha)-Xe-F÷AsF" HF, -20 -2086 59.2, F.a i
71.9, F.q

" F-on-S(VI) region.

* F-on-Xe(II) region.

G .J. Schrobi)gen, unpublished work.

Not applicable0

" 6(' 9F), not recorded; 1J(I' 2 Xe-"'F) 6892 Hz.

r 1J('Xe- 1 9F), 6248 liz; 'J(' 9F-"F), 15 Hz; 1J(1'Xe-' 4N), not observed:

I'A19F 3 ;32 'S, -0.066 ppm.

* 'J(I'Xe- 1 'F), 6251 Hz; 4 J( "F-1 9 F), not observed; 'J( t 29Xe-".N), 347 Hz:

1A9F'3 4/1 3 2 S, not observed.

* 'J%"Xe-'Fb), 202 Hz; 3 J(19Xe-- 9Fj), 129 Hz; 3J('2Xe-"'FJ), not observed;

aJ( "FS-"Fb), 207 Hz; JJ(*9F.-a'Fc) , 206 Hz ; 2J(t
9Fb--QFc), 18 Hz ; 'A"F.a•4•,3 2

) S

-. o.066 ppm,

S6('F), not observed, see text.

S2J( 'Far'Faq), 153 Hz; 'A1 FF.a/S 32 )5, -0.059 ppm.



The 19F NMR spectrum of the F-on-S(VI) region (Figure 17),

displays a doublet at 53.3 ppm (cf., 53.5 pt' for FS=N-Xe-OSeF5 ÷) resulting

from the F3
32S=N-XeF÷ cation, and a weak doublet resulting from the 34S

isotopomer, F,3 4S=N-XeF÷, shifted 0.066 ppm to lower frequency (cf.,

IA"F 3 4 / 32)S = -0.066 ppm for F3S=N-Xe-OSeFB÷). These parameters indicate that

the FSeOXe÷ cation possesses a Lewis acid strength similar to that of the

XeF4 cation.

The '-9F NMR spectrum of the F-on-Xe(II) region (Figure 17)

consists of a partly resolved 1:3:3:1 quartet at -180.5 ppm with a pair of

"'29Xe satellites. The quartet arises from the four-bond coupling ('J( "F-' 9 F)

= 15 Hz) - •tween the three equivalent fluorines on sulfur and the terminal

fluorine on xenon. The 1
29Xe satellites arise from spin-spin coupling to

natural abundance 129Xe (26.44 %)1" and do not display the fine structure

which is observed on the central quartet. This difference in linewidths

is the result of shielding anisotropy (chemical shift anisotropy) relaxation

associated with '29Xe in low-symmetry environments. The effect stems from

the faster rate of spin-lattice relaxation associated with the F3S=N-" 2'XeF*

cation and becomes important at high magnetic field strengths for heavy

nuclides with large chemical shift ranges such as . 29Xe, i.e., the effect

increases with Bo2 and the mean expectati value of the valence p-orbitals.
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"1F (p from CFCI.)

Figure 17. 19F NNR spectruia of FSý-N-XeF",AlsF,- in BrF,, at -60 OC.
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Characterization of ESmN-Xe-F÷AsF - in Anhv-roq-J!F. Solvet by "F And `*Xe

NMR Spectroscopy

Samples containing the F3SmN-Xe-F÷ cation in anhydrous HF were

prepared by the dissolution of solid FSaN-Xe-F"AsF," in anhydrous HF at -25

OC. The salt used in the preparation was obtained from a Raman spectroscopy

sample prepared in BrF5 solvent. The bulk of the solvent had been removed

by dynamic pumping at -15 °C for eight hours, but was shown still to contain

a significant amount of BrF5 by Raman spectroscopy at -196 'C. A solution

of the solvate in anhydrous HF was studied at -20 °C using '-F and ' 29Xe NMR

spectroscopy; the NMR parameters are given in Table 13.

The 12 9Xe NMR spectrum of FS=N-Xe-F÷AsF6 in anhydrous HF solvent

at -20 OC (Figure 18) consists of a broad doublet of triplets centered at -

1653 ppm (cf., -1661 ppm for FSaN-Xe-F'AsF," in BrF,), the doublet splitting

(6251 Hz) is assigned to 'J('2 9Xe- 1 9F), (cf., 6248 Hz for F3SýN-Xe-F*AsF,- in

BrF,) and a 1:1:1 triplet splitting (347 Hz) is assigned to 1J(L
29Xe-1 4N).

Again, the decrease in 6(1 2"Xe) relative to that of the XeF* cation in

anhydrous HF solvent results from an increase in shielding at xenon

attributable to the formation of the Xe-N donor-acceptor bond. Coupling to

"N indicates that the electric field gradient at the nitrogen center is

small in the axially-symmetric cation and its observation is made more

favorable by the fact that anhydrous HF possesses a low viscosity at this

temperature, allowing for rapid tumbling of the cation.1 "

In the 19F NMR spectrum, the F-on-Xe(II) region displays a singlet

at -185.5 ppm (cf., -180.5 ppm for F3S=N-Xe-F*AsF,- in BrF,) with •'Xe

satellites. The F-on-S(VI) region displays a singlet at 51.2 ppm (cf., 53.3
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ppm for FSEN-Xe-F*AsF," in BrF,). The isotope shift for the F, 4 S-=N-Xe-F*

cation was not observed in the anhydrous HF solvent due to the broadening

in the F-on-S(VI) region owing to partially quadrupole collapsed 2J(-"F-2'N),

so the broader resorian es obscure the "S isotopic shift.

In order Lzý study the FS.N-Xe-F÷ cation further, another sample

was prepared for •'9"L ;,od "N NMR spectroscopy. The sample was prepared by

dissolution of solid F,S=-4-Xe-F*AsF," in anhydrous HF at -78 QC. This latter

sample wa7 prepared by the neat reaction of NaSF, with XeF*AsF," at -25 °C,

thereby circL.wventing the use of BrF, solvent and the problems encountered

with the removal of BrF,. However, the 121Xe NMR spectrum of the sample did

not the expected singlet, but a 1:2:1 triplet at -1554 ppm with a coupling

constant of 5676 Hz, and is readily assigned to XeF 2 .-" The '4N NMR spectrum

consisted of a sharp singlet at -73.0 ppm and a broad singlet at -278.0 ppm

(Figure 19) which could not be assigned Since a 14N NMR spectrum of the free

NaSF, was not obtained.

Apparently, BrF,, which has a significant fluoride ion acceptor

strength, 30 acts as a sink for Hr,- generated in the autoionization of

anrhydrous HF according to equations (14) and (15). In the absence of BrF5 ,

the HF2 " ion presumably serves as a strong nucleophilic fluorinating agent

towards positively charged nitrogen, reacting with the F3S-N-XeF÷ cation to

N-SF3 and XeF, according to equation (16).

3 HF H2 F- + HF2 - (14)

BrF, + HF- - HF + BrF." (15)

HF2 " + FS=N-XeF* > HF + NoSF, + XeF 2  (16)

72



F-Xe-N-S F3+

lJ(' 29Xe-19F) = 6265 Hz

1 j( 129Xe- 14N)= 350 Hz

11 II I I I

-1600 -1620 -1640 -1660 -1680 -1700

5 129Xe (ppm from XeOF 4)

Figure 18. '2 9Xe spectrum of FS--N-Xe-F'ASFJ- in anhydrous HF solvent.
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L I ! I I I . I I I

-60 -100 -140 -180 -220 -260 -300

6.,, (ppm from CHNO2 )

Figure 19. "N NMR spectrum of F3S-N-Xe-F*AsF, (prepared neat) in annydrous

HF solvent at -20 °C.
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This discovery is important because HF is a preferred solvent for

low-temperature NMR spectroscopy owing to its solvent properties and low

viscosity. However, the fluorinating strength the pure solvent has limited

its usefulness to the study in the present instance. A mixed solvent system

consisting of anhydrous HF and several mole percent of BrF, exhibits the

properties of low viscosity associated with anhydrous HF but has a reduced

fluoride ion basicity. It would therefore be worthwhile attempting the

analogous experiment using the strong fluoride acceptor AsF, to inhibit

reaction (16).

Characterization of the Solvolysis Produqcts of the F-.S•N-XeF Cation in

Anhydrous HF Solvent by •-F and 12"Xe NMR Spectroscopy: The F1S=N(H)-Xe-F÷ and

F£S-N(H,) -Xe-F 4 Cations

The F 3S=N-Xe-F*AsFj- salt was prepared by the reaction of XeF4 AsF,-

with NýSF 3 in BrF5 solvent at -60 °C and characterized as indicated in the

previous section. The sample was isolated and redissolved in anhydrous HF

for use in NMR spectroscopy. After approximately twenty minutes at -20 °C

in the NMR probe, new resonances grew in the F-on-S(VI) region of the "F

NMR spectrum and in the 129Xe NMR spectrum (Table 1.3). These new resonances

grew in intensity with the concomitant loss of the resonances associated

with the FSmN-XeF* cation, indicating that solvolysis of the FS=N-XeF"

cation had occurred.

in the '9F -r- spectrum, the multiplet at 54.0 pp., (Fe, ,FIrg 20)

integrates to twice the intensity of the other, newly observed resonances
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(Fb and F,) and consists of a doublet of doublets exhibiting second order

effects where the two coupling constants, 2J( 9 F.-8 "Fb) and 2J('"F.-19F,), differ

by only one Hz, and a "4,"IS isotopic shift was observed on F,. The multiplet

centered at 64.2 ppm consists of a 1:2:1 "triplet" resulting from coupling

to the two equivalent F. nuclei (exhibiting second order effects), which is

split into doublets by 2J('Fb,-19 F,) coupling and displays -29Xe satellites (Fb,

Figure 21). The third resonance, centered at 110.5 ppm (F,, Figure 22)

consists of a 1:2:1 triplet resulting from coupling to 9̀F., which is split

into doublets by 2J(-9Fb-- 9F,) coupling and also displays •'-Xe satellites.

Due to the complexity of the A2BX spin system, the '9F NMR spectrum

was simulated in order to confirm the assignments. Two simulations were

carried out using an iterative NMR simulation program for a personal

computer. 3" The first calculation fitted the four fluorines on sulfur

(chemical shifts and coupling constants were iterated), the second

consisting of the four fluorines on sulfur plus the 12"Xe couplings and the

two simulations were summed to produce the "'F NMR spectrum with 1
29Xe

satellites (see Appendix). The calculated spectra are shown with the

corresponding regions of the recorded '9F NMR spectra (Figures 19 to 21) and

closely resemble the observed spectra.

In the ' 2"Xe NMR spectrum, the new resonance consists of a doublet

of doublets centered at -2672 ppm with couplings of 202 and 129 Hz which

correspond to 2J(' 29 Xe-`-Fb) and 2J(' 29Xe-"1F,), respectively (Figure 23).
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FA

54.620 -- " 53.900 ppm 53.54053

Xe Fx
I

/ I ,.FA/N =SI -. FA

H FB

-j t 1-

54.620 4260 53.00 ppm 53,5A0 53.180

)19i (ppm from CFCI3)

Figure 20. '1F NMR spectrum of the FS=N(H)-Xe-F÷ cation, F.-on-S(VI) region:

top; 1%nlain (line bDroadeni ny) , 7 Hz,

bottom; spectrum, (line broadening), 5 Hz.
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64.920 64 .60 64.200 pPm 63.840 63.480

F

Xe F\ +

\ I ,...FA
I -'F A

H Fe

64 . 920 6 z.-e0 64 .200 PPM 63. B40 63. 480

ai II

5 19F (PPM from CFOI3)

Figure 21. 1-F NM spectrum of the F,S=N(H)-Xe-F* cation, F,-on-S(VI) region:

top; simulation, (line broadening), 24 Hz,

bjottCom ; -,• p........ u , (r a en14gJ 1. . ... .

78



F

Xe Fx +X

/ I "FA

H FS

111.220 110..60 110. 140 IC9.750

111.220 110.860 110.500 1 0. 140 109.780

S19F (ppm from CFCI3 )

Figure 22. "'F NMR spectrum of the F4S=N(H)-Xe-Fý cation, F,-on-S(VI) region:

top; simulation, (line broadening), 20 Hz,

bottom; spectrum, (line broadening), 11 Hz.
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I F J1 9Xe-19F,) =202 Hz
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1226 70 -,2680
812.9Xe (PPM from XeOF 4)

Figure 23. L
29xe. NMR spectrum of 'the F4,S=N(H)-XeF* cation.



The I`Xe chemical shift indicates a substantial increase in shielding at

xenon relative to that of xenon in F3S=N-XeF* and is presumably the result

of a decrease in electronegativity anticipated when the nitrogen lone pair

hybridization changes from sp to sp 2 upon going from FS=N to F4S=NH.aa The

expected structure of the F4S=N(H)-Xe-F÷ cation deduced from the NMR spectra

is depicted in Structure I.

F \ +

Xe Fx
\S I

"�/FA

I f . . A
H FB

I

The F-on-Xe(II) resonance in the "9F NMR spectrum was not

observed, presumably owing to exchange of this fluorine with the anhydrous

HF solvent and this would account for the lack of a IJ(. 29Xe-' 9F) coupling in

the "'Xe spectrum and the lack of coupling to the proton in the F4S=N(H)-Xe-

F÷ cation. Exchange of the fluorine on xenon could presumably be promoted

by hydrogen bond formation between the N-H proton and HF in the cyclic

intermediate represented by Structure II.
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F \ 4-

Xa FB

H.,,,,N3- S - FA
"H1B FB

II

"Ihe probable mecnanisr; for solvolysir of the F3SaN--Xe-F' cation

proceeds by addition of HF to the NFS triple bond as has been previously

observed for the free NESF, in anhydrous HF (r7ef. 24 and this work).

Addition of one molecule of HF acrose the SmN triple bond would result in

the formation of the FS=N(H)-Xe-F" cation in accordance with equation (17).

The product resulting

F,3SN-XeF*AsF;- + HF -> FS=N(H)-X. (17)

from the addition of HF to NSF2 , namely, F4S=NH. has not been previously

observed due to the rapid rate of solvolysis by a second molecule of HF

resulting in pentafluorosulfanylamine, FS-NH2 , whirlt , been isolated.3'

After the sample had been in tl .10 ,)e at -20 0C for

approximately 45 minutes, the resonances in the '^F and "-'Xe NHR spectra

associated with the F4S=Ni,;I)-Xe-F" cation decreased in intensity while

another set of cesonances grew in. The "F NMR -nectrum (Figure 24) depicts

t,.o AX, spin systems, one corresponding to FS-Nnt (the solvolysis product

of NM-SJ, in anhydrous IIF, see Table 11), and the parameters of the other are
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given in Table 33. T he new F..-on-S(VI) (quintet, 59.2 ppm) and F.q-on-S(VI)

(doublet, 71.9 ppm) resonances occur at higher frequency than those observed

for free F.S-NH2 in HF at -56 °C (51.0 ppm and 71.9 ppm, respectively). The

341 2S isotopic shift of -0.059 ppm is essentially the same as the isotopic

shift observed for free F5S-NH2 in anhydrous HF solvent, indicating that the

S-F bond strengths in the free base and the adduct-cation are similar. The

newest resonance likely results from pentafluorosulfanylamine (FS-NH,),

which remained coordinated to XeF÷ after the addition of a second molecule

of HF giving rise to the FS-N(H2 )-Xe-F' cation formed by reaction (18).

F 4S=N(H)-Xe-F÷AsF;- + HF > FS-N(H,)-Xr-F*AsF6 - (18)

HF
FS-N (H,) -Xe-F'AsF,- FS-NH2 + Xe-F*ASFJ- (19)

Dissociation of this adduct cation results in the formation of free FS-N• 2

an] XeF'AsF6 - in HF solvent according to equilibrium (19).

The '1'Xe NMR spctrum displays a singlet at -2886 ppm, and is the

most shielded 1•'Xe environment observed for a xenon-nitrogen bonded species.

Moreover, this cation representn the first example of a bond between xenon

and an sp'-hybridized nitrogen. The '.2 Xe chemical shift indicates a further

increase Li shielding at the xenon relative to xenon in F4S--N(t;)-XeF" and

F, SrN-XeF'. The increase in shieldir.g at 1"Xe in this series of closely

related cation parallels the decrease in elect.ýonegativity anticipated -hen

the nitroyenl iu-iý pair hybridizaLiu ia u fvr . t.ri rip' to b t , aJIvi9 thu
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F FB
+ B

Xe FB
IF(3

H" NS FA 2J(' 9 FA-19 FB) = 153 Hz
AV FB•FA

. 4 xA

72.5 72.0 71.5 60.0 59.5 59.0 58.5

6 19F (ppm from CFCI3)

1 igure 24. *9F NMR speotrum of the SF, group of the -N(H)-Xe--F' cation

recorDded in anhydrQrus tu, solution at -20 °C.
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series F3S=N, F4S=NH, FS-NH2 . The trend in electronegativity in nitrogen

is analogous to the accepted increase in carbon electronegativity with

increasing s-character of the hybrid orbitals. 3 2

Characterization ofD E 1SaN-XeF*AsF7 by Raman Spectroscopy

Solid samples of F3S•N-XeF'AsF,- used for Raman spectroscopy were

initially prepared by the combination of XeF÷AsF,- and N=SF 3 in BrF , solvent

at -60 °C (equation (13)). Unfortunately, this preparative method proved

to be unacceptable for Raman spectroscopy samples owing to the difficulty

in removing the BrF, solvent after synthesis (see Experimental Section).

The amount of BrF5 present in different samples varied with pumping time and

temperature of the sample while the BrF, was being removed under dynamic

vacuum. To avoid this problem, F3S=N-XeF'AsF6- was prepared at -25 °C by the

direct combination of the reactants, N=SF, and XeF÷AsF.", in the absence of

a ;olvent (see Experimental Section). A trace of the low-temperature (-196

C) Raman spectrum of the salt is shown in Figure 25 and the observed

vibrational frequencies with their tentative assignments are given in Table

14.

The Raman spectra are consistent with the formation of FSýN-

XeF÷AsF,-. The F3S=N-XeF* cation is expected -o give rise to 3N - 6 = 15

normal modes of vibration belonging to the irreducible representations 5 A,

+ 5 E under the point symmetry C",. All fifteen modes are Raman and

infrared active, and consist of five stretching modes, u,1 (A,), SmN stretch;
U2(A, , 'y1 S-F stretch (, = 'A.. . ... r .. .t- C , I -,; ,,'- I . .-m s t. . ,

asym S-F stretch and five bending modes, t,3 (A,), sym SF, bend;
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u,(E), asym SF, bend; u,(E), XeNS bend; u,(E), NSF bend and u, 0 (E), FXeN bend.

Therefore, ten vibrational bands are expected in both the Raman and

infrared. In addition, the octahedral AsF,6 anion is expected to give rise

to three Raman-active vibrational bands under O, symmetry, U,(a.,), u2 (eg) and

U5(t2q). However, 39 bands as opposed to the predicted 18 from a

consideration of free ion symmetries are observed in the Raman spectrum of

FS=N-XeF÷AsF6 (Table 14). The disparity between the number of observed

bands and the number predicted from a consideration of the free species is

attributed to vibrational coupling within the unit cell and/or reduction of

the free ion symmetries due to site symmetry effects. In the absence of a

crystallographic space group for F3S=N-XeF÷AsF,-, 33 no attempt has been made

in the ensuing discussion to account for factor-group splittings and their

symmetry species in a rigorous manner. In the present discussion, the AsF,

anion has been assigned under O, symmetry, but several of the bands in the

spectrum are avsigned to the formally Raman forbidden modes which apparently

are rendered Raman active as the result of site symmetry lowering in the

unit cell. Thus, the inactive mode u,(t.q), AsF," and the IR active mode,

U3 (t 1 ,), AsF,", is also assigned along with its factor group splitting.

