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Abstract: The syntheses of XeOF,, F,O0XeN=CCHs;, and XeOF,-nHF and their structural characterizations
are described in this study. All three compounds are explosive at temperatures approaching 0 °C. Although
XeOF; had been previously reported, it had not been isolated as a pure compound. Xenon oxide difluoride
has now been characterized in CH3CN solution by *°F, 170, and ?°Xe NMR spectroscopy. The solid-state
Raman spectra of XeOF,, F,0XeN=CCHjs, and XeOF,-nHF have been assigned with the aid of 60/80
and H/?H enrichment studies and electronic structure calculations. In the solid state, the structure of XeOF,
is a weakly associated, planar monomer, ruling out previous speculation that it may possess a polymeric
chain structure. The geometry of XeOF; is consistent with a trigonal bipyramidal, AX,YE,, VSEPR
arrangement that gives rise to a T-shaped geometry in which the two free valence electron lone pairs and
Xe—0 bond domain occupy the trigonal plane and the Xe—F bond domains are trans to one another and
perpendicular to the trigonal plane. Quantum mechanical calculations and the Raman spectra of XeOF,-
nHF indicate that the structure likely contains a single HF molecule that is H-bonded to oxygen and also
weakly F-coordinated to xenon. The low-temperature (—173 °C) X-ray crystal structure of F,OXeN=CCH3;
reveals a long Xe—N bond trans to the Xe—0O bond and a geometrical arrangement about xenon in which
the atoms directly bonded to xenon are coplanar and CH3C=N acts as a fourth ligand in the equatorial
plane. The two fluorine atoms are displaced away from the oxygen atom toward the Xe—N bond. The
structure contains two sets of crystallographically distinct F,OXeN=CCH; molecules in which the bent
Xe—N—C moiety lies either in or out of the XeOF; plane. The geometry about xenon is consistent with an
AX,YZE, VSEPR arrangement of bond pairs and electron lone pairs and represents a rare example of a

Xe(IV)—N bond.

Introduction

Among the principal formal oxidation states of xenaf,

+4,+6, and+8, the+4 oxidation state has been little studied

and is presently limited to XeF,! XeF,,2~* Xe(OTek)4,3>6
Xe(OTeR)s—xFx (x = 0—3)2 several Xeg" salts’® and
[CeFsXeR][BF4],1%and to preliminary reports ofsXeOIlOF,,
FXe(OTeR)s—x" (x=0—2),12XeOR,*¥" 15 and XeOR~.2>The
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modest and slow progress that has been made in the syntheses
and structural investigations of xenon(1V) oxide fluoride species
contrasts with that of xenon(M8'7 and stems from the
explosive nature of the synthetic precursor, XeGird the need

to find a reliable, high-yield synthesis for Xe@F

Although vibrational spectroscopic evidence for Xe®ias
been communicated on three prior occasions, none of these
studies resulted in the unambiguous characterization or the
isolation of pure XeOf: In two studies, XeOFwas reported
as the product of the co-condensation gbHand Xel vapors
at low temperatures. Co-deposited thin films were characterized
by infrared spectroscopy;!*yielding infrared spectra that were
in good agreement with each other. In one of these studies,
samples were also prepared by a bulk co-condensation procedure
and characterized by Raman spectrosctiBoth the bulk co-
condensation produttand the infrared spectra obtained from
thin films34are shown by the present work to be mixtures of
XeOF, and XeOR-nHF. One of the components in the latter
studies, XeOFnHF, was subsequently synthesized as the sole
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product by the hydrolysis of finely divided Xg HF but was All three compounds, #XeN=CCH;, XeOF, and
erroneously attributed to XeQ> XeOFR'nHF, are kinetically stable at-78 °C for indefinite