Vibrational assignments were aided by comparison with FSýN'7 -34 ,

FSmN-MF, (where M = As, Sb)1 7 , XeF*AsF,-,2a and RCmN-XeF+AsF,", (R = H, CH=,

CH 2F, etc.)."' The fundamental stretching modes u(XeF) and u(SN) are readily

assigned by comparison with the Raman spectra of XeF*AsF,- and other related

species which are listed in Table 8, and NsSF, and several Lewis acid/NmSF3

adducts."''" As the Xe-F and S-N stretching modes belong to the totally

symmetric representation, A,; their splittings can only be attributed to

coupling of vibrational modes within the unit cell.
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Table 14. Raman Frequencies and Tentative Assignments for

FSS-N-XeF*AsF 6 - at -196 QC.a

Fre, (cm-) Tent. As . Freq. (cm-') Tent. Assign.

15531 vl1 u(a,), S=N str 571 M 10) u3 (a,), sym SF3 bend
(51 7) 566 19

1527 (9) 561 (9)

1515 (1) 556 (23) u,(a 1 ), Xe-F str

551 (100)

954 (4) u6 (e), asym S-F str

945 (4) 473 (12) u,(e), asym SF, bend

936 (1) 449 (6)

877 12) o,(a,), sym S-F str 407 v8 (e), XeNS bend
17 404 2

397 (2)

792 (.5) ? 390 (10)

703 (2) V3 (t 1 .), AsF6 - 374 (6) US(t:g), AsF,"

371 (6)

691 (30) ui(a2g), AsF,-

649 (1) ? 358 (10) i,(e), NSF bend

261 (2) u,(a 1 ), Xe-N str

632 (.5) ? 257 (1)

597 (10) u2 (eq), AsF.- 248 (1) U6 (t 2.), AsF,-

589 (1)

582 (7) 221 (16) v10(e), FXeN bend

213 (6),sh

208 (14)

197 (5)

Continued ... 179 (8)
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Table 14 (Continued)

Lattice Modes (cm-•)':

99 (6), 82 (4), 74 (8), 67 (10), 53 (19),

52 (25), 47 (5), 46 (4), 43 (6), 41 (6),

35 (7), 30 (11), 26 (16), 23 (9)

" Raman spectrum was recorded using FEP sample tubes and 514.5 nm

excitation from an argon ion laser. Lines due to the FEP

sample have been not been included in this table and are

indicated on the sp~ectral trace.

b Values in parentheses denote intensities; sh denotes a

shoulder, str denotes a stretching mode.
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The most intense band at 551(100) cm-u and the weaker bands at 556(23)

and, tentatively, 561(9) cm-f are assigned to the factor group split XeF

stretching frequency of the FS=N-XeF4 cation, and are characteristic of the

terminal XeF bond in xenon(II) species of the type L-Xe-F (see Table 8).

The Xe-F stretching frequency can be used to assess the covalent nature of

the Xe-F bond. The XeF÷ cation has been shown to be weakly coordinated to

the anion by means of a fluorine bridge, and the Xe-F stretch has been shown

to correlate with the degree of covalent character in the Xe---F bridge

bond, decreasing with increasing base strength of the anion. Consequently,

the Xe-F stretching frequency is expected to increase as the xenon-nitrogen

bond becomes more ionic and the terminal XeF bond becomes more covalent.

The Xe-N stretching frequency of the FS=N-XeF* cation is

tentatively assigned to weak, low-frequency lines at 261(2) and 257(1) cm-'

where the splitting is again attributed-to vibrational coupling within the

unit cell. The Xe-N stretching frequency of F3S=N-XeF÷ is at lower

frequency than that of FXeN(SO2 F) 2 (422 cm-'). 35 This is attributed to the

greater covalent character of the Xe-N bonds in the imidodisulfuryl-fluoride

derivative, whereas the Xe-N bond of the FS=N-XeF÷ cation is one of the

most ionic among the Xe-N bonded species presently known. This is

corroborated by the high-frequency position of the Xe-F stretch, which is

among the highest of any F-Xe-L type species.

The formally doubly degenerate XeNS bending modes are tentatively

assigned to weak lines at 407(2), 404(2), 397(2) and 390(10) cm-'. The FXeN

bending modes are expected at lower frequencies than 6(XeNS), and are

assigned to bands at 221(16), 2!3(6)sh, ,08(14), /97(5) and7 i79(8 cm-i.

Lines occurring below 99 cm-' have been assigned to lattice modes.
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CONCLUSIONS AND DIRECTIONS FOR FURTHER RESEARCH

Thiazyl trifluoride was found to be an appropriate Lewis base for

adduct formation with the noble-gas cations XeF÷ and XeOSeF,÷. It should be

possible to extend this work to the XeOTeF,÷ cation, and possibly to the

more strongly oxidizing xenon(IV) cation, XeF,+, and the krypton(II) cation,

KrF4 .

The mixed solvent system consisting of anhydrous HF and several mole

percent of BrF, was shown to exhibit the properties of low viscosity

associated with anhydrous HF but also displayed a reduced fluoride ion

basicity which conveniently serves to inhibit nucleophilic attack of

positively charged nitrogen in the F3S=N-XeF* cation. Therefore, a strong

fluoride acceptor, AsF,, would also be expected to inhibit reaction (16) and

ought to be attempted.

It was discovered that solvolysis of the FS-N-XeF÷ cation took place

in the above mentioned mixed solvent system. The addition of HF to the SMN

triple bond provided the first evidence for the F4S=NH moiety which has been

stabilized as an adduct cation with XeF÷, namely, FS=N(H)-XeF*. Further

solvolysis of FS=N(H)-XeF4 resulted in the addition of HF to the S=N double

bond to yield the FS-N(H2 )XeF÷ cation, completing this series of novel

cations. It is therefore reasonable that the known RC=N-XeF÷ cations'71 9

might undergo solvol~sis in HF solvent in which they have been prepared by

analogous routes. These would be expected to display the same trends in

shielding at xenon related to hybridizational changes from sp to sp 2 to sp 3

as observed in the solvolysis of the F3S=N-XeF÷ cation if the intermediates

can be stabilized.
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Using the solvent system mentioned above, the .4N NMR spectrum should

be obtained for the solvolysis products of the FSsN-XeF* cation, completing

the characterization of the F.S=N(H)-XeF÷ and FS-N(H2 )-XeF÷ cations.

There are doubtless other sulfur-nitrogen bases which exhibit Lewis-

base characteristics which could be used to form other examples of novel

adduct-cations such as N=SF and N(SF,) 3 which may prove sufficiently stable

to redox degradation and solvent attack to form stable adduct cations with

the strongly oxidizing noble-gas cations. The present work provides the

groundwork for attempting to coordinate XeF÷ and and other strong oxidizers

such KrF÷ and ClF,÷ to a more endothermic bases such as NH2F using the

general synthetic approaches given in equations (20) and (21) the low

molecular weight of counter anion, BF,-

KrF2 + H2FN-BF, > FKr-NH2 F*BF4  (20)

ClF,÷BF,- + NHF > F 2Cl-NH2F*BF:- (21)
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APPENDIX

Simulation of the 1"F NMR Spectrum of the FS=N(H')-XeF÷ Cation

The NMR simulation program, LAOCOON PC,' was used to fit the 1-F NMR

spectrum of the F4S=N(H)-XeF* cation. Files 1 and 2 contain the calc'•lated

transition energies and their intensities generated by the program

calculated from the "raw" observed chemical shifts and coupling constants

corresponding to the four fluorines on sulfur. File 1 is the .NMR file for

the A2BX spin system where the xenon nucleus is spinless. Only File 1 was

iterated, resulting in an RMS of 0.0033 for 24 fitted lines and was used to

calculate, without iteration, .SPC Files 2 and 3. File 2 is the .NMR file

for the A2BXn spin system where 0 represents a hypothetical cation having

129Xe in 100 percent abundance. Since this program is not designed to

simulate heteronuclear spin systems, the xenon chemical shift was

arbitrarily set at -190 ppm in the fluorine spectrum, a value far removed

from the F-on-S(VI) region, yet within the range -99,99. to +99,999 Hz

allowed by the program.

File 3 is the .SPC file created by the summation of .SPC File 1

corresponding to the ABX spin system (fluorine on the spinless xenon

isotopes) with .SPC File 2 of the ABXQ spin system (fluorine spectrum of

the '29Xe satellites) after File 2 had been weighted at 17.97% of its

original intensity. This weighting factor corresponds to one half the

natural abundance of .2.Xe divided by the sum of the natural ab'.ndances of

the other xenon isotopes. The resulting file, File 3, represents the final

c)5



fitted transition energies and their intensities for the natural abundance

"1'F 4S=N(H)-XOF" cation. File 3 has been plotted using Lorentzian lineshapes

in Figures 20 - 22 and is compared with the experimental spectrum.

Laocoon PC UA Version 3.1

Iteration of A,BX Spin System: 1 'F 4S=N(H)-Xe-F*

Number ot Nuclei : 4

Minirtimum Intensity: .010

Spectrometer Frequency: 470.600

Input Values

Shift (1) = 53.867 ppm
Shift (2) 53.867 ppm
Shift (3) = 64.175 ppm
Shift (4) 110.513 ppm
coupling (1,2) = .000 Hz
coupling (1,3) = 210.757 Hz
Coupling (1,4) = 206.854 Hz
coupling (2,3) = 220.757 Hz
coupling (2,4) 206.854 Hz
Coupling (3,4) = 18.120 Hz
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File 1 (continued)

Parameter Sets Fitted:
1

Shift (1)
Shift (2)

2
Shift (3)

:3
Shift (4)

4
Coupling (1,3)
Coupling (2,3)

5
Coupling (1,4)
Coupling (2,4)

6
Coupling (3,4)

Iteration 0 RMS Error= .0600
Iteration 1 RMS Error= .0033
Iteration 2 RMS Error= .0033

Calculated values: Iteration of AZBX Spin System: 9'FS=N(H)-Xe-F÷

Shift (1) = 53.970 ppm
Shift (2) = 53.970 ppm
Shift (3) = 64.168 ppm
Shift (4) = 110.512 ppm
Coupling (1,2) = .000 Hz
Coupling (1,3) = 207.449 Hz
Coupling (1,4) = 206.456 Hz
Coupling (2,3) 207.449 Hz
Coupling (2,4) = 206.456 Hz
Coupling (3,4) = 18.051 Hz

Probable Errors of Parameter Sets:

1 .001
2 .001
3 .001
4 .001
4 .001
6 .001
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File 1 (continued)

NMR Simulation

Iteration of ABX Spin System: 1 9F 4S=N(H)-Xe-F÷

Line Expt Freq Calc Freq Intensity Error

55 53.519 53.519 1.898 .000
51 53.530 53.531 1.903 -. 001
33 53.961 53.959 1.925 .002
26 53.968 53.962 2.067 .006
18 53.961 53.968 1.929 -. 007
42 53.968 53.969 2.071 -. 001

1 54.399 54.399 2.101 .000
5 54.410 54.409 2.107 .001

54 63.717 63.717 1.086 .000
29 63.754 63.756 1.092 -. 002
48 64.156 64.149 .999 .007
43 64.164 64.167 .995 -. 003
13 64-185 64.187 1.001 -. 002

6 64.;,L4 64.206 .996 .008
28 64.595 64.598 .917 -. 003

3 64.633 64.637 .915 -. 004
53 110.054 110.055 I1016 -. 001
30 110.093 110.094 1.015 -. 001
40 110.494 110.492 1.001
35 110.494 110.495 1.001
15 110.533 110.531 .999 .00

8 110.533 110.535 .999 -. 00ý
22 110.933 110.932 .986 .001

4 110.972 110.971 .983 .001

24 Lines

32 Lines beIow minimum intensity.

Execution time: 3 seconds
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Laocoon PC UA Version 3.1

A2BXn Spin System (100% 1'Xe): 1'FS=N(H)- '2 Xe-F÷

NLmber of Nuclei 5

Minimimum Intensity: .010

Spectrometer Frequency: 470.599

Input Values

Shift (1) 53.970 ppin
Shift (2) = 53.970 ppm
Shift (3) = 64.168 ppm
Shift (4) = 110.512 ppm

Arbitrary 6 (laIXe) Shift (5) = -190.000 ppm
coupling (1,2) - .000 Hz
Coupling (1,3) = 207.449 Hz
Coupling (1,4) 206.456 Hz
Coupling (1,5) - .000 Hz
Coupling (2,3) = 207.449 Hz
Coupling (2,4) 206.456 Hz
Coupling (2,5) - .000 Hz
Coupling (3,4) = 18.051 Hz
Coupling (3,5) 202.735 Hz
Coupling (4,S) - 129.352 Hz
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File 2 (continued)

NMR Simulation

A2 BXf Spin System (100% la9Xe): "9F4 S=N(H)-' 2 9Xe-F÷

Line Expt Freq Calc Freq Intensity Error

206 -190.353 .997
175 -190.353 .997
115 -190.353 .997
169 -190.353 .997

82 -190.078 .999
157 -190.078 .999

34 -190.073 .999
71 -190.078 .999 Arbitrary 6( 129Xe)

163 -189.923 1.001
103 -189.923 1.001

45 -- 189.922 1.001
94 -189.922 1.001
60 -189.648 1.003
12 -189.648 1.003
23 -189.647 1.003

5 -189.647 1.003

209 53.519 1.895
166 53.519 1.899
108 53.531 1.905

204 53.531 1.901
182 53.959 1.922

66 53.959 1.926
153 53.962 2.068

40 53.962 2.065
27 53.968 1.932

141 53.968 1.928
193 53.969 2.073

97 53.969 2.070
52 54.398 2.103

1 54.399 2.099
120 54.409 2.109

6 54.409 2.105

208 63.503 1.090
177 63.541 1.096
161 63.933 1.083

200 63.934 1.001

194 63.953 .995
56 63.972 1.089

132 v3 •" 1.003

121 63.99" .997

89 64.31 .997

98 64.383 .992
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File 2 (continued)

155 64.384 .917
18 64.403 .999

7 64.422 .994
54 64.422 .915
41 64.814 .917

3 64.853 .916
207 109.918 1.017
178 109.957 1.016
156 110.193 1.015

57 110.232 1.0 4 4
190 110.355 1.002
184 110.358 1.002
134 110.394 1.000
123 110.398 1.000

79 110.630 1.000
68 110.633 1.000
19 110.669 .998
10 110.672 .998

145 110.796 .986
55 110.834 .984
31 111.070 .985

4 111.109 .983

64 Lines

146 Lines below minimum intensity.

Execution time: 2 seconds
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Eile

A2 BX + 0.1797(A2BXn): '"FS=N(H)- 2"Xe-F÷

ppm 470.59960

-190.353 0.717
-190.078 0.718
-189.922 0.719
-189.647 0.721

53.519 1.898
53.519 0.682
53.531 1.903
53.531 0.684
53.959 1.925
53.959 0.691
53.962 2.067
53.962 0.743
53.968 1.929
53.968 0.694
53.969 2.071
53.969 0.744
54.399 2.101
54.399 0.755
54.409 2.107
54.409 0.757
63.503 0.196
63.541 0.197
63.717 1.086
63.756 1.092
63.934 0.374
63.953 0.179
63.972 0.376
63.992 0.179
64.149 0.999
64.167 0.995
64.187 1.001
64.206 0.996
64.364 0.179
64.383 0.178
64.384 0.165
64.403 0.180
64.422 0.343
64.598 0.917
64.637 0.915
64.814 0.165
64.853 0.1.65

109.918 0.183
109.957 0.183
110.055 1.016
110.094 1.015
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File 3 (contiued)

110.193 0.182
110.232 0.182
110.355 0.180
110.358 0.180
110.394 0.180
110.398 0.180
110.492 1.001
110.495 1.001
110.531 0.999
110.535 0.999
110.630 0.180
110.633 0.180
110.669 0.179
110.672 0.179
110.796 0.177
110.834 0.177
110.932 0.986
110.971 0.983
111.070 0.177
111.109 0.177

103



Reprinted from Inorganic Chemistry, 1990. 29.
Copyright (D 1990 by the American Chemical Society and reprinted by permission of the copyright owner.

C *btiton from Rocketdyne, A Division of Rockwell International Corporation, Canoga Park, California 91303,
Department of Chemistry, McMaster University, Hamilton, Ontario L8S 4M I, Canada,

,and Department of Nuclear Medicine, Chedoke-McMaster Hospitals. Hamilton. Ontario LSN 3Z5, Canada

The Hexafluorochlorate(V) Anion, CIF6-
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The low-temperature reactions of either N(CHj)4F or CsF with CIF 5 in CH 3CN solutions produce white solids, which on the basis
of material balances and low-temperature Raman spectra, contain the CIF6- anion. The similarity of the Raman spectrum of
CIF6- to that of the octahedral BrF.- ion indicates that CIF6 - is also octahedral and.that the free valence electron pair on chlorine
is stericaily inactive. Theexistence of the CIF6- anion was further supported by an 'IF exchange experiment between CIF, and
"IF-labeled FNO that showed complete randomization of the 'IF isotope among the two molecules. A high-field "F NMR study
of neat CIF, and CIF, in anhydrous HF solution in the presence and absence of excess CsF has provided accurate measurements
of the CIFs NMR parameters including, for the first time, both "11"Cl secondary isotopic `F NMR shifts. Moreover, the NMR
study also supports the existence of CIFg-, showing that CIF, und-rgoes slow chemical exchange with excess CsF in anhydrous
HF at room temperature.

Introduction or inactive. Thus, a recent study has shown that in IF67 the free
The hexafluorohalate(V) anions belong to the interesting class valence electron pair is sterically active, while in 3rl-j it is not.'

of AX6E compounds,2 which possess six X ligands and a free Whereas the CIF5 molecule was discovered 27 years ago,4 and
valence electron pair E. Depending on the size of the central atom the BrF6 and IFJ- anions have been known for about as long,5'6
A. the free valence electron pair E can be either sterically active

(3) Christc, K. 0.; Wilson, W. W. Inorg. Chem. 1989, 28, 3275.
(I) (a) Rocketdyne. (b) McMaster University. (c) Chedoke-McMastcr (4) Maya, W.; Bauer. H. F. U.S. Pat. 3.354,646, 1967.

Hospitals. (5) Emcleos. I1 J.; Sharpe. A. G. J. Chem. Soc. 1949, 2206.
(2) Gillespie. R. J. Molecular Geometry: Van Nostrand Reinhold Co.: (6) Whitney. F. D.; MacLaren. R. 0.; Fogie, C. E.; Hurley. T. J. J. Am.

London, 1972. 105 (hem. Sc. 1964, 86, 2583.
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The Hexalluorochlorate(V) Anion itiorguntc (Itewnutsrj,. rat. 29Y, ivo. I,, i 9u( 3507

the CIF6- anion has so far proven elusive. For example, CIF5 does minol) was added at -196 'C on the stainless steel vacuum line, and the
not form any stable adducts with alkali-metal fluorides and th(e mitire was kept at -31 'C for 3 Ih with occasional very careful agitation.
only reaction observed is a catalytic decomposition of CIFs to CIF3 All material volatile at -31 CC was pumped off and trapped in a -196
and F,.' Furthermore, a 1

8
F radiotracer study( of the C.%7-C0F17 'C trap and consisted of 4.70 g of CIICN. The white solid residue was

system did n pg ahighly shock sensitive and consistently explxled when either exposed to"- ot provide n\ evidence for fluorine exchange and a laser beam at low temperature or warmed to room temperature.
thereby, for the formation of a CllV intermnediatc.8  

The well- When the sbove experiment was repeated at ri'nn temperature, gas
established existence of the C IF + cation 9 

'2 and of the Cll," evolution set in at ahot 0 °C, and after solvent rentoval at 20 'C C a
radical,' combined with the reccnt findin, that ia lrl:ý- the stable white solid was obtained, which, on the basis of its weight and
bromine free valence electron pair is sterically inactive.' indicated vibrational spectrum, was identified as N(t|"3)4CHI] 4.14

that the weak Lewis acidity of CIF5 and the low solubilities of When CsF was substituted for N(Cl1,) 4 F in the reaction with CIF 5
CsF and CsCIF, in CIF5 are the most likely reasons for the in CH.CN at -31 

0 C, the volatile materials at -31 'C consisted of the
previous failures'

8 
to isolate the CIF6- anion. Our recent success"

4  CI-)CN and CIF, starting materials, and the nonvolatile residue was

with handling CIF, in CHICN solution and the surprisingly high unreacted CsF.
thermals yof N(C ,CF 4 combined with its high solubility For the recording of the low-temperature Roman spectrum of CsCIF 6,thermal stability oa solution of CIF, in CHCN was kept in contact with excess CsF for

in CH 3CN. suggested that similar reaction conditions, i.e., the several hours at -40 *C and then slowly cooled to -110 oC. The Raman
use of N(CH3) 4 + as a large, stabilizing counterion, of CHFCN spectrum of the product in the bottom of the tube was recorded at -I10
as a solvent, and of low temperature, might provide the long sought °C and indicated the presence of CsCIF6 (see below) and solid CHCN.
after CIF6- anion. Nuclear Magnetic Resonance Spectroscopy. The 'IF NMR spectra
Experimental Section were recorded unlocked (field drift < 0.1 Hz h-

t
) by using a Bruker

WM-250 or AM-500 spectrometer equipped with a 5.8719 or 11.744 T
(Caution! Mixtures ofICIF5 01 CIF6- salts with organic materials, such cryomagnet, respectively. On both instruments, spectra were obtained

as CH1CN or IN(Clt)hP* salts. are highly explosive and must be han- by using 5-mm combination /iti'F probes operating at 235.361 MHz
dIed on a small scale with appropriate safety precautions, such as bar- (WM-25ft) or 470 59'; MIt1 (AM-500)
ricades, face shields, heavy leather gloves, and protective clothing. The 5.8719-1 "F: spectr:a were typically accumulated in a 16K mem-

Materials. The CHItCN (Baker. tktiýanalved, having a water content ory. Spectral width settings of 5 and I0 kIlz were employed, yielding
of 40 ppm) was treated with 1(4, and freshly distilled in a flamed-out data point resolutions of 0 62 and 1.22 Iz and acquisition times of 1.638
Pyrex vacuum system prior to use, thereby reducing its water content to and 0 819 s, respectively. No telaxation delays were applied. The
:5t ppm. The CsF K 13BI) was dried by fusion tn a platinum crucible and number of tree-induction decays accumulated was typically between 2000
ground in the dryo•sx I he CIll (Rocketd&ne) was purtfied by fractional and I10000 transients.
condensation prior to its use. The synthesis of tIF-- and H[20-free The 11.744-T I'1: spectra were accumulated in a 16K memors
,I(CH,)41F is described elsewhere.'" Spectral width settings of 5 and 30 kliz were employed, yielding data

Apparatus. All reactions were carried out in well-passivated (with point resolutions of 0.61 and 3.59 Hz and acquisition times of 1.638 and
CIF,) Teflon-FEP or Kel-F ampules that were closed by stainless steel 0 278 s, respectively No relaxation delays were applied. Typically
valves. The CIF, was handled in a stainless steel-Teflon-FEP vacuum 80--1000 transients were accumulated
linei'and the CHICN was transferred oria baked-out Pyrex vacuum line On both instruments the pulse width corresponding to a bulk
equipped with Teflon stopcocks. Nonvolatile materials were handled in magnetization tip angle, 0, of approximately 90* was equal to I us. No
the dry N2 atmosphere of a glovebox. line-broadening parameters were applied in the exponential multiplication

Fluorine-IN Exchange Reaction between MN) and COS,. A .t-ml. ol the tree-rnduction decays prior to Fourier transformation.
nickel can was heated to red heat four times with 2 atm of H2, followed The spectra were referenced to teat CFCI,. The chemical shift con-
by pumping each time. The procedure was repeated four times with F2 , vention used is that a positive (itugative) sign signifies a chemical shift
followed by treatment with 3 atm of FNO at room temperature for I day to high (low) frequency of the reference compound.
and pumping for 4 h. Nitric oxide (0.62 mmol) was combined at -196 Low-temperature studies were carried out by using Bruker tempera-
*C in the can with a Ne/itF-labeled F2 mixture, which was accelerator ture controllers. The temperature was measured with a copper-
produced under conditions previously described.i The Ne was pumped constantan thermocouple inserted directly into the sample region of the
off at -196 'C, and F2 (0.31 mmol) was added to the can. The can was probe and was considered accurate to *1 *C.
briefly warmed to 20 *C, and the resulting "F-labeled FNO was con- Fluorine-19 NMR samples were prepared in 25-cm lengths of AWG
densed, for the removal of any HF. at -196 *C into a U-tube containing 9 (ca. 4-mm o.d., 0.

8
-mm wail) FEP plastic tubing heat sealed at one end

0.5 g of NaF, followed by warming to -78 'C. It was then combined with the open end flared (45' SAE) and joined, by means of a com-
at -196 

0
C in a iV. in. o.d. Teflon-FEP ampule with CIF, (0.62 mmol). pression fitting, to a Kel-F valve. The assembly was seasoned overnight

The resulting mixture was warmed to 20 
0

C for several minutes and then with ca. I atm of F, gas, evacuated, and weighed. A weighed amount
vacuum-distilled through two U-traps kept at -120 and -196 'C. The of CsF was transferred into a sample tube in a drybox. Both CIF, and
-120 °C trap contained the CIF,, and the -196 'C one, the FNO. In- HF were distilled into NMR tubes through a metal line fitted with a
dividual activity measurements were corrected for the elapsed time by pressure transducer that had been previously seasoted overnight with ca.
correcing to zero time of the experiment. At the end of the experiment, I atni of CIF 5 vapor. The CIF, pressure was measured (!1:0.5% accuracy)
the -120 'C trap, containing CIFS, showed a zero time activity of 71.6 in a calibrated portion of the metal vacuum line with apressure trans-
mCi (84.9%), whereas that in the -196 'C trap, containing the FNO, ducer (0-1000 Torr range), whose wetted surfaces were Inconel, and
was 12.7 mCi (15.1%). condensed at -196 "C into the FEP NMR sample tube. The amount of

Synthesis of N(CH3)4C1F6. In a typical experiment, N(CHI),XF(150.9 H F solvent used was determined by direct weighing of the tube assembly.
mg, 1.62 mmol) was transferred in the drybox into a prepassivated The FEP tube was heat sealed under dynamic vacuum with its contents
Teflon-FEP ampule that was closed by a stainless steel valve. Dry frozen at -196 'C. The FEP sample tubes were placed in 5-ram thin-
CHCN (5.96 niL. 4.702 g) was added at -196 *C on the Pyrex vacuum walled precision NMR tubes (Wilmad) in order to run their spectra.
line, and the mixture was warmed to room temperature. CIFS (1.62 Ramnan Spectroseopy. Low-temperature Raman spectra were recorded

on a Cary Model 83 spectrophotometer using the 488-nm exciting line
_- of an Ar ion laser.

(7) Christe, K. 0.; Wilson, W. W.: Wilson, R. D. Inorg. Chem. 1989, 28.
675. Results and Discussion

(8) Bougos, R. Bull. Inf. Sci. Tech., Commis. Energ. At. (Fr.) 1971, 161, Synthesis of (lF6 Salts. It was found that the activation energy
9.

(9) Christs, K. 0. Inorg. Nuel. Chem. Lett. 1972, 8. 741. for the CIF--CHCN reaction is sufficiently high to permit the
(10) Roberto. F. Q. Inorg. Nutl. ('hem. Lett. 1972, 8, 737. judicious handling of CIF5 in a large excess of dry CH3CN.
(12) ChristeK. 0.: Wlong CW. W.. 19o3, 12 .1 95 8 ,AIthough CIF, is a mor. po%-,erfu! oxidizer than C!FI ;ts pseu-
(12) Christe, K. o.: Wilson, W. W. lnorg. Ctrn . 19750. dooczahedral structure with five fluorine ligands and one free(13) Boate, A R.: Morons, J.R: Preston. K R. Inorg C/tent. 1975, 14, 3127.
(14) Wilson. W W Christe, K ( lnorg (herr 1989, 28. 4172. valence electron pair renders it less reactive than the pseudo-
(15) Wilson. W W. Cirisic. K 0 . Icng, ., lBau, R. To he pubhshed. trigonal -bipyratmidal CIF 3 .
(16) Christe. K 0 Wilson, R. D [ Shack, C. J. Inorg. Synth 1986, 24. 3. To take advantage of the high activation energy of the Cl-
(17) Chirakal. R Fiu nau. G ; Schrobilgcn, (i. 1' McKay, J.. Garnett, E. S. FC-CHCN reaction. N(CI l,),F wts carefully combined with CIE5

Int. J. Appl. R,•diat lsot. 1984. 33. 401.
(18) Bougon. R Charpin. '.: Soriano. J. C. R. ilebd. Seances Acad. Sci.. in this solvent at -31 'C. Removal of the solvent at -31 'C

:ew C 1971. 272. 565. resulted in a white, highly sensitive solid that violently exploded106
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either on exposure to a laser beam at low temperature or on on lowering thc temperature, a significant narrowing of the F.ý
warming to room temperature, thereby preventing its direct resonance line width is observed together with partial resolution
identification. It was shown, however, by quantitative material of its chlorine isotopic shift. The observed line narrowing for the
balances that most of the CIF, starting material had been retained F~ resonance is attributable to the increased qluadrupolar re-
by i he N ( Cll ) 4  at -31 " laxation rates of '501 and "7Cf at low temperatures where the

When (lie reaiction between N(ClI 7)4E and C11¾, vas carried isotropic molecular tumbling correlation time (-r) for ClF, is,
out at temperatures above -31 'C, gas evolution was observed greater."2 This behavior is consistent with thc dominant con-
at about 0 'C and, after solvent removal at 20 *C, a stablc, white tribution of scalar relaxation of the second kind, via JF- 5 3 C)
solid was isolated, which was identified by vibrational spectroseopy to the spin-spin relaxation time (T2) of the F., nuclei, as found
as N(CIl13)4C1F,." Since the latter compound is stable up to 100 in the previous study.20

"C and is not shock sensitive,'" the explosive material from the The '9F NMR spectra of a solution of CIF, (0.536 m) in
-31 'C reaction could not have been N(C" 3 )4C1F 4 but most likely anhydrous H F and a solution of CIF5 (0.619 m) in anhydrous H F
was N(CH,),CIF,. contain~ing CsF (5.60 m) were investigated. The 19F NMR

To overcome the experimental difficulties associated with the spectrum of CIF5 recorded in H Fsolvent at 25 OC consists of two
characterization of N(CHOXICF 6. the N(CI- 3)4F starting material well-resolved doublets corresponding to equatorial fluorines on
in the N(CI- 3)4F-CIF5--CH 3CN system was substituted by CsF. 3ýCl and 37CI spin coupled to the axial fluorine environment (Figure
It was hoped that CsCIF 6 would be stable at -31 *C, the lowest 2). The latter environmnent, as in the neat sample of CI Fs at 24.4
temperature at which the CH 3CN solvent could be pumped off *C, is broadened significantly owing to partial quadrupole collapse
at a reasonable rate. H-owever, it was found that CsCIF, is of the 'J( 35/37CW-'F) scalar couplings so that resolution of the
thermally unstable even at -31 'C. and all the CIF 5 was pumped isotopically shifted quintets (Figure 2; also cf. Figure 1) s pre-
off at -31 'C, together with the CHCN solvent. Sinc'ý CHICN cluded. The line broadening on the quintets is again dominated
is a much weaker Raman scatterer than the chlorine fluorides.'4  by scalar coupling and not by fluorine exchange. a.s has been
it was possible to record the low-temperature Ramon spectrum established for neat CIF, in the present and earlier studies."0 The
of CsCIF, without removal of the CH 3CN and, thereby, to identify addition of F- to HF solutions of CIF 5 results in pronounced'
the ClF-', anion. A detailed discussion of the observed spectrum broadening of the doublet resonances at 25 'C, preventing reso-
will be given belm%~. lotion of the isotope shift, whereas the appearance of- the axial

"Fj Radiotracer Stud v. Further evidence for the f i rnatton of fluorine resonane remnains essentially unchanned (Fioure 3). Thle
the CIFJ anion was obtained by an 18F radiotracer study of the line broadening is consistent with slow intermolecular `5F exchange
CIF 5-18FNO system. It was found that CIF 5 undergoe's rapid arising from equilibrium 2 and the intermediacy of ECl, in the
fluorine exchange with '8FNO (eq I). Within several minutes CIE, + F(H-F),- ;ý EC16 + xHF (2)
'5 FNO + Cdr5 ý=[NO'ClF5

t P1  - FNO + CIF4
18E (1) exchange process. Cooling of the ClF 5-l> sample to '-56 "C

at room temperature. complete randomization of the 'IF isotope slowed 'IF chemical exchange sufficiently to allow resolution of
had occurred. The measured values of 84.9% for the radioactivity the equatorial fluorine doublets (Figure 3) and the axial fiuoriite
in CIF, and 15.1% in FNO are in excellent agreement with the quintets. This is the first time the two quintet patterns arising
values 83.3 and 16.7% predicted for a random distribution of 'IF from the 35CI-11CI secondary isotope effect have been observed
involving an unstable NO*ClFj- intermediate. The rapid fluorine . in CIE5. The sharpening of the axial fluorine resonance is not,
exchange in the FNO-CI F, system is in marked contrast to the however, attributed to slowing of the 'IF chemical exchange
results from the previous study of the CsF-CIF 5 system for which piocess but is primarily attributed to the dominant effect of the
no evidence of exchange was reported.' The lack of exchange in increased quadrupole relaxation rates of the 3 

50 and 3 CI nuclei
the CsF-CIF 5 system is probably due to the very low solubility on JQ5I3 d1-' 9  at low temperatures where -r, for CIF 5 is greater.
of CsF in CIF 5 and not to the lack of CIFJ- formation (see below). The addition of CsF presumably increases the viscosit~y of the

'911 NMR Study of Chemical Exchange Behavior between F.- solvent medium owing to F(H F);' formation and hence increases
and CIF 5, Chlorine pentafluoride has previously been shown in -rfor CIF75, leading to collapse of the iJQSI/37CI-tSF) couplings.
two 19F NMR studies to possess a square-pyramidal (C'.,) AX4 E In contrast, the 'iF resonances associated with CIF5 dissolved in
structure in the liquid state19'O as predicted by the VSEPR model.' HF do not sharpen as significantly, although the quintet pattern
Alexandre and Rigny20 demonstrated that, unlike the equatorial clearly possesses a narrower line width than at 25 'C (Figure 2).
X, part of the O9F NMR spectrum, which showed a secondary The broader lines can he attributed to the low viscosity of the HF
isotopic shift arising from 19F bonded to "CI and "Cl, the axial solvent medium, even at -56 'C, allowing the partially collapsed
A part of the spectrum was broadened significantly and showed ij(35/ 3

7Cli- F) couplings to persist in the slow chemical exchange
no evidence for ait isotopic shift.20 This study concluded that limit.
chemical exchange between the axial (Fa,) and equatorial (F,) The secondary isotope shifts, iAisF,,(J7 /1CI) = -0.189 ppm
fluorines; could be disregarded and that the line broadening of F.ý and iA19 F,~(1S/aSCl) = -0.085 ppm for CIFs/CsF in HF at -56
arises from partially quadru pole-col lapsed scalar couplings between *C (Figure 3), follow the usual trend and are negative; i.e., the
19F., and the spin-3/2 quadrupolar nuclei 35CI and 3'CI, 'j- observed N MR nucleus bonded to the heavier of two isotopes has

(19Fai3/ 37CI), which are significantly larger than tJ( 19Fc._s/7Cl). its NMR resonance to lower frequency."3 They are comparabie
Nticlear relaxation time measurements in the same study have in magnitude to those for closely related spe-cies in the same row
confirmed this and have provided estimates of the magnitudes of of the periodic table; i-e., for C1176', iWiF(3

1/3SCI) =-0. 15 ppm, 2'
the scalar couplings (iJ(iSFx_35Cl) = 192 and 1J(l9F,,_-35Ci, :5 for SF6, iA19F (34 /32S) = -0.0552 ppm,25 and for SF,,, iAtSE&X

20 Hz). The larger value for iJ(Fx.._SSCl) is in accord with the (34
32S) = 00690 ppm and 'A19F,(3"1 32S) =-0.0330 ppml with

shorter F3,-Cl bond observed in this molecule.2i The temperature the 'IF bonded to the heavier isotope occurring at lower frequency.
behavior of the 19F NiVMR spectrum of liquid dIE5 was investigated The relative sizes of isotopic shifts are known to be larger for
in the previous stud: , but it does, not report any variations of line shorter bonds,26 and this is also true lor the secondary isotopic
widths as a function of temperature. We have recorded the :^F ~~'~CF rC-~=5~(lF~)=It 7 Aiad
NMR spectra of neat CIF, at 25. -56. and -90 *C (Figure 1) = 3 .0l'fRi = 2.57 mdyn A-']"7 and lBrF"S [r(Br-l I 1.689,
While there is little effect upon the line width of the F., resonance

(22) Boer6. R. T.; Kidd. R G. Animx. Rep. NAIR Spectrosr. 1982, 13. 320.
(23) Jameson, C. J.L Ostci., 11 J J. Am. Chens. Soc. 1985. 107. 41 58.

(19) Pilipovich. D :Maya. W ' Lawton. E A.; Bauer. H. F.: Sheehan. 1) F. (24) Christe, K. 0.: Hon. J. F.. Pilipovich. D Inorg. Chein. 1973. 12. 84.
Ogimachi. N N.. \titkori R. D.: Gunderl'oy. F C., tkdwcll. V. F. Iniirg.' (251 Goimblcr,\. W Naturfiir.ch. 1985. 4o)6. 782.
('hemn. 1967. 6. 1919 (26) Janmeson. C. J .3J('hem. Phi's. 1977, 66O. 4983.

(20) Alexandre, M.; Rignv, P Can. J. Chem. 1974. 52, 3676 (271 Plegun. G. M . f-letcher. W. H.: Smith. D. F. J. Cheir'. Phi's. 1965. 42,
(21) 6oulct. P.; Jurek. R.; Chanjwot, J. J Phi's. 1976, 37, 49~5 107 2236
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Figure 1. Variable-temperature 19F NMR spectra (470.599 MHz) of neat CIF3. A and E denote resonances for the axial and equatorial fluorine
environments, respectively, asterisks denote resonances arising from the 31CI isotopomer.