The inconsistencies related to the vibrational spectra of the periods of time, but decompose rapidly to explosively with
reaction products of Xefand HO in the prior published work,  emission of blue light upon warming to €. The major gas-
the lack of corroborating structural evidence for the products phase decomposition pathway is €imination according to
obtained in these early studies, and the absence of a facileeq 4 whereas the minor pathway is disproportionation to
synthesis of synthetically useful amounts of pure XeOF

motivated the present study, which describes reproducible high- XeOF,g — XeF, + 1/202(9) (4)
yield and high-purity routes to XeQF~,0OXeN=CCHjs, and
XeORnHF and their structure determinations, offering the AH®, = —245.8 kJ mol*

potential to extend the range of oxo-derivatives of xenon(IV).
_ _ AG®,,, = —259.3 kJ mol*
Results and Discussion

Syntheses and Properties of XeOf F,O0XeN=CCHj3, and MP2/(SDB-)cc-pVTZ
XeOF,-nHF. Reaction progress and the purities of all products
were routinely monitored by recording the low-temperature
Raman spectra{150 °C) of the solids which were isolated as
their natural abundancé®O-enriched (98.6 atom %), arfeh-

Xe(ll) and Xe(VI) according to eq 5. Both decomposition
pathways have been observed in Ol solutions of XeOF

enriched (99.5 atom %) isotopomers. 2XeOFyq) = XeFyg + XeO,Fy( ®)
Xenon oxide difluoride was initially obtained as the §N AH° = —98.8 kJ moTl™
adduct by low-temperature hydrolysis of Xef CHsCN n '
solution containing 2.00 M D according to eq 1. Water was AG®,,, = —86.9 kJ mol*
CH,CN MP2/(SDB-)cc-pVTZ

XeF, + H,0 + CHCN— -

F,OXeN=CCH, + 2HF (1) and inferred from the formation of small, but unequal, molar
amounts of Xeland XeQF; (see NMR Spectroscopy).

added in ca. 35% stoichiometric excess to avoid unreacted 129e, 19, and 17O NMR Spectroscopy.In contrast with
XeF, contaminant in the product. A 2-fold stoichiometric excess HF, XeOF, has appreciable solubility in GEN, allowing the
of H,0 yielded only XeOF and did not result in the formation low temperature{42 °C) 19F, 170, and'?%Xe NMR spectra to
of other xenon-containing products such as OXe(OH)F, OXe- pe recorded.
(OH),, or XeO. Although HF resulting from the hydrolysis of
XeF,; forms an adduct with CECN (see Raman Spectroscopy),
it could be removed under dynamic vacuum along with the
solvent at —45 to —42 °C. The ROXeN=CCH; adduct
crystallized as pale yellow blades-a85 to—45 °C which were
isolated by removal of the bulk solvent under dynamic vacuum
at —45 to —42 °C while periodically monitoring its removal
by low-temperature Raman spectroscopy.

Further pumping on polycrystalline ,6XeN=CCH; for
several hours at+45 to —42 °C, resulted in slow removal of
adducted CHCN (eq 2), with the time depending on the sample
size, leaving behind XeQFas a bright-yellow amorphous
powder. Neither FOXeN=CCH; nor XeOF, were soluble in
SOCIF up to —78 °C and were recovered unchanged upon
removal of SGCIF under vacuum at78 °C.

The 1% NMR spectrum of a solution of XeQprepared by
the hydrolysis of Xekin CH3CN consisted of a singlet{48.8
ppm) with accompanying?®Xe (I = 1/2, 26.44%) satellites
corresponding totJ(1%F—12°Xe) = 3446 Hz (Figure 1a). In
addition, a weak singlet{179.2 ppm) corresponding to XgF
(~2% or less) with accompanyintf®™e (I = 1/2, 26.44%)
satellites {J(12°Xe—1°F) = 5641 Hz), a second weaker singlet
(83.2 ppm) corresponding to Xek (~1% or less) with
accompanying?°Xe satellites ¥J(12°Xe—1%F) = 1320 Hz), and
an intense singlet corresponding to HFfF), —179.8 ppmi?
Avip = 83 Hz) were observed. ThHE°Xe NMR spectrum of
XeOR, consisted of a triplet(*2°Xe), 242.3 ppm) arising from
1J(12%Xe—19F) = 3447 Hz (Figure 1c). Weak XeHd(*2°Xe),
—1779.0 ppmiJ(19F—129e) = 5648 Hz] and XeGF, [0(12%Xe),
227.4 ppm,1J(*F—129Xe) = 1324 Hz] resonances were also