Table 1. "9F NMR Data for Neat CIF 5 and CIF5-l-F and CIF5-CsF-HF Solutions
secondary isotopic

chemn shift 6, ppml 2J(FII-Feq), line width, Hz shift' 'A"Ft?(7/3 5C1), PPM
sample compnt T, OC Fq F. Hz F e, F.. F..

neat CIF5  24.4 259.8 428.8 133 3.5 -110 -0.079 it
-56.4 257.2 426.9 133 4.0 44 -0.088 --0.1977
-90.0 256.4 426.6 133 5.2 26 -0.091 --0.199

CIF3 in HF solv' 25 256.4 424.6 130 5.7 - 140 -0.078 e
-56.3 253.9 422.6 130 2.5 71 -0.087 e

CIF5/CsF in HF solvd 25 253.6 420.9 123 28 -100 e e
-56.3 250.8 418.8 124 6.9 18 -0.085 -0.189

'Spectra were referenced with respect to external CFCI) at 25 OC. 61A19F(11/ 35C1)/ppm = (FQ37CI)) - b(F(35CI)). 'Concentration of CIF5
0.536 mn. 'Concentration of CIF 5  0.619 m, arid that of CsF = 5.60 m. 'Isotopic shift not resolved.

PF)-1.7 ' ardf., ' "" -' 3.1 I;mdynA],27 2.n.29 NMP data are sumnmari7P!d in Tahie, 1.
where 'A"9F,,("I 79Br) = -0.030 and 'A1'T (81/791:1r) = --0.015 Raman Spectrum of CsCIFs. The Raman spectrum of the
ppm.2 9 Moreover, the ratio IAtSF., (3

7/
3
5CI)/iAtSFq(37/

3
5Cl) = product from the low-temperature reaction of CsF with CIFS in

2.22 is remarkably similar to thosc found for the axial and CH 3CN solution was recorded at -110 'C in frozen CHP3 CN. In
equatorial secondary' isotopic shifts of SF,, 'A"9F,,1 Q4132S)/ thc region of the Cl-F fundamental vibrations, three bands were
'A'9F,( 14 /

32S) =2.09, and BrFs. 'A'9F,j(1/7 9 Br)/'A 19 Fc(8"/79Br) observed at 525, 384, and 289 cm-t (Figure 4, trace A, which,
tinder the influence of the laser beam, rapidly decayed giving rise

(28) Robietie. A. G.: Bradley, R. FlI.; Brier, P. N. J. Chemn. Soc.. Chem. to new bands at 507, 418, and 290 cm-1 (Figure 4, trace B3). These
Commun. 1971. 1567. new bands are due to the CIF,, anion. as shown by the Raman

(29) Sanders, J. C. P.; Schrobilgen. G. J. Unpublished results. 108 spectrum of N(CH 3),C[F4 in CH 3CN recorded under identical
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Figure 2. Variable-tcrnpcralurc 1"F NMR spectra (235.361 MHz) of CI-F3 (0.536 m) in HF solution. A and E denote resonances for the axial and
e quatorird fluorinn m envrronment , tespectively; asterisks denote resonane s arising fromm the "Cl isotopooer.
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Figure 3. Variable-ic mperature "I- N MR spc -.ra (2 35,361 M Ifz) of Cl F, (0 619 m) -<-sF (5.60 m) in If I solution. A and E~ denote resonance', for
the axial arid equatorial fluorinc cnivironnmcnits. respectively: asterisks denote rcsonaticcs arising from the "Cl isoitoporrier.

cinditions (Figurr 4. irace C) The new sci of bands at 525. 384. CIF,-. (iii) the relative intensities of these Raman bands are very
and 289 cm- -rc attributable to CIf for the following reasons: similar to those observed for solid Cs"BrFt-j, and (iv) •ie obs•ec'd
(i) ihe bands cannot he assigned to cithcr Cli{CN. CIF-. or C1F4-, frequencies arc in cxccllknt agreement with our expectations for
(ii) they must be due to a spe;cies that on phololysaw can product CIf,-

109q
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(tic ire~qtierict, iob-crvcd in tis %tot dy fir 1I perec~tly fit i tr

26cxp'rtcd (tend% and ridtrongly huplior theliir aiiiijgtimci~ to atilto-:i

COianclufion. The results front this it-idy. i.e.. RIarIa,,I OIeC*
8,o60 11 A, 4 200 0 tros(upy arid (lhe 141 radioltacer btudy, jiros'idc strong cvidciicr

u~oowic~y. e~rn -1for the ctisstcncc oi t Ire . l(JIa nisor nrid 1!s tithledrat Isriuc ur c

Figurt 4. Raman spewctrai of CsCI 5 .(trace A), CICtII (irbscc If), andi A% previously su~~ethe pImst farllure' '4 to Iahic the (-Il I,
NtC0t,)4C1F. (trace C) recorded at -110 *C for the solids it in roten wlillf Ir dut e tow isoluierity l'5 and CVliot 4olt iqutailiCty, cTh~ie- -
CHICN 1he bands assigned to the anions of the title compoundit are wihtelwsliito C ad(sI'inludCI,1he
markcd by their frequen~cy value% Hiands dut to C11 s. (CI ,CN, Kel-I ;irobicimi wcre ovicrcottlc by (lhe use of thc larycir counicrion
Tenlon-[- EP. and the N(Llf 1W iation have been rrarked by daggcrfe.i N(CliI,). vihich iteip,, to %tabifiyr (lhe CIu5 'anionu and iticreasca
stars, diamonds, hallow circles, and full circles, respectively Truces A the solubility o)f hfr resultinig %ull, [tic use of CIIIrCIN as a more
ar~d B arc the firit and secoind s-can of the usamcn tampte and demnonstrate; effective itolvcnr, and the usc of low-ternperatirc *Iltctrwicopil;
the rapid decay of CIFA' (solid peaks) to CIF4' (hottow peaks) under tOr cchnique. Thte obvimiit limitations of this app~roacht arc (lie
influence of the taser beam. horrendous inctonnpattbility problem'. encountercd when ons works

Thc last point needs sonic amplification. fly analogy Willhi with one of tlie it flst K.)wcrful kIoowt oxtdittri, itt art ormattic
octahedral BrF 6.3' the CIF 6 ' anion, which plossesses a smaller solve~nt Withi art oraait uouttferion lit view of o-vir pmtiout,-i wtjtk
ccrttral atom th.,ui IrF,6 , should also be -octahedral; i.e., thte frce ott the stiructure of Itthc steric tActiivity of (lt: free vsjlenluý
valence electron pai'r onl chlorinc '.itulr bc vtcrcafly ir~~tc 'ic~ pai '.'h hota tu h(! i itsrtit ari

Is 4t vir tan tcWitlli tlhtL 4AIC/i~lUS10, ch ledOI fI`II ia dirFicut 'tA I tudy,Octahedral ClIF-, should possess six fundamental vibrt hions of octleatitlired the aplat'lacn oh the e;.tlula ted elect rortic cl.a rgf
which only the ut(AI,)* S 5, and P.5 -2,) inixics would he Ramron dthirilmtiort of gatscouu CII - a~id prcdtctcd a flu:.iorial Atructiturr
active. Since in all the Raman activ'ý modes tlie centtral (1 atomn hvn wrc xaisil(j qiiru euct.
isat rcst, the observed frequencies should dcpend only on the III, ( t.nt c~rc 'thcui(i, qulbin emty
constants and should be independent of thtc tiviss of the ccritttil Ackumowlitdgirrirnf. We tluaril, lit. (C. J, Schiack aind Mi. <1),
atom. Furthermore, the F-rtiatrix cxpresrions of these rouxilcs, Vilsuon fot their help, tire U.S Air l-orce Attronavttc,. LaLitatuiy.
contain thte 3asMeclements as file corrmponding modes )f the Ldwards AFIi (KIO.()C and 6J.,J~). (li U.S, Armn~ I ekicarcli
closely related octahedral HalF,,* cations arid the ly~utdoociahedraI Office~ (K.tJ,C.), atid thit Natural Vcicnccu, and I" .rirtocciring
HaIF3 molecules aind lfaIF;, anions. Therefore, a plot of the hAcicarchi C'otinc-il oif Canada ((.J1S,) fon fivancial support., and
frequencies of the modes should be mass indicpenrdent and sho~uld f1P. L. S. (aianctt (fr the uic of (lie fticilitoss of (lic Nucke~r
exhibit smooth trends, with the frequcnciies decrrtnsiiig W;It de- Mediciitc lDepartriier, Chiedoke McMasict I boipital:
creasing oxidation state of tise central atorir and ;rcrca'.ing ncgativc
charge on the specie) Plots of the Suti'. of thle freqioencie:. (Af thiC...-*-e---
symmretric in-pha-se and syronitetic out ol pftasc stretching mrnrxks (32) Olclqiirt,I Iuiihr.. I S loqign.( J hIno Chb9. 17. 4, 1 J 20
and of those oif thc scissoring deformavtion muode for tlie scric'. (321 (,hie, rV F0 *. WilsoriItgn 1j 1 ilnwS hn 1975 , 14. M 2#4

(3.hisý SharF, C aIndv C hro. U , 9.1 AZ P1~ Je htlr.kU:InwX1v W ho Ai'rp, ". 4I .hn. '6, 37.t
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The Pentafluoroxenate(IV) Anion, XeF 5-: The First Example
of a Pentagonal Planar AX5 Species
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Abstract Xenon Ictrufluoride forms stable 1: 1 adducts with N(CfI-,)F, CsF. RbF. KF, and N&F and an unstable 1:1 adduct
wda, 17,0. All thece addects are- ionic salts cnontaininF pentagtonal planar XcF5- anions as shown by a crystal structure
determination of N(C113)4

4XcF 1-, Raman and infrared spectrat, and 'IF and 1
2 'Xe NMR spectroscopy. 1I he X-ray crystal

structure of N(CIl,) 4'XcF,- was determininit at -86 *C. This compound crystallizes in the orthorhombic system, space group
Pmcn, with four molecules in a unit cell of dlimcnsioni a - 6.340 (2) A., b -l0.244 (3) A, and c = 13.896 (4) A with R=
0.043 5 for 638 obtervod [I/> 3a(Ol] reflections. In addition to four N(CH 3 W4 cations, the structure contains four pentagonal
plAnar Xcbj anions per unit cell witn D,, symmetry. The Xe-F distances arc 1.979 (2)-2.034 (2) A with F-Xe-F angles
of 71.5 (4)-72.) (4)*. The bh Atructure of the XeF;- anion is highly unusual and represents the first example of an AX5E,
(E %, valecera electron lone pair) spocics in which sll six atoms arc coplanar, The results from the crystal structure determination
and a normal coordinate analysis show that the XcF5 plane of XcF5 - is coittidcrably more rigid than that in the fluxional IF7
molecule due in the increased repulrion from the xenon frce valence electron pair.. Loxcal density functional calculations were
carried out for XcF%, and XeF, with a double-numetrical basis set augmented by polarization functions arid confirm the
cxperirngntally observocd geometries an vibrational spectra. It is shown that the bonding in XeF5, closely resembles that in
Xcl,. In a valence bond description, it can be v'isualized as the two axial positions. being o, .;upied by two sp-hybridized free
valecric electron pairs and the equatorial fluorines being bound by two Xe 5p electron pairs through scmiionic multicenter
!our-dt,ýtron bonds.

!mtroductlao central atom free valence electron pairs in the smal ktr CIF,- and
Rxcent work in our laboratories has shown that anhydrous BrF67 anions become sterically inactive due to space limitations,

N(CH 3)41- holds great potential for the syntht.sis and charac- as demonstrated in very recent vibrational"'O and single-crystal
terization of novel, high oxidation state. complex flitoro, anions,51 X-ray structure studies."1
An areat of special interest to us is the problem of mnaximum In this context, the likely structures of tbe XeFs- and XeF62-
wuoidination numbers and their influence on the steric activity anions posed an interesting problem,4 since both anions contain
of free valence electron pairs. For ex~ample. it was shown that two free valence electron pairs on the xenon central atom.
nitrogeii(V) can"o accommodate five fluorine ligands," whereas Therefore, they ame representatives of the novel AXSE.1 and tX6E2
the Widre in IF,% which had long been thought to have a distorted geomeintries respectively, where E stands for a free valnmce electon
octahedral structure,''0 has recently been confirmed to possess pair. Whereas no reports have been published on the existence
a sterically active lone valence electron pair."' in contrast, the or possible structure of XeF ' or any other AX 5E12 species, Kiselev

______ ______and c~o-workers11'- 5 reccntly repoirted the synthesis of M2XeF5, salts
(1) Rockwell Internatl onal, Itocketdlyie DinAion (M - Cs. Rb, K, Na) from XcF4 and ME. On the basis of
(2) 12. i. 6u PurFt fig Ali~ ic.4_ !".Cy 1 vibrational cpe~rap they surliisinmily afsixned an octahedral
(3) Mcliluter University. srcuet c6- oefa oe npcino hi ulse
(4) Chnste. K. 0.; Wilson. W. W,; Wilson, Ft. D.; Beu, R.; Feng, J.J. Am, tutr oXF~ oeeacoe npcino hi ulse

Chemn. Soc, 1990. 1t2, 7619.
t5) Wiluj'i. W. W.; Chrisie. K2. 0. Inorg. Che,,i. 19"9, 28, 4172.
(6) Christe, K. 0.; Wilson. W. W.; Chirakal, IR. V,; Sanders, J. C. P.; (11) Mahioubs. A. Rt.; Hoser. A.; Fuchs.iJ.; Seppelt, K. Angrw. Chem.. Ing.

&-hf biiltrn, 0. J Isiorg, Chemi. 1IM. 29. 3 506, Ed. Engt. 1989.25.,1526.
(7) Wiwon, W. W.; Chrjitc, K. 0. terig, J.; Bau, R. Can.,J. Chem. 199, (12) Reference deleted in proof.

67, 1998 (13) Spitzin. V. L;. Kiscley. Yu. M.; Fadleeva.. N. E2.; Popo'v. A. L; Tchu-
(6) Christc. K. 0, Wilon. W. W,; Schrohilgen, G. J1.; Chirakal. R. V., maevsky. N. A. Z. .4norg. Alig. Chern. 1911, 55¶9, 17 1.

Olah. 6, A Iorjr C6er. 1991, 27, 789. (14) Kiscevs Yu. M.; Goryachrnkov, S. A., Martynenko, L. I.: Spitsyn.
(1) Klarnm. ll.: Meinert. I1.; Reich. P.; WMike. P. Z. Chem. 1968,8.469. V. I.ý Duki. .Akad. Nasik SSSR 1914. 278, 66 1.
(10) Chritir, K 0.: Wilson. W, W. Inrior. Chem. 61"9, 28, 3275 and (15) Kiscley, Yu. M.; Fadecva. N. E.,; Popov, A. L.; Korobov. M. V..

references cited therein. Nikulir', V. V,; Spit~syn, V. 1. Dokt. Akiad. NauA SSSR 1"87, 29.5. 376.
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spectra'3 reveal'xl that both the frequency separations and relative Table 1. Summary of Crystal Data and R.I.•,nenlnt Results for
intensities of the observed bknds are incompatible with an octa- lN(Cli.)4'jiXcFV-
hiedral species.16  Furthermore, it was noted that the Raman space group Pmen (orthorhombic)
spectrum attributed to Cs2XeF 6 was identical with that previous':; a (A) .6.340 (2)
observed during the l aser photolysis of CsXeF 7 and tentatively b (A) 10.244 (3)
assigned to Cs2XeF5

1  In view of these discrepancies we decided c (A) 13.896 (4)
to investigate the fluoride-acceptor properties of XcF4 using V (Al) 902.55
N(CH5 )4 F as a fluoride ion source and to reinvestigate the molecules/unit cell 4
Xc F4 -MF systems. molec wt (g mol'1) 30)0.44

c-aled density (g cm-3) 2.153
Experimental Section T(-C) -86

Apparatus ted Materials. Volatile materials were handled in stainless color colorless
steel-Teflon and Pyrex glass vacuum lines. as previously described."-" cryst decay ()0.6

ju (cm'1) 35.77Nonvolatile materials were handled in the dry nitrogen atmosphere of wavelength (A) used for data collectnt 0.71069
a glovebox. sin 0/x. limit (A-') 0.538

Literature methods were used for the syntheses of anhydrous N(C- toa o frnn esrd1414
Hj,hF,l XeF 4,1 and FNO 2' and the drying of CH,CN.4"U The LiF tol no. of rneflnens measured 641
(Research Inorganic Chemicals, Research Organic Chemicals), NsF no. of reflcns used in struct anal. I > 3a(I) 638
(Matheson). and BaF2 (Baker and Adamson) were dried under vacuum no. of variable pararns 83
at 125 4C prior to their ute. The KF (Allied), RbF (American Potash), final agreement factors R(F) = 0.0435
and CsF (KBI) were dried by fusion in i. platinum crucible, followed by R(WF) = 0.0435
transfer of the hot clinkers to the dry nitrogen atmosphere of the glovebox
where the fluoride samples were ground prior to use. ' Unit cell parameters obtained at 23 'C were a = 6.400 A. b

Syntheses of M*Xel%- (M = Cs, Rb, K. Na). The dry, finely pow- 10.321 A, and c = 14.029 A. volume, 926.71 Al.
dered alkali metal fluorides (2 mmol) and XcF4 (4-8 mmol) were loaded
inside the drybox into prepassivated (with CIF 3), l0-mL. stainless steel dissolution and allowed to cool slowly to room temperature (ca. 5 *C/h).
Hoke cylinders that were closed by metal valves. The cylinders were Colorless crystals up to 5 mm in lrigth, having a needle-like morphology.
evacuated at -78 *C on the vacuum line and then heated in an oven to formed overnight. The mothý. -*quor was syringed off the crystals in a
190 'C for 14 h. Unreacted XcF. was pumped off at 30 OC and collectied dry nitrogen atmosphere and residual wolvent was removed under dy-
in a tared Teflon U-trap at - 196 IC until the cylinders reached a constant narnic vacuum. Several crystals were cleaved perpendicular to their long
weight. The combining ratios of MF with XeF, were obtained from the axes to give fragments measuring ca. 0.2 mm X 0,2-0.3 mm and trans-
observed material balances. i.e.. the weights of MFE XeF, used, XeF4  ferred in a drybox to 0.2-mm-o.d. Lindemann glass capillaries (previously
recovered, and the products. Under the above conditions, the following dried under dynamic vacuum at 250 *C for I day) and sealed under a
combining ration were obmer.ved: CsF:XeF 4 -1:-0."9. RbF:XeF4  1-0,95, dry nitrogen atmosphere. The crystals were shown to be identical with
KF:XcF4 -1:0.65, and NaF:XeF 4 - 1:0.32. Additional heating of the the bulk sample prior to recrystalization by obtaining the single-crystal
KF-XcF, and NaF-XeF, adiducts with more XeF4 to 135 *C for 10 days Raman spectrum at room temperature (see Figure 5b) and were found
increased the conversion of KF and NaF to the corresponding XeFs, salts to be ,.table at room temperature in glass indcfinitely.
to 73% and 36%, respectively. Collection and Reduction of X-ray Data. Crystals of N(CH,) 4'XcF,-

Synthesis of NO*XeF,-. In the drybox. XeF4 (1.03 mmol) was loaded were centered on Et Syntex P3 diffractometer. Accurate cell dimensions
into a prepassivated 0.5-in.-o.d. Teflon-FEP ampule that was closed by -were determined at T - 23 'C and at T -' -86 *C from a least-squares
a stainless steel valve. On the vacuum line. ENO (6.77 mmol) was added refinement of the setting angles (X. w, and 28) obtained from 15 accu-
to the ampule at -196 1C. The ampule was allowed to warm to 0 *C rately centered reflections (with 22.140 < 20 < 28.1 1) chosen from a
and was kept at this temperature for 10 min with agitation, and the variety of points in reciprocal space. At T - 23 *C. and after several
unreseted FNO was then pumped off at -78 *C. The white solid residue hours its the X-ray beam, the crystal appeared to be totally decoomposed,
(265 mg, weight calculated for 1.03 mmol of NO*XeF5; 264 mg) had resulting in an opaque white coiloration. Integrated diffraction intensities
a dissociation pressur of 10 To,-r at 0 *C. were collected on a new crystal at T - -86 *C using a 0-28 scan tech-