dynamic vac. visible as triplets in the'?®Xe NMR spectrum. In several
—45t0—42°C XeOF, + CHCN  (2) preparations, small amounts (ca. 0.01%) of unreacted, XeF
[0(*%F), —20.5 ppmd(12%Xe), 336.7 ppmiJ(12°Xe—19%F) = 3911

Addition of anhydrous HF to XeOQFat—78°C resultedina  Hz] were also observed. The increased shielding (lower
very pale yellow and insoluble powder having a new Raman frequency) of thé2%Xe resonance of XeQftelative to that of
spectrum in which several bands were sensitiv@ztd)isotopic XeF, is opposite to the decreased shielding (high-frequency
substitution (see Raman Spectroscopy). The results indicatedshift) that occurs upon increasing oxygen substitution observed
that XeOR-nHF was formed according to eq 3. When fqor Xe(VI): XeFs, XeOF, XeOsF,, XeO; and for Xe(VIII):

F,OXeN=CCH,

XeOFR'nHF was pumped under dynamic vacuum-&t8 °C, XeOsF,, XeO,.1° The trend reversal may arise because one or
HF
XeOF2(5)+ nHF — XeOF,:nHF 3) (18) Fujiwara, F. Y.; Martin, J. SJ. Am. Chem. Sod.974 96, 7625-7631.
12h@-78°C This reference established that HF is molecular in,CM solvent;6(1%F)
= 518:}.1 ppm andJ(*9F—1H) = 476 Hz at -40°C. In the present work,
; At J(*%F—1H) was collapsed to a broad line which is presumably the result
W|tr_1 frequent agitation, bound HF was slowly removed over a of exchange with residual §0° (vide infra).
period of several hours, regenerating unsolvated %eOF (19) Gerken, M.; Schrobilgen, G. Coord. Chem. Re 200Q 197, 335-395.
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Figure 1. The®F NMR spectrum (470.599 MHz) of (a) X®F, and (b)
Xel8180F,, and (c) the'2®Xe NMR spectrum (138.339 MHz) of XEOF,.
Spectra were recorded in GEN at —45 °C.

more CHCN molecules are nitrogen coordinated to the Lewis
acidic xenon center of XeQHsee X-ray Crystal Structure of
F,OXeN=CCHg), contributing added shielding 8°Xe and°F.

Table 1. Summary of Crystal Data and Refinement Results for

F2OXeN=CCHjs

space group

P2;/c (No. 14)

a(A) 8.7819(4)

b (A) 13.9862(6)

c(A) 11.0182(6)

p (deg.) 128.476(2)

V (A3) 1059.47(1)

Z (molecules/unit cell) 8

mol. wt. (g mof%) 1810.83

pcak; (g cnd) 2.838

T(°C -173

u (mm™2) 6.43

1A 0.71073

final agreement factofs R; = 0.0299
WR, = 0.0675

aR; is defined as= X||Fo| — |F¢||/Z|Fo| for | > 20 (1); wR is defined
as E[w(Fod)?2 — FAEW(FAA Y2 for | > 20(1).

(Av1, = 1300 Hz), assigned to Xe@Fbut was too broad, owing
to quadrupolar relaxation, to show(*°*F—170O) coupling or
12%¢e satellites arising fromtJ(12°Xe—170) coupling. These
couplings also were not visible in tHé%e [0 = 240.1 ppm;
1J(129Xe—19F) = 3448 Hz] and thé°F NMR spectra because
quadrupolar relaxation by tHéO, and its attendant broadening,
made it impossible to distinguish the equi-intense components
of the anticipated sextet$ € 5/,) from the spectral baselines.
A weak, broad resonance &(*’O) = 3.4 ppm, which likely
arises from excess4@, and a weak, but very sharp resonance
at 5(*’0) = 77.7 ppm Qvyz &~ 10 Hz) were also observed in
the’O NMR spectrum. The latter resonance likely results from
the decomposition of XeQHn CH;CN at —45 °C. Although
XeOF, was shown to decompose according to eq 6 inCHN
solvent, it may also act as a source of atomic oxygen (eq 7)

XeOF2 — XeF2 1,0, (6)
XeOF, —— XeF +[O] (7)
CH,C=N + [0] —oc CH3C—N+ o (8)

which is expected to react with GBN to give acetonitrile
N-oxide according to eq 8. The reaction of &HN with atomic
oxygen, O?P), generated by laser flash photolysis of pyridine

Upon donation of nitrogen electron lone pair density into the N-oxide in CHCN solvent, has been previously documenrifed.

xenon valence shell, th&9e nuclear shielding is enhanced
and the effective electronegativity of Xe(IV) is decreased,
resulting in increased® shielding relative to that of XeF

The narrowt’O line width is consistent with the axial symmetry
of CHC=NT-0".
X-ray Crystal Structure of F ;0XeN=CCHj;. A summary

Failure to observe separate resonances for bound and freef the refinement results and other crystallographic information

CHzCN in the low-temperaturéH and 1“N NMR spectra of
XeOF, solutions in CHCN indicates that the XeN donor
acceptor interaction(s) is (are) labile under these conditions.
A solution of XeOFR, in CH3;CN was also prepared by the

reaction of Xekg with 17O-enriched water (35.4%°%0; 21.9%,
170; 42.77%,180) dissolved in CHCN at—45°C. The central
line and!?°Xe satellites of thé% resonance)(*°F), —48.6 ppm;
1J(*29Xe—19F) = 3448 Hz] were split as a result of the secondary
isotope shift JA19F(18/260) = —0.0136 ppm] between XeOF,
and Xé8OF, (Figure 1b). The observation of the isotope shift

are given in Table 1. Important bond lengths, bond angles, and
contacts are listed in Table 2.

The structure of FOXeN=CCH;s consists of XeOF mol-
ecules and CECN ligands that interact by means of short
Xe--+N contacts (Figures 2 and 3). Two crystallographically
independent adduct conformations define the asymmetric unit
in which four molecules of each conformer comprise the
contents of the unit cell. The XeN—C angles are bent in both
conformers with the CECN ligand lying in the XeOF plane
for one conformer and out of the Xe@pBlane for the other

confirms the assignment of the singlet and its satellites to XeOF conformer.

and represents the only two-bond isotope shift that has been

observed for a xenon compound. TRE® NMR spectrum
showed an intense broad resonanced@©O) = 209 ppm

3600 J. AM. CHEM. SOC. = VOL. 129, NO. 12, 2007
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Table 2. Experimental and Calculated (C;) Geometrical Parameters for F,OXeN=CCHs
exptla SVWN? MP2°2
bond lengths (A)
bent in-plane structure? bent out-of-plane structure?
Xe(1)—-0(1) 1.778(4) Xe(2y0(2) 1.782(4) Xe(1y0(2) 1.813 1.774
Xe(1)—F(1) 1.958(3) Xe(2yF(3) 1.975(3) Xe(1yF(1) 2.013 1.993
Xe(1)—-F(2) 1.952(3) Xe(2yF(4) 1.981(3) Xe(LyF(2) 2.013 1.993
Xe(1)--N(1) 2.808(5) Xe(2y-N(2) 2.752(5) Xe(1y-N(1) 2.702 2.883
N(1)—C(10) 1.142(7) N(2)-C(20) 1.127(7) N(1}yC(1) 1.152 1.167
C(10)-C(11) 1.448(8) C(20yC(21) 1.453(8) C(1yC(2) 1.428 1.455
C(2)-H 1.099 1.087
bond angles (deg)
F(1)-Xe(1)-F(2) 174.2(2) F(3)y Xe(2)—F(4) 171.9(1) F(1yXe(1)-F(2) 167.6 168.9
F(1)—Xe(1)—-0O(1) 92.4(2) F(3)Xe(2)—-0(2) 94.1(2) F(1) Xe(1)-0(1) 96.2 95.6
F(2)—Xe(1)—0O(1) 93.4(2) F(4)Xe(2)—-0(2) 94.0(2) F(2)-Xe(1)-0(1) 96.2 95.6
F(1)—Xe(1)--N(1) 90.1(2) F(3)Xe(2)+N(2) 84.5(1) F(1)Xe(1)--N(1) 83.7 84.4
F(2)—Xe(1)--N(1) 84.1(2) F(4)Xe(2)y--N(2) 87.3(1) F(2)-Xe(1)--N(1) 83.8 84.4
Xe(1)--N(1)—C(10) 164.9(4) Xe(2)-N(2)—C(20) 134.6(4) Xe(T)y-N(1)—C(1) 179.2 179.4
N(1)—C(10)-C(11) 178.9(6) N(2)C(20)-C(21) 178.4(6) N(1)yC(1)-C(2) 179.9 179.9
long contacts (A)
Xe(2)y--N(1) 3.635(5)
Xe(2)-*N(1A) 3.526(5)