Systbeals of N(CH 3)4*XtF,-. In a typical synthesis, N(CH,) 4 F and nique (slowest rate 5.0*/min) with 0 S It : 10, 0 :5 kc ý 15, arid -IS :5
XeF4 (2.01 mmol each) were loaded into a Teflor.-FEP ami ule in a 1 :5 1S, using molybdenum radiation monochromatiz~ed with a gi aphite
drybox and CH,CN (3 mL liquid) was vacuum distilled onto the solid crystal (,\ - 0.710 69 A). Throughout the data collection. two standard
at -196 *C. The mixture was warmed to -40 9C for 30 min with reflections were monitored evt-ry 48 reflections-, a decay of 0.6% was
agitation and then allowed to warm to room temperature, followed by observed; the intensities were adjusted accordingly. A total of 1414
removal of the solvent in vacuo at this temperature. The white solid reflecti-ons were collected out of which 641 reflectins, satisfying the
residue 1605 mg, weight calculated for 2.01 rnmol of N(CHI) 4"XeF;- - condition I1> 300t, were chosen for structure solution. The intensities
604 mg] wats identified as N(C1i3) 4*XcF,; by vibrational and NMR of these reflections were corrected for Lorenta polarization effects.
spectroscopy and a crystal structure determination. When isolated from Solution and Rertneeawn of the Structure- There were two space
CH3CN solution, the compound is stable indefinitely at room tempera- groups that were Consistent with the reflection pattern: the noncentro-
ture. symmetric space group F2lcn (No. 33) and the ccentrosymnmetric space

Caution! When solutions of N(CHJ)4+XeF_, in CH,CN are frozen group Pmcn (No. 62). The structure has been solved in both centro-
in liquid nitrogen, they may detonate. Similar, but milder, detonations symmetric (Pmcn) and noncentrosymmettic (P2len) space groups. The
were also found to occur when XcF4 solutions were frozen at -196 *C. direct method of structure solution in the computer prograin SHtELX-76U
Exposure of solid samples Jf N(CH),*XeFs- to atmospheric moisture was used to locate the positions of the Xe atom and the five F atoms.
for even brief periods has resulted in the violenit detonation of bulk Successive Fourier synthesis yielded all the remaining non-hydrogen
samples. atoms. The structure was refined by using the full-matrix least-squares

Crystal Siructure Deternsinativ. of N(CH),*XeF5-. Crysta Growing. technique with isotropic thenrmal parameters for individual atoms. In the
Single crystals Of~ N(CI. 3)4*XeF3. Suitable for X-ray analysis were grown case of the Pmcn space group and after full convergence of the isotropic
from CHCN solution by vacuum distilling ca. 2.5 mL of dry CIICN refinement (R -0. 1265), the atomas were assigned anisoitropic thermal
onto ca. S0 mg of N(CH,)3*XeFs, in a '/ 4-in.-o.d. FEP reaction vessel Parameters and further refineod by the full-matrix, least-squares technique
equipped with a Kel-F valve. The mixture was wanned to 65 'C to effect (A - 0.0714). The positions of the hydrogen atoms were calculated and

the fixed hydrogen atoms were given an isotropic temperature factoi of
- -_______ 0.05 Al?; -in R i~actor obtainedi was 0.cýd32, withi ii., uini~t ~i

(16) Weidlein. J.; M0ller. U.; Dehnicke. K. ScIhwingungsspektroskopic; There was significant disagreement between the F. and F,. values of three
Georg Thicmec Verlag: Stuttgart, Germany. 1982. reflections. 110, 312, and 413, and these values were consequently

(17) Christe, K. 0.: Wilson, W. W. lnorg. Chem. 1982, 21. 4113. omitte~d in e further refinement. This resulttd in a global improvement
(18) Christe. K. 0.; Wilson, R. B.; Schack, C. J. Inorg. Syn'l.. 1986, 24, of the structure and a final value for th. I? factor of 0.0435.

3.
(19) Syvret, R G.; Schrobilgen. G. J. Inorg. Chem 1989, 28, 1564.
(20) (a) Bartlett. N.: Sladky, F. 0. J. Ant, Chiem. Soc. 1968,,90, 53W6 (b) (23) Shcddrick,Cj. M, SHELX1i46 ('rag rnjam CeyitaXSiructure Drier-

maim. J. G.: Chernick. C. L. lnorg. Syritl. 196.6, 8. 254. m'notion: University of Cambridge: Camiridge.. England. 1976.
(21) Christe. K. 0. Inorg. Chem. 1972, 12, 1580. (24) Hall, S. R., Stewart, J It XT.IL 2 6 Usjer's Manual; Un~iversity of
(22) Winfield, J. M. J. Fluorine Chiem. 1994, 25. 91. 113 Western Australia and Uriiven-ity (Jr Maoyland.
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Tahk 11. Final Atomic Coox)rdinates fr IN-(cidI~jXT,ýr[d end with Ithe opcn .ýnd fllirorl (45' SA~I, ard juintca, by incana of Woll-
ato .~- - ---.--- ~ prcssion fittings, t a Kel-F valve, The FEPtwbcs were heat sealed under

Xci 0.2500 0.1233 (1) 0.0155 (1) 0.5 sample tubes were incilicd into 10-mm thin-walledl porecsion NMR tubes
17l 0.2500 0.18(76 (9) 0.141)7 (6) 0.5 (Wilmad) in order to run their specra.
F2 0.2500 -10.0324 (8) 0.1025 fey) 0.5 1lIp' 1"F NMI4 "amplo:s %,erc prepared in precision 5-finrr glass NMR
F3 0.2500 --0.0399 (8) -4).0673 f6) 0 5 %ub'% (W~ri,;id) So)lid N(_i (.1XeI s' ior N(C.II,),"XcI-, and r4-
F4 0.2500 0.! 1 99 (9, -0 1236 (6) 0.5. (CI I )4f'V- w a% loaded i nto Ihle NM R t to t in t he d ryboxx arid C II,C N
F5 0.2500 0.3217 (8) 0.0110 (6) 05 solveit distilled in vactio into Slit tube at -7h *C. Ithe tube was fl~mc
NI 0.2500 -0.403 (1) 0 172 (I) 0.5 sealed. On warming to roois temperature, a :olorlea saturated solution
Cl 0.2500 0628 (2) 0.069 (1) 0.5 resulted containing some uolid N(C111)4*XcF,-, which was decanted into
C2 0,2500 -0.281 (2) 0,231 (1) 0.5 the top of the tube. prior to obtaining the NMR spectrum.
C3 0.437 (5) -0.483 (2) 0.196 (I) 1.0 Comiput.atlossal Mifethod. The calculations described below were done

"The site occupation factor., by using the local density functional thoory1714 with the program iystem
DMol. t' DMo1 employs numerical functions for the atomic basis sets,
The atomic basis functiona are given numrarically as an atom-c.ntered.

The same procedure was used for the P21coi space group, which gave spherical, polar mesh The rAdial portion of the grid is obtained from
rise to a final R factor of 0.0763. The ratio o[ agreement factors fl the solution of the. atomic LDF equations by numerical methods. The
(7.63/4.35) - 1.75 is sufficient by. Hamilton's R factor ratio tell, to state radial fuinctions are stored as sets of cubic sphrin coefficients so that the
that the correct space group is Pmncno. radial functions are piecewise analytic, a necessity for the evaluation of

An empirical absorption correction was also applied, btst no significant gradieittv The. use of exact spherical atom results offers certain advan-
improvement in the refinement was observed; in particular there was no tzcs flecause of ihe quality of the atotroc basis 5Ctt, basin 4-i %uri.r.
change in the anisotropic thermal parameters. o~sition effects should be minirmiced, corre':t behavior at the nu~clus is

Details of the data collection parameters and other crystallographic Obtained, and radial toidal propertics of the wAve function are present,
information for the Pmcnon space group are given in Table 1, and the finial Ikcausc the basis sets are numerical, the various ititegralt arising from
atomic coordinates arc sumnmariz.ed in Table 11, Thic following programs (tie exrresmoiot for the energy need to be evaluated liver a grid. The
were used: XrIt..2 data reduction; SIIEIX-76." structure refinement, integration 1-xiint% are 1ienerated in icrirm oil angular funotini.oo and
!ymoCi1,23 diagrams. sfilier ia (tar jjritonjlL 11 li ic nutnber of raoial a fotin is N, is i yen as

Vibrational Spectrorscupy. Rainan spectra wcrc recoordedJ on cubher ;
Cary Model 183 or a Spex Model 1403 spwcrophioimeter using. a 489-trnm N, - 1 2 >1 14(Z 4 2)'11 (
exciting line of an Ar ion or the 647.1-nm line of a Kr ion laser. re- where / iv. the moimilt niumiier I h miaxiniuni di.tance for any luntiont10
spectively Flaked-out Pyrex melting pooint capillaries or thin-walled is 12 au I hie angular iniegrationi points NO~ are generated at the N,
KcI-F tubes were used as sample containers A previously described"' radial poiint% i) fuirm tshells around cachi nucleus 1 he value of No, rangirs
device vas used for teccrding the low-tenriperature sprctra (at -150 C) from 14 to 302 depiending un thec behavior of the denssity." The Coulomb
Single-crystal spectra of NICf-H,) 4 XcF5 ' were rccorda. at room tern- polenttial corresponding to the clectron repulsion term could be solved by
perature on a Instruments SA. Mole S-30OO triple spectrogra ph system evaluaktion of integral% Ilowevier, since the niethixi is based oi tlie
equipped with a microscope for focusoirg the excitation laser to a one- denisity, it wets found It) he more appropriate to determine the Coulombit
micrometer spot. The Ar laser lir., at 514.5 nm was seler-ted for cxci- IKgtcnttal directly fromt the electron dcniity by solving Pois&us' 04vott'ir
t~ation of the samnple. Crystels wecre se-lnd in Liridernann glass capillariesm~e' 4epr i
as described below - Q 1rllf 2

Infrared spectra were recorded by using Aglir disks on a Perkin-Eilmer In t)0o1. the form fo.r the exchiangel -correlation cnrgicr or the uniform
Model 283 spectrophotorneter. The finely powdered samples were electron gas is that derived by von Barth a nd fildin.'
sandwiched between two thin AgBr disks and piressed together in a Wilks All o1 the [iMol ralculations were done with a double-numerical b~Ais
moinipress inside the drybox, set augmented by d polarization functions. 1 his can be thought oh in

Nuclear Magneti Resfonance Spectroracpy. The 'F and t55Xc NMR terrms of size as a pulatried double-( basis set. flowever, because exact.
spectra were recorded unlocked (field drift < 0.1 Hzx h-1) with Bruker numerical solutions are empjloyed for the atom, this basis set is of sig-
WM-250 and Brukcr AM*5l-00 spcctrometer% equipped with 5.87 19-T nificaritly higher quality than a normal molecular orbital poilarizeod
and I11.744-T cryomagnetS. re -pectively. fluorine-I1') spectra were 0b- doublce4 basis set. I he fitting functions have an angular monmentum
tamed by using a 5-nirn combination 'If /'IF probe operating at 235.36o number oine greater than that of the polaiatrIAion function, oresulting in
Ml~i. The spectra were accumulated in 16K meniory. Spectral width a value of I - 3 for the fitting functions,
settings of 5000 and 30000 Hz were employed, yielding data point res- GJeornetrite were determined by optinmiiratiorm using analytic gradient
olutions of 061 and 3.6 Hir/data point and acquimitions times of 1.6311 and methods " I irst deriv~tives in the LDII framework can be calculated
0.279 F, respectively. No relaxation delays were applied. 'I yptcally efficiently mtiti only take (in the order of three to four SCI- itceations or
300)-7000 transien~i were accumulated. The pulse width cortir.imndinp. 10I 'MT,' (f afirrl Cs. eAlitaitun. 'I here are two problerni; with evaluating
to & bulk magnetization tip angle, 0. of approximately 90' was equal to) ypdietitit in (the 1.1; frarneoork, Which Are due' to (thc nunmerical rneth-
I ps. No lint broatlening parameter4 were applied in the exiounential vi~s that are used, 1 lie first is thiat the energy titnirtium does not rit"-
multiplication of the free induction decays priot to F-ourier transforma.- ______ ________ ____________

tion, (27) Parr, R. GI.; Yang, W, Ihriuuy Fuinctional Thorory of Atolosi and
Xenion-I 129 NMI( spectra wese obtained by using a broad-band VSI' Mo/eiru/ca; (U)lord tUnivermy Preiss, New York, 1989.

probe tunable over the range 23-202 M117; spectra were recorded at (28) Salithub. 1). R. In A'b Imitto ftrihodor in Quantum Af,,imodt In
139.05 NII-17 The spectra were accumulated in a 16K memory. A Qiuirisaur Chemisiry, 2nd ecd.. Lawley, K. P'., 11d4; J. Wiley A Sonsi: Now
spec~tral width setting of 50 kithz was employed, yielding a data pioint York. 1987i p 447.
oesotution of 6.1 Hz/data point and an inquisitionm time of 0,164 a No (29) (a) Wuniintnu1,.L. 1 reettun.i A. J., I ui. C,-L.; (so, P.-L.; Chou, S.-If;
relaxation delays were applied. Typically 10000 transitnts were accu. [IClley. fir In SupItrroripsarir flreuarch In L/m,,nilifory 4,nd if hormnfcal Ei'mf-
mutated, The pulse troidlth cor-'cponiiding to a bulk moagrictizatlon tip meeting- J.'nw~n, KfV, I rubtar. 1), j. U.,lAl . ACS Synmiplum Seriea' Ant-
srngle, 8. of approximately 90' wits eqiual to 18 lus. Line-broadening rrai(leiclSyity WsigoD..18.p9 It, r xn ) .
parameters of 4 [it. were applied in the exponential miultiplication of the Amidretii, J ; fitygerald, Qi; Winneoitr, L; (Jelley. I). In Sclorncur and I;ligI-
free induction deca)s prior to Fourier transformiation rmferting on Cray Stqirrcomnpuier Irixe'~g of t/c Fifth Infernatfornal~SymrJo~itun, Crey fHcsearcli Minneapolis, MN. 1990. pt 2115.

The 'IF and t5 Xe NMR. spectra were refoferenced to neat external (30) Jones, It 0 : (isnnirsson, 0. I/eu. Modc I'Ays. 1969, 61. 6K9
samples of CFCi 1 aild XeOf ,, respectively, at arnbient temperature, 'lhe (31 ) tlclley, It J Chiem. phys. IM9, (67, 30A IiMol Is Availabile coint
chemical shift convention uted is that a positive (negative) sign signifies nicircially huin IJIOSYM I echnolagica, !ian I~e,(-A
a cei.i iitI,~i l)f . ,f itoc (3)1r,; I5 1 too. _ 1 .n oi ,ha~et iv inun. the I Nt-. nararmtier iin Dllol.

7 he I 'Xc NMR samples% of satursted solutions of NICII1)4 Xel(, (1.1) von Ilartli, IJ I.licdin, L. J. P'4r Chtem, 1972, 1, 162.9,
in (.1 1 Nwere prcrarr~d in 25'c~ri weigthis of '/1-n *o i., /,iiwall (34) (A) Visrluii. I , Ziislri. 'I J Chhem Ihyi 1984, ft( 3322 (1'1

Awln-lItli. I , Wiinawi-r, V;., .Salithiu(, (1 11 Ili 7lie f hizlonug. tif d anid /1I111 plAsti.. tubiny, that hiad l.-en redwced to 'J-.1imi oil I,y siijr~irig ir, I /, 1"",C uf)or ( .,m/opuitoiin.l SAlxl1si, 1) 1) , /.erner, M, (., IdA,%;
a bh .s td I'r-c I inw bra as roil'1  1 lic. 11.1 t u biuig wia (teat oie.a led at oif:' A( S S yi lnmit n Sfu i,% ~ V04. Avm'mrni,-ari . iieiii.a I So.], i y WNa hliig'in, fit-.-

199 t224 (o I 'iumi'r. Pi., Arilielti, J., ~lsalihub, 1)If. (. chein lhys.
1~98 vim yo 1 / 1

(25) Diavits, Ki. III Afi(,l~,4 Su'ite *StlOOI'f, (Actmoi.1l Design Lid (J'3 I laulmim,, [ 1h jo bur' ,I (hr t /ien/i, mu lond. Irs! Cd , (.Uriuell

U(2) Millet. I A., I l~rtiuy, If. M App,, Spe, frwt, 1909, 21, ii t (If,) hliid., A, I Phmi ( hemI'iA6, 645, 441
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F.S Table Ill. Bond Distances (A) and Bond Angles (deg) in
[N(CHl)41÷(XcFs]-

& I -. +Bond Lengihs
"F4 ' t I N. ( H Xcl-1F3 1.979 (2) NI-Cl 1.481 (6)

FXe-[2 2.001 (2) NI-C2 1.488 (6)

'~Xei-13 2.030 (2) N I-C3 1.524 (4)X .
_K Xcl-F4 2.018 (2)

Xcl-FS 2.034 (2)
7,71.7 (4' Bond Angles

F3 F2 F3 F2 F2-Xel-FI 72.3 (4) C2-N I-C1 110.7 (3)
Fqrige I. Atom numbering schemc, bond lengths (A) and angles (deg) F3-Xcl-F2 11.7 (4) C3-NI-Cl 108.9 (5)
for XcF," at -86 "C in (N(CI-Ij) 4,+[XcFs. Projection of the XcFs- F4-Xcl-F3 72.2 (4) C3-NI-C2 109.6 (4)
anion on ( I I). Esd's are given in parentheses; thermal ellipsoids are F5-Xel-FI 72.3 (4)
shown at theS0% probability level, FS-Xel-F4 71.3 (4)

F3 IF2 conditions. Even with a 2:1 molar ratio of N(CH3)4 F:XcF 4 in
X4 CH3tCN solvent and a large excess of MF in the XcF4-MF

F4 " F5 I systemu, only XeF3-, and no XeF 6
2-, was observed, indicating that

A)F4 F1 XeFS- is the favored anion. The N(CHJ) 4
4 XeFs- salt is a white,

stable solid whose structure was established by a crystal structure
F3 F2 determination and vibrational and N MR spectroscopy (see below).

Fs The lack of XcF'&2- formation in these systems was further
Figure 2, Projections of the XcF:y anion on (130) (left) and (010) demonstrated by a study of the FnO-XeF4 system. Even when
(right). Thermal ctlipwoids are shown at the 50% probability levela d a te study of the on sy Even nS~a large excess of FNO was used, only NO 4'XeF 5-, and no

csuarily correspord exactly to the point with a zero derivative. The (NO*)2XeF 62-, was formed at temperatures as low as -78 1C,
second i. thai sum of the gradients may not always be zero as required The NO+X¢F.- salt is a white solid having a dissociation pressure
for tranmiational invarianct Them tend to introduce errors on the order of 10 Torr at 0 *C. It is ionic, containing NO" and XeFs- iors
of 0 001 A in the calculation of the coordinatem if both a reasonable grid as shown by vibrational spectroscopy (see below).
and basis set arc used. This givcs bond lengths and angles with reason- In view of the above results and the structural evidence press-
able crror limits, The difference of 0.001 A is about an order of mag- ented below, it appears quite clear that the salts obtained by the
nitudc smaller than the accuracy of the LDF geometries as compared to reactions of XeF 4 with fluoride ion sources are XeFs-, and not
experiment. XeF 6 .salts. The fact that some of the products reported t P'-

Resulls and Discussion by the Soviet workers gave elemental analyses approaching the
Syantlacac and Properties of XeFs" Salt. The reaction: of the ?A.XeF6 composition might be attributed to incomplete conversion

alkali-.metal fluorides with XeF 4 were studied under conditions of MF to MXcF, thus resulting in MF + MXeF5. There is also
(1 90 4C, 14 h) very similar to those previously reported by Kiselev no doubt that the products observed during the laser photolysis
and co-worker 1-1 It was found that XeF4 combines with either . of either CsXeF7 or N F4XeF 7 were not XeFs5 - but XeF5- salts.' 7

CF or RbF in a clean 1:1 mole ratio to form the corresponding, X-ray Crystal Structure of N(CH3) 4+XeFs-. The crystal
previously unidentified XeF$" salts. In the case of KF and NaF structure consists of well-separated N(CH3)4+ and XeF5- ions.
the same anion was formed: however, the percentage conversion The N(CH-,) 4+ cation is tetrahedral with the expected bond
of MF to MXeF 5 decreased with decreasing atomic weight of M lengths. Different views of the XeFs- anion are shown in Figures
(CF w 99%, RbF - 95%, KF - 65%, and NaF - 32%) and 1 and 2, while a stereoviewof the packing in the unit cell is given
increased reaction tirtaes were required for higher conversions, in Figure 3 in which the hydrogen atoms have been omitted in

"The interactions of LiF and BaF 2 with XeF, were also exam- the cation, Important bond lengths and angles are listed in Table
ined, but in neither case was evidence for the formation of a stable Il The xenon and five fluorines of the XeF 5- anion and the
adduct obtained, nitrogen and two carbons of the cation are located on special

The XeF," salts of Cs+, Rb+, K+, and Na+ are white, stable positions that are on the mirror plane, resulting in an anion that
solids. Their physical properties, thermal stabilities, etc, are those is planar by crystal symmetry. The closcst anion-'ation distance
previously attributed by Kiselev and co-workers to the corre- o.curs between F2 and C2, which lies in the anion plane, at 3.105
sponding M2XeF, salls.t-1S As will be shown below, they all (5) A. whereas the remaining closest F...Cdistanýa occur at 3.237
contain pentagonal planar XeFs" anions. (5) (F5...CI), 3.354 (5) (F3...C2), 3,370 (5) (FI..-C3), and 3.651

Attempts to prepare CsXel5 from CsF and XeF4 at room (5) A (F4 ..C2). The sum of the van der Waals radii of CII,
temperature in CHCN solutions were unsuccessful because of (2.00 A"5) and F (1 ,35"--1.40' A) is 3.35-3.40 A. The F2---C2
the very low solubility of CsF in this solvent. However, the highly distance suggests weak hydrogen bonding between the C2 methyl
soluble N(Clij) 4F readily forms N(CHJ) 4+XeFl" under these group and F2 and is somewhat shorter than the shortest F.. 4C

B B

Figure 3. Stcrconiew 11111 of the unit cell of IN(CIIJ) 4JiIXelF1]-, hydrogen atoms arc excluded.
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a

S400 H 1000 Hz

AI

-480 500 .520 .540 -560 -580 46 44 2 40 38 36 34 32 30
8 'IXe (ppm Iron XeOF,) 6,F (pprn from CFCIJ

Filgpe 4. I"*Xe NMR spectrum (139.05 MHz) at 24 C ofa saturated
solution of N(CH 3)4 ÷XeFS- in CH 3CN containing a I M excess of N- b
(CH3) 4÷F-.

distance in N(CH 3)4+HF2- (3.313 (5) A], 7 which appears to be
at the limit of the van der Waals distance. The short F2- - -C2 1000 Hz
distance appears to account for the greater elongation of the
thermal ellipsoid of F2 (in the direction of the Cs-axis of the anion;
Figure 2),

Although the site symmetry of the XcF 5- anion is C,. the five
fluorines are clearly equivalently bonded to the xenon, giving a
pentagonal planar structure of D•, symmetry. The average F-
Xc-F angle of 72.0 (4)0 is essentially the ideal angle of 720. The
average Xe-F bond length [2.012 (2) Al is significantly longer
than the average bond length of XeF4 [1.953 (2) Aj3 and the J\ j 1
average equatorial bond length of IF7 [1.858 (4) A].38 The
nearest-neighbor F-.. F contacts in the XeF5- anion are 2.35-2.38 a . ,. . . t I I

A and are substantially less than twice the nominal van der Waals 46 44 42 40 38 36 34 32 30

radius for fluorine, i.e., 2.7035-2.8038 A, indicatiag that the &,F (ppm from CFCI2)
fluorines of the pentagon are significantly congested and are
consistent with the long Xe-F bond length in XeF5-. This contrasts FRwe 5: 'IF NMR spectrum (235.36 MHz) at 24 OC of (a) a saturated

with the shorter Xe-F bond length of XeF4 , where the fluorines solution of N(CHJ) 4
4XeF;" in CHCN containing a I M excess of N-

in the plane are not contacting, and the intramolecular F .. -F (CH,) 4*F" and (b) a saturated solution of pure N(CH3)A+XeFs- in
CHJCN. Asterisks (*) denote 1t Xe satellites.

dist.nces (2.76 A) are at the limit of the sum of the fluorine van
der Waals radii. The short I-F bond lengths for the equatorial extent. Steric congestion in XeF5 - is additionally supported by
belt of five fluorines in IF7 relative to the Xe-F bond length of vibrational force constant calculations (see below).
XeF57 may be attributed to relief of the congestion in the IFs belt '29Xe and 19F NMR Spectra of the XeF 3 " Anion. The 1

29 Xe
by means of a 7.5* puckering, which has been deduced from NMR spectrum of N(CH 3)4+XeFs- dissolved in CH1CN con-
electron diffraction studies"' but not corroborated by an inde- taining a I M excess of N(CH 3)4+F- at 24 OC (Figure 4) displays
pendent study. The fact that XcFs- does not relieve its steric a well-resolved binomial sextet (Au,/ 2 = 15 Hz). consistent with
congestion by a puckering distortion may be attributed to the the coupling of the 129Xe nucteus to five chemically equivalent
presence of the two axial lone pairs of electrons, which exert 'IF nuclei in the XeF5- anion [6(129Xe), -527.0 ppm-from XeOF4;
greater repulsive forces than the two axial fluorines in the IF7 'J('2Xe-19F), 3400 Hz]. The 129Xc chemical shift of XeF5- is
molecule, thus forcing the XcF5 - anion to be planar. Moreover, significantly more shielded (i.e., by -843.9 ppm) than that of XeF4
the formal negative charge on XeF 5-leads toa greater Xe-F bond in CH3CN at 24 *C [6(( 2 'Xe), 316.9 ppm from XeOF4 ; 'J-

polarity and elongation of the Xe-F bond, as is evident from a (1"Xe---F), 3895 Hz]. This behavior follows the expected trend
comparison with the Xe-F bond length of XeF4 , and Serves to of increased shielding that accompanies an increase in negative
alleviate some of the steric congestion in the anion plane. charge." The 19F NMR spectrum ofa similar sample at 24 *C

The steric crowding in the XeFj- molecular plane is further (Figure 5a) shows a narrow singlet (A•,/ 2 - 2.8 Hz) flanked by

illustrated by the thermal parameters, which remain essentially natural abundance (26.44%) 12 'Xe satellites [S(t9F), 38.1 ppm
unaltered before and after empirical absorption corrections. It from CFCI3; J( Xer-- ), 3398 Hr]. A resonance due to un-
is apparent that the principal axes of motion of the fluorine atoms reacted fluoride was observed at -75 ppm. Interestingly, the 19F
in XeFs- and XeF4'7 are perpendicular to the bond directions, chemical shift of XeF.," is deshielded by 56.8 ppm with respect
producing the anticipated polar flattening of the thermal ellipsoids to that of XeF, in CH 3CN at 24 *C [6(19F), -18.7 ppm from
in the Xe-F bond directions. However, the thermal ellipsoids in CFCI,; 1J(1 29Xe--19F), 3896 Hzj. This result is somewhat sur-
XeF5- are elongated in the direction of the C,-axis and flettened prising in view of the increased ionic character of the Xe-F bonds
in the direction perpendicuiar to the X--F wLnd• Ic Qaci w,01,ýCU (i.e., greater bond length and smailci suec.ang fO•I c constant)

plane. In contrast to the fluorine thermal ellipsoids in XeFs-, those compared with those in XeF4; the reason for this is not clear but
of XeF4 are essentially isotropic in the directions perpendi,'ular may be related to the congested environment of the fluorine ligands
to the Xe-F bonds and in the molecular plant where the fluorine and the rather short nearest-neighbor F..-F contact distance. The
atoms are apparently not contacting one another to any significant "'F NMR spectrum of a sample prepared from equimolar

(37) Burns. J. H.; Agron, P. A.; Levy, H. A. Science 1963. 139. 1208.
(38) Adams, W. J.; Thompson, H. B.; Bartell, L. S. J. Chem. Phys 1970, (39) Jameson, C. J.; Mason, J. In Muhiinuclea, NIAR; Mason. J., Ed.;

53. 4040. Plenum Press: New York, 1987; Chapter 3, pp 66-68.
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a -E

Xj- r -X

X1 :

Cs~oF5  E7
I Figure 7. Internal coordinatess for pentagonal planar AX5.

value of 1i("9Xe-'9F) in XcFs- is in accord with the greater ionic
character of the Xe-F bonds in the anion.

ill In the VSEPR notation, XeF5- is a seven-coordinate AXSE2
system, and is the first example of this geometry." The solution

10 structure proposed for the anion that is consistent with fivc1000 80 600equivalent fluorines is a pentagonal planar (D~h) structure having
FREQUENCY, cm-1  five equivalent equatorial fluorincs and tw- axial lone pairs of

electrons. The dynamic behavior for related scvcn-coordinatc
geometries is well established in the cases of XeF 6 and IF,. In

b contrast to I F7 and XeFs5; the gas-phase structure of XeF 6 (AX46E)
N(CH,14*XeF5 " is based upon a distorted octahedral geomectry42 in which the

valence electron lone pair distorts thc octahedral geometry to C-,,
by oocupying triangular faces of the octahedron, passing among
adjacent faces via a transition state having intermediate C, and
C2. geometries, with intramolecular exchange dynamics that are
distinct from those of I F7. The dynamic behavior Of I F7 (AX,)
is also well documented; on the basis of gar-phase electron dif-

Z fato esrmnsi sprotdt aeapcee rfrcinmaueet ti upotdt aeapcee r
l- ~rangement for the Five equatorial fluorincs3 in the gas phase and
Z ~it has been shown by 'IF NMR spectroscopy that axial and

equatorial fluorine environments of I F7 undergo rapid i ntramo.
lecular exchange in solution.'" The single fluorine environment
observed in the NMR spectra of XeF5- could also be accounted
for by assuming that the anion is fluxional. The VSEPR rules

360 40 56 660postulate that the valence shell lone pairs exert larger rcpuisive
forces on adjacent electron pairs than do bonding pairs, so that,

FREQUENCY, cm1" unlike IFi, the transition state for exchange of axial lonec pair
positions with equatorial fluorine positions in XeFs- would pre-

Figure 6. (a) Vibrational spectra of solid Cs*XeF5-. Uppmr trace,. in- sairnahly give: rise to prohibitively large repulsive energies when
frared spectrum recorded at room temperature with an AgBr disk; lower a lone pair or lone pairs occupy an equatorial position, suggesting
trace; Raman spectrum recorded in a glass capillary at 25 *C with that XeF,- is likely to be rigid in solution.
647.1-nm excitation. (b) Single-crystal Raman spectrum of N- Vibrational Spectra and Nomm~i Coordinate Analysis of XeFs5 .
(CH3) 4*XeF5- recorded in a glass capillary at room temperature with Teifae n aa pcr fC~~,R~FKe 5

514.5nm ecitaion.NaXeFs,. and N(CH,1hXeF, and the Raman spectra of N'OWSF

quantities of XeF4 and N(CH3)4 'F- in CH3CN showed a similar have been recorded. The observed frequencies and their assign-
resonance, with accompanying '25Xc satellites, at 38.1 ppm; mcnts are summarized in Table IV. Figure 6 shows, as typical
however, the linewidth was significantly broader, A,1ý -2=53 Hz examples, the vibrational spectra of CsXcFs and N(C1 1 )4XeF.
(Figure 5b). This indicates that XcF 5- undergoes dissociative As shown above by the N MR data and the crystal structure
fluorine exchange, which can be suppressed by the presence of dettermrination, the XeFs; anion is pentagonal planar and, therefore,
excess fluoride. There was no evience for the formation of XeFý1- belongs to point group Lish After the remnoval of translational
at XeF4:N(CH 3)4 r ratios exceeding 1:1, thus casting further and rotational degrees of freedom, the irreducible representation
doubt on the previous claims""' for the existence of stable: salts of the molecule is
of the XeF 6

2 -anion. . i,=II()+I2(R E'I)+2,()-, 2(a
The magnitude of the onc-bond 129Xe-'19F coupling constant y A 4 R -1 2 (R E'I)+2 2 ()+E 1 (a

drops from 3895 Hz in XcF4 tv 3400 HL ina X/%;I$- u1iiidc thc samc Since X:F,- is tht firs', 1no-n exampIfre~ of ;in AX. %necies of
conditions (i.e., solvent and temperature) of experimental inca- symometry Dsh, it is not surprising that a normal coordinate* analysis
surement. If it is assumed that thc Fermi-contact mechanism
provides the dominant coupling contribution,'0 then the smaller (1GilseR. J. Afolecular Goer;VnNsrn enodC.

Lundon, 1972.
(40) (a) Jameson. C. J. In Multimuclear NMR; Mason. 1, Ed.. Plenum (42) (a) Bartell, L. S.; Gavin, R. M.; Thompson, It. BI. J Cherm. Plays.

Preas: New York. 1987; Chapter 4. pp 97-101; Cliapter 18. (b) Schrobilgen. 1%65. 43. 2547, (b) Bartell. L. S.; Gavin, R. M. J. Chtem. l'hyr. 119611. 48,
G. J. In NUR eand the Periodic Table; Harris. R, K., Mann. H. E., Eds.; 2466.
Academic Press; New York, 1978; Chapter 14. (43) Gillespie, R. J.; Quail, J. W, Cans. J. Chem., 19%4. 42, 2671.
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Table V. Symmetry Coordinates and Approximate Mode Table Vill, F Matrix and Force Field for Pentagonal Planar XeF,5 of
Descriptions for a Pentagonal Planar XY 5 Molecule Symmetry D,,_________________

I, assign- frq
met cmf symmetry force constantsa

S2 -,Jjo (A5X 'umbmija dtoni All P, 502 F,1 f, + 2f,, + 2f,,! = 2.8 20
SN A2" V2 274 F22 = r2(f, + 2f,~ cos a + 2f,,' cos 2a) = 0.996

Sj, I~ t+ftC94a I'A 2 + WI) +CUS2 at Ar + £4~f E,' 465 F33 =f, +2f, cosa +2f,~'cos 2a =1.830

> z .Mn ý ae c whr F34  r(f_ + 2&,., co - + 2f,." cos 2a) = -0.342
SFlIm(I- &~s) .smn2a(&3 -&,)i V4  290 F44 r2(f, + 2f,, cos a + 2f.,~' cos 2ea) =' 2.212

E2 5  423 F551=f,+ 2f, cos 21a +2f,' cosa =2.003
iA"~~F5 =~54 2).u r(J, + 2f,.' cos 2a + 2f.4." cos a) = 0

SNV 4,--r. -IW1 +62)+"2[A1+ Q) V, 377 F.4 -Af,.+ 2f_,.cos 2a + 2f_'cos a)= 1.797
d E2" 6'7  79.' F17 = rNJ;* + 2f,, mo 2or + 2f,,' cos a) - 0. 143

S-F (.Mi60.., - 402)* tva( hAo - Aa,) I stretching constants in mdyn/A, deformation constants in mdlyn

55, &1 +COLa W24 &) + OM &I +ArA/rad
2 , and stretch-bend interaction constants in mdyn/rad. I' Value

S,,.,.J-~~my~ari st +02rtt2 * * ictO4) taken from the ab injito calculation.

in its N(CH 3 )4
4 salt arc only very weakly coupled." It also

51, 14 *COS
2CE(604- + 401 COSO ( Aaf + Aa2 justifies the use of the assumed free anion symmetry in the sub-

sequent vibrational analysis and force field calculations.
s~,.T iaQ16 4 . .Q~,. smt ~In the salts with smaller cations, stronger coupling of the XeF 5 -

JS02 (64! -ACEj) 4ar - alMmotions or slight distortions of the anions can occur, resulting in
s 10% -00) COG 101 L27 d57)a splitting of the two E2' modes into their doubly degenerate

*CJ~~YlA~lt5) fb•.y*roo components. As expected. the anion-cation interaction is strongest
S1 (.1a(b -Ay . '., 1.11p pI.," deformslmof for the NO+ salt, causing some of the infrared-active modes, such

.1TSU - AY17 -Vh Ay.24 * 6r.47 ) as V3(E,') and v4(E,'), also to become weakly active 'in the Raman
spectrum.

Table VI C Matrit' for Pentagonal Planar XeF,- of Symmetry D55  In the infrared spectra two strong anion bands were observed

A,' G4, I= p,= 5.2637 X 10-1 above 250 cm-1. The first one was a very intense broad band
A2" G22 -(2/F')(I, + 5,u,) 4,4802 X 10-2 extending from 400 to 550 cm-, which must be due to the an-
El' G13 = p-4- 50A,/2 = 7-1677 X 10-2 tisymmetric stretching mode ;3(E,'). The second one is an intense

G3,- 5(S" 2)ui1(4r sin a) = 1. 1123 X 10-2 band at 274 cm-1, which, on the basis of its frequcncy and relative
u=( I /r2 )(Sw, sin2 2a + g,) = 2.4333 X 10-2 intensity, must be the symmetric out-of-plane (umbrella) defor-

L2' G55 = py= 5.2637 X 10-2 mation, s'2(A2").
66=0 The third predicted infrared-active mode is the antisymmetric
G.,=( I /Fl)(4ti, sin.2 a) =4.7026 X 10-1 in-plane deformnation, M'4 E,'). Assuming the F66 and F44 symmetry

Ell, G77 2gyfr2 = 2.5995 X 10-2 .force constants to be identical (both modes involvef. and different
' The following geometry was used for the calculation of the G ma- combinations of f..4 and f,..', with the latter being small due to

trix: r =2.0124 A and ora 720. the large mass of the xenon central atom), a frequency of 274
hadnotpreioslybee carid ot fr scha species. Force cm'1 was calculated for &'4(E1'). Therefore. rv(E,') which should

condtnots perevio luslybecarred ou th filor such ri eto be of medium infrared intensity, might either be hidden underneath
conr7stants were cal icuted by ithera WilordnF atetodsrix e m thod. the intense u2(A215 band at 274 cm-1 or occur just below the

vibrations of such a molecule. Two imaginary ligands, E6 and A5-m1ctf frequency rang 24 h29 cm fr windows alsefor oupprstedby.

E7, have been placed in the axial positions to define the angles thfeqe ncyam angsetrum 9 of N Xfor 8'(Eise Tableo suppornedhis
,y, required for the definition of the out-of-plane deformation teRmnsetu fN 'o5 seTbeI) nti

modes. The symmetry coordinates and approximate mode de- compound, where the anion-cation interaction is the strongest and
scritios ac gien n TbleV an ar deive fro thse re- the infrared-active modes become also weakly Raman active, two

scipionsl arepoiven inr tabe VF andcul areterivoredto frmtose pre- weak Raman bands were observed at 244 and 282 cm-t , respec-
viosparenttpogrted ca eror s. th Thmleue aftea coretioa nd Fo m twoe tively. Furthermore, the infrared spectra of RbXcFs and CsXeFs
toppthrnith typ ographialerrs Thmeraayical vaus arcgvnd Fn matrles, exhibit a 288-cm'1 shoulder on the strong 275-crri-' band, and the

toete wvith th.espcptiedy numecoricaltales, afore Given rin Tabls Raman spectra of all the alkali-metal XeF 5- salts show an ex-
vIerifid bII rninespedetively.uTh tiorrcnes of ohumria C matrixwa tremely weak band at about 290 cm-1. Consequently, a frequency
veiidby ansin deenen cptinalulationd o thagve numerical v atris, of 290 cm'1 was chosen by US for P4(Ei') and used for the force

by uing coputaiona mehod hatgaveidenica vales. field computations. Our choice of 290 cm-1 for P4 is also SUPpre
Vibrational Assignments. In agreement with the above pre- b ab initio calultin for XeF'-(e below and IF7.4 As-

dictions for XeF:- of symmetry 1)5,, three mutually exclusive bymi th frequcuaoy difrnes beteen owclte, n osre
R~aman and two infrared bands were obiser-4cd in th 200-70-cm-1smw h frequency dibtesaeferences btweein-clclatedefratind mobesere
region expected for the fundamental vibrations. The N(CH])4' frquncies to vale the29 same f sorteditwinpaed dforP4 miation modes
falt, containing the largest cation and, hence, the best isolated i e 5  au f21cy speitdfra.Smlhy h
XeF 5- anion, shows three narrow Raman lines at 5G2, 423, and
377 cn-1. On tho. basis of their relative intensities and frequencies, (46) A factor-group analysia of the vibrational modes of the unit cell was

whic ar siila tothos ofthethre cosey reate Rananactve carnied out by use of the correlation chart method (Cartee, R.. L.. J. Chem.,
whic ar siila tothoe o th thre cosey rlatd Rina-acivc Educ. 1971, 48, 297 and references therein). The free anion symmetry (Dss)

modtz; of octaedral moleculms the 502-, 423-, and 377-cmni bands was correlated to the site symmetry of the anion (CQ. which, in turn, was
are assigned to the symmetric stretch, vi(Al'), the antisymmettic correlated to the. crystal symmetry (Dl25

). Assuming completc vibrational
StrC!',ch POD~Y, and the symmetric in-plane deformation, v6(E2,, tAiupiaiig Vunur ii. thme Um4lii Ue1 ur4.(Ci" 3)4_X'eF5, 'il "Ic, *ibri"VRAlIjdc

respectively. The rigorous adherence: of the observed Raman of the XeFs- anion are round to be Raman- and infrared-active under the
crystal symmetry. Moreover, P)s, F41 v5, r6, and Y7 will be split into four and

spectrum to the vibrational selection rules for symmetry DA and three components in their Ramnan (A,. B11, B2, B3,) and infrared (BI., Bu,,
the failure to observe further spliistings of the vibrational bands 8,.) spectra, respectively; Pt, will be split into two components in both the
serve to undtrscore that the vibrational modes of the XeFs5 anionI Raman (AB, B3 ) and infrared (B., B2.) spectra and s,2 will not be split in the

infrared (9,.) but will be split into two components in the Raman (B11, B2x)
____ _________ _______________-- spectrum.

(44) W lison, E. B. J, Chern. Phyi. 1941. 9. 76. U9 (47) Bartell, L. S.; Rothmnan, M. J.; Gavezzotti, A. J. Chemn. Phys. 1982.
(1151 Khanna, R. K. J. XfoI. Spe-irosir. 1962, 8. 134. 1.9 76. 4136 and references cited therein.



Table VIII. Internal Force Constants (mdyn/A) and Bond Length Table IX. Calculated and Experimental Vibrational Frequencies
(A) of XeF;" Compared with Tlhose of XeFj. XeF 4, and IF. (cm-1) of XeF 4

force const XeF,' XeF 41 IF4 -b XeFs-' assignment calcd freq obsd freqQ approx mode descriptn

A 2.83 3.055 2.221 2.096 A,, 1 ' 532 543 ',,Y, (in phase)
fý 0.14 0.120 0.183 0.143 A,ý s, 271 291 6,,. (out of plane)
fW 0.007 0.466 0,2119 B,1 a, 498 502 ,,,, (out of phase)
J (.o') 0.20 0.193 0.182 0.458 B1, P4 152 235 A,,• (in plane)

0.299 0.257 0.072 1,' I' 156 inactive b,... (out of plane)
0.045 E. 1,6 591 586 #UYM

I.- . 0.413 E. P, 143 123 6.,Yn (in plane)
f-f 0.093 'Data from ref 55.
f-f -0.021

S1.98 1.953 2.012 Table X. Calculated and Experimental Vibrational Frequencies
"Data from ref 53. $Data from ref 50. The f values in ref 49 have (cine-) for XeFs-

not been properly normalized and must be divided by two to corre- caald freq
spond to the values from this work. 'This work. obsd approx

assignment a b c freq mode descriptn
transfer of the computed frequency difference of 102 cm-' for the A,' P, 467 537 551 502 Y,,m (in plane)
two in-plane deformation modes from I F7 to XeFs" results in a A2" 8', 270 274 275 274 6S.. (out of plane)
a'4 value of 275 cm-1 for XeFs-. E,' ,] 502 574 585 400-550 #,,•

The only missing fundamental vibration is the ring puckering El' v4 248 255 254 290 A... (in plane)
mode, A'7(E2"), which ideally is inactive in both the infrared and E2' vs 413 477 489 423 I,,rn
Raman spectra. Since no experimental frequency is available for E2' &6 335 356 361 377 6 , (in plane)

this modc, the frequency of 79 cm-1 obtained by the ab initio 11" v, 79 21 28i b. (out of plane)
calculation (see below) was used. 'With the calculated Xc-F bond length of 2.077 A. 5 With an as-

In addition to the fundamental vibrations, numerous Raman sumed Xe-F bond length of 2.022 A. 'With the observed Xe--F bond
bands were observed in the low-frequency region, which are at- length of 2.012 A.
tributed to lattice vibrations. The infrared spectra exhibit some The data in Table Viil demonstrate that the stretching force
weak bands above 600 cm-, which can be readily assigned to constants J' are mainly influenced by the polarity of the Xe-F
different overtones or combination bands of XeFs- (see Table IV). bonds, with increasing polarity dreasing the force constant. On

In the other hand. steric crowding has a strong impact on the de-
observed (see Table IV) with frequency values that are in excellent formation constants. If this crowding is anisotropic. as in the case
agreement with previous literature data. 5

.7,48 of XeF5- where the crowding is concentrated in the equatorial
Force Constants. The symmetry force constants of ":Fs- are plane, the deformation constants in the congested plane increase

shown in Table VII. Except for the E,' and E2' blocks, all of the while the deformation constants out of the congested plane dce-
symmetty force constants arc one-dimensional and well deter- crease deficationThonstanut of the con eformanmined. In the two-dimensional E2z' block, G..6 equals zero (see cre~as significantly. The low valuc of she out-of-plarnc deformation
Table VI), resulting in Fs6 also becoming zero. Therefore, the constantf,, in combination with a comparablef,, value, implies
TableyVI), resaunderdetermined problem is the two-dimensional a low energy barrier toward puckering of the equatorial plane.only remaining undero i poble is the this ional When the f, value approaches zero or becomes negative, spon-El' block, The range of possible solutions for this block was tnospceigshould occur.computed by using the extremal conditions reported by Sawodny." Cosputatina sult ora
It has previously been pointed out"- 5 2 that in weakly coupled Computational Results, For a better understanding of the

(heavy central atom) systems the values of the general valence molecular structure of XeF,, local density functional calculations

force field tend to fall within the range given by F34 = 0 as the were carried out for this ion and for XeF 4. The quality of these

lower and F34 = 1/21F34(max) - Fu(min)l as the upper limit with calculations for relatively large and heavy molecules was first tested

F., - rin being an excellent choice. The latter choice results for the well-characterized1 4,55 and closely related XeF4 molecule.
in an F, value of 1m830 mdyn/ with an error limit of about 0.14 The well-known square-planar (DO) symmetry and a Xe-F bondmdyn/a an d , there fore, F1 3 can be considered to be reasonably length of 1.998 A (0.045 A longer than that observed for the
wdynl andet h re. csolids 4) were obtained. The calculated vibrational frequencies are

The most important internal force constants of XeF,; together in excellent agreement with the experimental values55 (Table IX),

with the known bond length, are given in Table VIII and are except for the in-plane deformation modes, where the agreement

compared with those of the closely related XeF2" and XeF4s is only fair.

molecules and the IF4- anion. 5' As can be seen from Table VIII, For XeF$-, the computations confirmed that the pentagonal

the force constants well reflect our exp etations. Compared with planar Dsk structure is indeed a minimum. Again, the computed
XeF2 and XeF4 , the increased "Xe-F" polarity of the Xe-F bond bond length (2.077 A) is slightly longer (0.065 A) than the ob-in F omw ing e ff the eqtorl served one (2.012 A). A comparison between the observed andin XeF5-, combined with the crowding effct in the equatorial calculated spectra is given in Table X. As for XeF4, theplane, should decrease the Xe-F stretching (f,), increase the agreement betwen computed and observed frequencies for XF
in-plane deformation (f4), and decrease the out-of-plane defor- is quite good, with the largest discrepancies again being found
mation (f,) force constants. Furthermore, (_.. -f.') and (f, for the in-plane deformation modes. These results confirm the
-fw') should exhibit positive signs as expected for adjacent angles
interacting more strongly than nonadjacent angles. The excellent assignments made above for XeFtbetwen hes execttios ad th exerientl vlue ofThe influence of the bond length on the vibrational spec:trum
agreement between thew expectations and the experimental values of XeF,- was also examined by computing the spectra for two
from Table V III lends strong support to the above assignments shorter Xe-F bond distances, one at the experimental bond length
for XcFs-. and one 0.01 A longer (Table X). As expected, the stretching

frettqencies are the most sensitive to changes in the bond length
(48) Christe. K. 0.; Wilson. W. W.; Bougon, R. A. Inorg. Chem. 1946, except for the equatorial ring puckering mode, v', which is also

23, 2163.
(49) Sawodny. W. J. Mol. Spectrosc. 1969. 30. 56.
(50) Christe, K. 0.; Naumann. D. Inorg. Chem. 197,, 12, 59. (54) Burns. J. H.; Agron. P. A.; Levy. H. A. Science 1%3. 139, 1208.
(51) Pfeiffer, M. J. Mol. Spectroic. 19%9, 21, 181. Tcmpleton, D. H.: Zalkin, A.- Forrester, J. D.; Williamson, S. M. J. Am.
(52) Thakur, S. N.; Rai, S. N. J. Mot. Strucm. 1970, 5, 320. Chem. Soc. 1963, 85, 242. Ibers, J. A.; Hamilton, W. C. Science 1963, 139,
(53) Siebert. H. Anwendungen der Schwingungrspektroskopie in der 106.

Anorganischen Chemie; Anorganische und Allgemeine Chemit in Einzel- (55) Claassen, H. H.; Chernick, C. L.; Maim, J. G. J. Am. Chem. Soc.
darstellung. VII; Springer Verlag: Berlin. Germany, 1966. 1%3, 85. 1927.
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Table X1. Valence Molecular Orbitals for XeFs3  aC i' )
symmetry orbital' energy, CV

A2' p. anti on F 3.00
A2" p, anti 0.67 Xe, 0.40 F 3.15 O
El' pyon F 3.71 \ 0
A,' 0.43 p, on F, 0.57 s on Xc, anti 4.00
E2" p, on F 4.06
El" p, on F some Xe d 4.69

E2,' p,,, on F 4.78 HOMO (a')
E2' pý, on F 5.72
A," 0.77 pr Xe, 0.21 p, F 7.38 b n C 9
El' 0.56 p,. p, Xe, 0.40 p. onl F 9.01
A,' 0.89 Xe s 16.02 7 G Vc GN Q

ax= Xe--F bond axis, y orthogonal to Xe--F axis in plane, z
orthogonal to Xc-F axis out of plane. IOU

very sensitive to shortening of the bond length. At the experi- aý" (bonding) NHOMO a,- (antibonding)
mental distance, the degenerate deformation frequency becomes
imaginary, showing that the molecule would assume a nonplanar Figure g. Selected molecular orbitals for XeFs-. (a) HOMO, anti-
structure. As discussed above, increasing congestion in the bonding combination of in-plane p,'s on F; (b) bonding out-of-plane

orbital combination between Xe 5p, and p,'s on F; (c) antibonding out-
equatorial ring will result in spontaneous puckering and an im- of-plane orbital combination between Xe 5p, and p,'s on F.
aginary frequency for v7. The calculations at the experimental
geometry are far enough from the theoretical minimum that the in the VSEPR model used elsewhere in this work, the vdlence
calculated frequencies should be employed only to show the ex- electron lone pairs may be described as two doubly occupied sp
pected trends, as they do not refer to the minimum energy hybrids above and below the plane, but this is not required by the
structure. The data in Table X also indicate that the frequency VSEPR model. The two models are equivalent, as the VSEPR
order of the Xe--F stretching modes is essentially independent of model is derived from a localized orbital approach, whereas the
the Xe-F bond length. It should be noted that all the calculated calculations are based on a molecular orbital approach. The sum
frequencies are harmonic values and were not scaled to include and difference of the 5s2 and 5p,1 orbitals will lead to the two sp
anharmonicity effects, which are usually on the order of 5%. hybrid lone pairs. However, the total electron density, which is

The Mulliken charges for XeFs- are + .48e for the Xe atom the invariant quantity, is independent of the choice of models used
and -0.50c for the F atoms. This differs from the nominal as- to describe it. (In a formal sense, the wave function is invariant
signments of -11.0e for each F and +4.Oe for the Xe. The mo- to a unitary transformation,)
lecular orbitals (Table XI) provide some insight into the bonding
in this molecule. If we cnnsider nnly the valence p orbitals on Conclusions
F since the 2s orbitals are quite low in energy, the remaining Xenon tctrafluoride indeed forms stable adducts with strong
orbitals can be qualitatively summed up as follows: There are Lewis bases, such as tetramcthylammonium fluoride and the
10 electrons in the 2 p, lone pairs on F orthogonal to the Xe-F heavier alkali-metal fluorides. However, contrary to previous
bond. There are roughly 10 electrons in the 2p, orbitals on F, reports,''-'I these salts do not contain the XeF 62- dianion, but the
which are orthogonal to the molecular plane. The totally sym- XeFs- anion.
metric group of these orbitals interacts with the out-of-plane Sp The XeF5" anion has a highly unusual pentagonal planar
orbital on Xe in a symmetric and antisymmetric way. The 2p, structure for which no other examples were previously known. It
orbitals on fluorine along the Xc-F bond have about le in them. can be derived from that of a pentagonal bipyramid, such as IF7,3

These mix with the 5p, and 5p, orbitals on Xe. Although the Xe in which the two axial fluorine ligands have been replaced by two
5s orbital does mix to some extent with the 2p orbitals on F, it sterically active free valence electron pairs. Compared with IF7,
is predominantly a lone pair. The basic description is thus a Xc F
with a 5s'5pl occupancy surrounded by five F- atoms. Delo-
calization of fluorine electron density into the Xe Sp, orbitals -
with only a small participation of the d orbitals on Xe then reduces
the charges on the F atoms. The HOMO is the antibonding FF _F
combination of the in-plane lone pairs on the F atom orthogonal N. I , \
to the Xe-F axis. The NHOMO is almost degenerate in energy eF F,
with the HOMO and is the antibonding out-of-plane combination
of the F 2p, and the Xe 5p, orbitals (Figure 8). FF

Both the orbitals and the bonding in XeF 5- are quite similar
to those of XeF 4, which were calculated for comparison. In XeF 4,
the Mulliken charges on Xe and F are +1.65e and -0.41c, re- F
spectively. The Xe 5s orbital participates in two orbitals, with which is a fluxional molecule undergoing with relative ease a
most of its density in the orbital at 22.02 eV just as in XeF5-. The dynamic ring-puckering pseudorotation,3,"7 the equatorial XeF5
5p, orbital of Xe and the out-of-plane 2p, orbitals on the fluorines plane of XeF, appears to be considerably more rigid. The in-
interact to give bonding and antibonding molecular orbitals. The creased rigidity of the XF5 plane in XeFs- is attributed to the
orbital configuration at Xc is thus dominated by the 5s25p, 2  stabilizing effect of the two free valence electron pairs on xenon.
configuration just as in the anion. The HOMO in XeF 4 is at 9.15 These free pairs are more diffuse and hence more repulsive than
eV and is the .5p, antibonding orbital as found in XeFs5 . Its the axial I-F bond pairs in IF7, thereby offering more resistance
significantly higher value, compared with that of XeF5 , is in toward the puckering of the equatorial XeF5 plane.
agreement with our expectations for an anion and its parent
molecule. Acknowledgment. We thank C. 1. Schack, W. W. Wilson, R.
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PART VIII

THE IF 60, .TeF02-, TeF7, IF- and TeF82 " ANIONS; NOVEL

EXAMPLES OF AX7E, AX 7 AND AX 8 VSEPR GEOMETRIES
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The novel h~ypervalient. highly coordinated, high-oxidation state anions IFrO-, TeF 60- e 7 ,I 8  n ea 2 hv

been synthesized in anhydrous MeCN using anhydrous N(Me)4+F- as the fluoride ion source; the anions have been
characeteized, by N'MR and vibrational spectroscopy and represent novel examples of seven and eight-coordinate
*prccies having symmentries Cs, (1Ff0-. TeF6O 2

-), LD5,, (TeF7-) and D~d (Ffl-, TeFS 2-).

'The study of fluoro-aniorts having coordination numbers equatorial fluorines, and a 1: 5:10: 10:5: 1 sextet at b 111.1,
highei ihan sly 3nd. in particular, thote involving free valence assigned to the axial fluorine trans to oxygen. Both resonances
ielectr-on pair., have recently receivtd considerable atten- are broadened by partially quadrupole-collapsed spin coup-
ticn.1-' To a large extent, ithese studies have been greatly ling to 1271 (1 = 512). Tht fluotrine-fluorine scalar coupling.
facilitated by the orvelopi tent of a convenient preparative 2J(l 9Fa.-.F) 205 Hz, is ve-ry similar in magnitude to those for
scale synthe-sis of anhydrous N(Me)4+F-' and the realization IF 50 (271-280 I-z.)9 and Cis-!O 2F4-- (204 Hz in MeCN)- 1
that this salt 2' n excellent reagent for the preparation of The vibrational spectrz. of 1F-60- are also in excellent
novel. high-oxidation state complex fluoro- or oxofluoro- agreemnent with symmetry (i,. The assignments were made by
anions. Furthermore, the high solubilities of these NW0e4 * comparison with the related I.F7 mol -:ule (see Table 1) 2ad
sahis in solvents such ,s MeCN or CHF2 perm~t the gathering XeF5;- anion.4

of vvluable sttwctuirr information through NMR and vibr-- The reactions between TcF6:and alkal. metal fluorides have
tiornal situjies and dhe growth of single crystals suitable for been reported previously, although defirtitive chatract,:rization
X-ray stnicture dc-terminations of the products was never achievecd. "he reactions of TeF6

Our recen' succcss with vh%- preparation of the XeF5 - with CsF and RhF suspended in C5176 resulted in products
anicun.! tie first koov. i cxamnplcof a ptnvtagolnal planar AXSE, approaching the limiting compositions CsF.TeF 6 and
(whiere E stands lot ?, tree valentce electron pair) species, 2RtF-TeFr6 . respectively. 12 Vibrational studies on these
promptcd us to stud, sorne closely relate!d iodine and materials were ten~tatively interpreted as indicating D,), and
tellurien compouinds. In additian, thecre are relatively ftw D~d structures for TeF 7 - and TeFg2-, respectively'. However,
examples of main-gioLip species which allow the aprlicability since both compounds decomposed in solution, a fuller
of the valence shell electron pair repulsion (VSEPR) rules to characterization of their nature was- precluded.
coordination numubers exceedin~g six to bc tested8g In this note, The preparation of N(Mve) 5 -*reF7r was similar to that for
we report on the ,ynitheses and structures of the novel 1F60- the 11760- salt except that a 5% excess of TeF 6 was allowed to
anion and on the N(Me)4 , salts of TeF 7 -, TeF82- and IF8-.

The salilk Nc 4 W0, was prepared according to
eqn. (1) by the reaction of anhydrous N(Me) 4 F-F with a
threefold excess of IF.O in dry MeCN at -31 9C for 30 min.

Me:CN0
N(Me) 4*F- + 117,0 -- N(Mebl IF60 - (1) FiF1 <.- 1

'-3PC F~z -1 P -Fe

The sol'-ent and unreacted IF50 were pumped off at -Mt *C F iF,
leaving behind N(Mc), *IF60 as acolourless crystailine solid F IF
in quantilative yield, According to 6ifferential scanning
calorimetry (DSC) and pyroly' sis data, the compound starts to2
decompoYse at abotit 137 *C with formation of C174 , C0172 and F_
IF,) - as the major products,. F i F F

The "IF NMR spectrum of N(Mc),*IF6O- in hMeCN I,,
solution recorded at -40 *C (Fig. 1) is consistent with the ITe
structure predicted by the VSEPR rules, consisting of a Fl- ý-F\pentagonal bipyramidal .iructute of C,,. svmmetry (structure /'%
1) in vdhich the oxygen atom occupics an axial position. The F F FF
%pectrumi consists of a douolet at h 166,0, assigned to thc 1.2434
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react with N(tve)4 ýT- according to equati' ,) su
anid an cxcess of TeF 6 were pumped off it _.m.itemrp. . 1000 Hz
leavingy a white solid in quantitativt- yiel'

N(e)F ~ hE -~ N(jMc).,'' (2)
*-401C'{

Th1e room temnperautre k.$Tc NMi-R spectrum of
c~M) 4 T e F7 i n MCCN consists ofI a

I-.7; 21-31": 35:21: 7: 1octet centred at 6327.4 (Fig. 2). Thle
octet fine structure arises fromn the one-bone %pin-spin
coupling bh!tweenm the central iZSTe ari III figands 1
I ̀J(t25Te...iF) 2876 Hz] and is in accord with :4 1-" anion
structure in which all seven fluorines are rendered 1equivalent ~ -. ~
on the NMR time scale by a facile intramoclecular exchange 168 166 ~ 64 112 110
process. -lte 19F NMR spectrum is also c~nsif-ent with the 61,! (zom from CFC13)
ToW,- anion undcirgoing a fluxional process in solution, and
consists of a single environment (b 16.1) and natural abun-
dance iatelliv± spectra arising from IJ(123Te.-.9F7) 2385 and Mit. I The 'IFINMR spectrum ci N(Me)frlFO- recorded a(471.599
'J('25Te.-191F 2876 Hzt. Under high resolution at an external MHz in MeCN soalvent at -401 C
field strength of 11.?4.4 T, the central line displays the isotopic
shit; pattern ari5sing from thc natural abundance sPinless
tellurium iscitopes corresponding to the fluorines of the '-MrTe.
1:1TC. 1I2*1e' IZ4Tc- and 122Te isotopomers, with cach iso-
topomner shifted successively to higher frequency of '31TeF7,,
by 0.004 ppmn. Earlier NMR studies have shiown that the
isoelectronic IF,7 molecule also undergoes rapid niiirarnol-
eculair exchange arid gives rise to a single fluorine environ - 2000 Hz
merit in the room temperature 19F NIMR spectrum with
partially quadrupole-collapsed fine structure arising from

The vibrational spectra of TfcF7- have been assigned by
analogy with those of the isoielectronic IF7 Molecule (Table 1)
and are in agreement with a pentagonal bipyramidal structure
of Dsh symmetry (3tructure 2). In general, the TeF7f
frequencies are shifted to lower fie-ueincies relative to those
of IF,, in accordance with the formal negative charge of
Ter, -*

'ihe syntheses of Cs~lFg-,14 NQ,-lFg-14.i and NO 2+JFg-' 5
*-,

have previously been reported, and the ionic nature of these 380 360 340 320 300 280 260
salts was established by the observation of the vibrational815pln-3 M12e
bands characteristic for NO-, and N0 24 .14 .15 Although partial ' *prn 1 e(eVTe
Raman' 4 and IR spectra's had been reported for IF8-, no
conclusions could be drawn from these data about the exact Fig. 2 The 'WTe NNMR spectrum of Nli Me),,TeF,;- recorded at
structure of this interesting octacoordinated anion. To allow a 157.792 M1-z in McCN solvent at 30 "C

Table I Vibrational frequencies (cm-i) and tentative assignments for IFor.O. IF-, and TeF7-

I1F60- (C5..)" 11-( 5 ) TeE,- (Do~h)"

A, vi v 1--0 873 [vs. IR. 5.3. R (p))
V2  vlFax 649[Is. IR;8.8 R(p)) A,' v, v svm MFj ax 075 12.0. R~pl .597 (2.6, R)
V3  vsym IF5  584 110, R(p)) V2  v sym M F, 629 110. R pil 640 (10.R)

A,' v3  v asyrnMF, ax 746 (s. IR) 695 (vs. IR)
V46 umbrella V4  b umbrella

IF5 359 (s. IR) MF ' 36",(s. IR 3 32 fs, IR)
El v, v asyml F5  585 (vs, IR) El' Y, v asymnMF., 67-'(vs. IR) 62-1;(vs. IR)

V6  6i wag 1-0 4r7 (4.9. R) vh b scissoring
V7  5 wag IF ax 405 (vsI R) MF~ax 4I25 (%s. I Ri ' 84 (vs. IR)

V86 asym IF5 V7  b asym ME'in plane 260 (s. IR: 0.2. R) in planie 2 57 %%. I R
El" v#, b wan ME2 dx 311$ ((if,. R~ 2_99(0.6. R)

E2  v.q v asyni 11r. 530 (0.4. R) E:' -9 v' asve M F, i09(1.9. Ri 458 (1.6. R)

v1 ,ii, scissoring V1 n 0 scrssiorminimMi-
I F, i n planre 341 (6.2, R) in pI'r _- 142 (1 .1. R1 26 (0.7, R)

v, pucker IF, E," v1 1 6 puckcr MFll 4

-Spectra recorded for ltie N,(Me)4* salts at 23 Y,. Freqijenocs tie Yaken from Hf. Ii. tE ' cl arid Kx Seppelr. J Chemr. I'/rv.. 1972.
56. if*i. A number of mrodes have been rcassrmnid %(o !hat( they at. coflsr~teft mith the correvpordir2 a-innrncnt5 for XeF,- (ref. 4), which
Ira e been cantrrrirmA try a force constant air, vax arid i liorctic;it calti Iaririons. , Monde not oli r~ red. I-- iacr e in both (lie I R and Rarrman
s'pectra. 125
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Table 2 Vibrational frequencies (cm-') and assignments for 11713 in N(Me)4ýIFIý and TcFsl- in lN(Me 4 iire[`F82- in
point group Os.,,

Raman Ii R (solid 25 'C)
- - - Assignitlieni

IFcTeFN2- IF,~- TeFr, i mD,,.,

Solid MeCIN soi'n

25'C -14/'C

660 (0 - 660(0+) v~(~
590Ovs, br 558 VS v(13:)

v6,(E,)
595(10)

587 (101 8 65 590(10) P 582(10)v,()

550(0.3) 550(0.5) 550(0-) dp 490 (0.2), br v (F.,)
463(l.8) 463(l.9) 462 (0.5) p 408(1.0) "2 (A1)

410s 375 vs V5 (13)
8 G (i)

419(0.9)
411 (0 7) 410sh, 388(1.8) i)E-

410(l.4)
380 (0+ )h 325(0.3) x'13 Eý)

31
4 

m 265 w "7 (E 1)

Should-r on strong McCN solvent hand. bThis band could possibly be due to the N(,MC)4 * cation.

better characterization of the IFF- anion, we have prepared symmetry. For the cubic Oh structure, two stretching modes
the new N(Me)441Fg- salt and its 1isoCC.LcconiC tellurium arc expectcd (onc polarized; the other dcpolarized) and two
analogue, TeFg2-, by the reaction of N(Me)4ýF- with excess depolarized deformation modes in the Raman, as well as one-
IF7 and a "toichiometric atnount of N(Me)AI-TeF7-, respect- stretching and one deformation mode in the infrared. All
ively. For reaction (3) the solvent and unreacted IF7 were these modes should be mutually exclusive.18 For the square
pumped off at -22 and 0 0C, respectively, leaving behind antiprismatic Dd structure, one polarized and two depolar-
colourless N(Me) 4+[Ffx in' quantitative yield. In the case of ized stretching modes are expected as well as one polarized
reaction (4), jN(Me).,-J2TeFg2- was isolated in admixture and three depolarized deformation modes in the Raman. In
with ca. 20-30% N(Me(.*TeF7-. The IN(Mc),'IiTcF,- salt the IR spectrum, two stretching and three deformation modes

are expected, which again should be mutually exclusive. 17.9.2
N(Me4 F IF -. N(e 4 F(3 AlIthough the full number of fundamentals for D4d was not

-31 *C observed (see Table 2), probably because of either low
relative intensities or coincidences, the observation of a

MeCN polarized Raman deformation band at 462 cm-'I and of at least
N(Me) 4,F-- + N(Me),TeFj---.-- N(MC)4 ] 2TeF 8

2- (4) two IR active deformation modes at 410 and 314 cm-1,
0 Crespectively, establish the square antiprismatic V)4 structure

has a strong tendency to dissociate in McCN, thus far for IF8 - It was not possible to obtain polarization data on
preventing the preparation of a sample containing only the TeF$2 - owingto the insolubility of the salt and it~stendency to
TeF82- anion. At room temperature, dissociation of the dissoc'ate in MeCN. However, the vibrational spectra of
insoluble TeFg2- anion into TeF7- and F- results in rapid TeF 8

2 -can be assigned by their close analogy to those of IFs-
solvent attack by F-16 and formation of HF2 - anion. Even in (Table 2) and it may be concluded that TeF$2- also possesses a
the presence of a fivefold excess of N(Me) 4,-F- at -5 *C, square antipnismatic structure.
significant amounts of TeF7- and F- were observed in the X.Ray crystal structure determinations on these and other
19F NMR spectrum, but no resonance attributable to TeFg2- closely related anions are underway both in our laboratories
could be observed. The N(Me)4 -- F#- salt is a crystalline solid and in an independent effort by Dr K. Seppeli and coworkers
which, according to DSC data, is stable up to ca. IlWC where at the Freic Universitht, Berlin.
it undergoes exothermic decomposition. Note added in proof: The TcF6O2- anion has also been

The IFg- and TeF8
2-- anions possess eight fluorine ligands synthesized by the reaction of equimolar amounts of

and no free central atom valence electron pair. Their N(Me)4 +F- and N(Me) 4+TeFsO-- at -9 QC in MeGN. The
structures could, therefore, be either a cube of symmetry Oh, vibrational assignments (v/cm-') under C5, establish titat
whii-h ke'unlikly 4nwino in -teric interactions. a dodecahedron TeFhO2- is isoistructural with 1F60-: v, 829 (s, IR; s, R); V2
Of symmetry D62d or a square antiprism of symmretry Dd 613 (in, I R; vs, R), v3 528 (in, R), v. 330 (s, 1R); vs 525 (vs,e
(structures 3 and 4) .17-2 Distinction among these three IR); v(, 388 (mn, R); V7 365 (vs, IR); v13 245 (not observed,
po~ssibilities was made by vibrational spectroscopy. The beyond spectrometer limit; w, R); v9 not observed; vy0 322 (s,
dodecohedral structure is expected to give rise to two R)-, vil (not obsetved). The WF~ NMP. spectrum of
polarized stretching modes and four deformation modes (two N'(Mc)4 IF118- has been obtained at 30 'C (16 248.6) and is a
polarized, two depolarized) exclusively in the Raman. The IR partially quadrupole collapsed multt 'et (saddle-shaped with a
bands are mutually non-exclusive and comprise four stretch- 'doublet' separation of 3807 Hz) arising front the 1271-1.9F
ing modes and five deformation modes which are all depolar- scalar coupling and is cotisistent with the small electric field
ized in the Raman, Ali Raman andIR bands observed for WFt- gradient at thle 1271 nuclcus that is anticipated for a square
and TeF8

2 - are mutually exclusive, thereby eliminating Dd antiprismatic AX8 geomectry.
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Tabule 2 Vibrational ircqlueflcic; (cin-11 and assignments (f 1rm ll ~ N(MC) 4 lFm- and TcI4),'- in IN(MC),' hjcF$7- in
point group I),,t

Ranian IR (soird 25 *C)

it____________ 1 -l C I [1 ritl.'

b Olrd McCN soi'n

25 C -142 C _______

66(M- b60(+) V12 0: 0

590vsa,br 558 vs . O.

595(ItJ)
5870(l) 590 (lO)p 582(10) V, (All

588 (6. 5)

550(0 3) 550i(05) 550 (0 + ) d 490)(0,2). hr V9 (F(E.)

410% 375v vs .,(Il,)

411 M' 410stlr 388 (1 P)
4 11) (1 41)

3bu'(io 4 y,325(03) 0'.0(.

Shoulder on irrvne KIP(.N soI'erii ha~n-l.' 1 ho hanrd (Ould jrnIsituly 1;C dJUn to l11C N(Nln), Urhlulo

better characieriyfltiofl of the I anion, we have prepared synmmetry, ["Or the CObIC Oh stuructre, two %tretching modes
the new N(Me)4+11i1 salt arid its ivoeectrorric tellurium are expected (one polarized; (lht other depolarized) and two

analollue. by., n the reaction of N(Mc) 4*F- With excess depolarized deformnation modes in the Rarrian, as well as one-

117 d1 A UlOidiriorictric amnount of r(eb cc,.- epect- stretching and one deiorrnati'nn mode in the infrared. All

its.ely. For reactio)n (3) the ,.ols'ni and unrcactcd 11-7 were these modes should be mutually cxclusive,16 For the square
purriped of.' at -22 ared 0I *C. rcsipccively, leaving behind antiprisinllic L)4, structure, )tnc polarized and two depolar-

colourlesi N(Me) 4 4 lin quantitative yield. In the case of ized stretching modes are expected as well as one polarized
reaction (4), wAeA2TJ twa isolted in admixture a&io three depolarized deformation mnodes in the Raman. In
with ca, 20-30% N,(M..,a.Ter:7 - T1re (N(MC)1+jzlCFa- Salt the I R Spectrum, two ctretching and three deformation modes

arte expected, which again should be mutually excluhive,1
7'19 20

N(C4F f7MefCN NM 41:1-() Although the full number of fundamentals for D4d waRS 110t

i l-)I 1 (e 4 1 8 - 3 observed (sce Table 2), probably because of either low

relative intensities or coincidences, the observation of a

NIPCN polarized Rarrnan deform~ation band at 462 cm-1 and of at least
tj(MC) 4*1I" + N(l`e)4-1eI' IN-- (NMc)4 1j JeIs'l' (4) two IR active deformation modes at 410 anid 314 :nl-',

(1 C res.pcctively, establish the square antiprismatic Iii.. structure

fi-,i itfoig tendIency ti, dl;VcX;21 in MCCN, 1hu.- !:r fuir JSg.- 1! wa not [biuhs-e~ to obtain polarization data onl

preventing, the preparatio)n of ia %ample containing only the Tl~l'al owing to the intolubility of the salt and its tendency to

'IcJ-fi anion. At room temperature, dissiociation of the dissoociate in MeCN. Hlowever, the vibrational spectra of

insoluble 1eF 42- anion into T1el, and 11-- results in rapid TeE 5
2#7- can be assignecd by their close analogy to those of IF,,-

solvent attack by F'-14 aind fonrmation of 1W, - anion. Even in (Table 2) and it may be concluded that Te[82 - also possessesa

the- presence of a fivefold excess of N(Me) 4 ~F at -5 *C, square antiprismatic strurture.
sibnifficant amounts of Tel;7 - and F"- were observed in the X-Ray crystal structure determinations on these and other
191; NMR spectrum, but no r~sonance attributable to Tej-'2 - closely celated anioni are under-way both in our laboratories
could tie observed. T'he N(MC)4*IF4- salt i; a crystalline solid and in an independent effort by Di K, Suppelt and coworkers
which, according to DSC data, is stable upto ca, I110'C whreri at the Frele UniverAltgt, Betlin.
it unde rgcrc. exoihrerwit: dccomiloitiorl. Note added in proof: 'Me Tcr:602- anion has also been

T-he I a and TeE5
27 IrliOfl po)sfes eight fluorine ligands synthesized by the reaction of equirnolar amounts of

and no frec c'entral atorri valence ekictroni pair. 'Illeir l4MM) 4 I 1 - and N(MC) 4+TeF50 at -9 *C in McCN. The
structures could, thecrefore, be either a c~ube of symmetry OA, vibrational asslginutent& (vkm'i-) under C5. establish that
which Is unlikely owing to steric intteractions.$ a dodecahedron TeFO''- is isovtructural with ll-60-; vi 829 (s, IR-. s, r); v2

4 of syrnin~ery DI4 or a square antiprism of Symmetry D~d 613 (in, IR; vs, R); v1 528 (in, R), v4 330 (s. IR);. vs 525 (vs.

Olutsiucsuc 3 mild ;).- Y' I)/tliciiijii nii'iii ;h.' lthrcc '11); -.,, 3."Ux fm, !It); -.-, ('is !!-) j 245 (not ~p~i
1n(,5%ibillttle witi tInale by vilitAtiorinil specros.Copy. 111C beyond spcctroiiic'er limiti; w, R); v9 not observed; via 322 (s,
dodccahecdr-al StrICIrIre' 1% eX1'etled to givec rise to two 1): vi, (not) ubscrved). Ilire 191; NMR spectrum (if
poularirzed !,rtchirtKin trudcs anid four deforui-31'lrio inisldcs (two N(Mc) 4

4 11 n in bceri obitainted ait 30 *C (h 248.6) and( is a
p4)~liuicdl two depotniniltd) exrljIisvcly in 1wIr P almari . 111C ]R I artially qtidr upule ~collapsedC( rInultiplct (Saddle-shilpcd with ai

bnsarc mrutually noui erclusivr arid corrprise four stretch 'doublet' scparation of 38W7 Iliz) arising from tlic 1271-19:
ting mniurdcs and five drfoinirntiror rriidics which ire all delpolai - scalair coupling and ii conrsistentt withtire small electric field
,,ed intt ie ltnuoir All Ramanar arid II blinds tobserveil for 11:01 giadierit at tire 1111 ,ucletis that i., anticipated for a 5quare
uatnd 1 el5 ale rInutually Cnxcluivc Il. wherey Clunwririatirrk" Oh0 antipu~isnatic AX" grcoinetwy.
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