aBent in-plane and out-of-plane structures and their labeling schemes are given in Fig(8®8-)cc-pVTZ basis set. The labeling scheme corresponds
to that used in Figure 5b.

Figure 2. Crystal packing for FOXeN=CCH;s viewed along the-axis;
thermal ellipsoids are shown at the 50% probability level.

The primary coordination of the XeQ@Fnoiety is a planar,

A), XeO; (1.74(3-1.77(3) A)25 and XeQ (1.736(2) A)?’
Overall, the Xe-F bond lengths of JOXeN=CCH; are
comparable to those in XgK1.953(2) A)* The Xe—F bond
lengths of the out-of-plane conformer (1.975(3), 1.981(3) A)
are slightly longer when compared with those of the in-plane
conformer (1.952(3), 1.958(3) A), where the longer>¥ebond
lengths correspond to the shorter X bond in the out-of-
plane conformer. The equatoriakHXe—F angles (171.9(2)
out-of-plane; 174.2(2) in-plane) are slightly bent away from
the Xe-O double bond domain toward the X&l bond, in
accord with the greater steric requirement of the double bond
domain relative to that of a single bond domain. This angle is
reproduced in the calculated structure (see Computational
Results).

The in-plane conformer (Figure 3a) has a Xe{l)(1)
distance of 2.808(5) A and a Xe@N(1)—C(10) angle of
164.9(4y. The xenon atom of this conformer has no additional
long contacts that are at, or less than, the sum of the van der

T-shaped arrangement of two valence electron lone pairs andWaals radii of Xe and F (3.63 A§or Xe and N (3.71 A8 In
an oxygen double bond domain in the equatorial plane and two the case of the out-of-plane conformer (Figure 3a), the nitrogen

mutually trans-fluorine atoms perpendicular to that plane. The
nitrogen electron pair donor atom of @EN is coordinated trans
to the oxygen atom and is coplanar with the Xe@foiety in
both conformers so that the geometry of th®KeN moiety is
consistent with an AXYZE, VSEPR? arrangement of three

single bond domains (X and Z), one double bond domain (Y),

atom lies out of the XeOfplane by 0.23 A. The NCC moiety
is rotated 57.8 out of the XeOF plane and subtends an angle
of 11.1° with the OXeN-axis. This conformer has a slightly
shorter Xe(2»-N(2) distance (2.752(5) A) and a smaller
Xe(2)-N(2)—C(20) angle (134.6(4) than the in-plane con-
former. The xenon atom of this conformer has two additional

and two electron lone pair domains (E), placing the valence longer Xe(2)-:N contacts, 3.526(5) [Xe(2rN(1A)] and

electron lone pairs trans to one another.
The Xe—0 bond lengths of both conformers are equal, within

3.635(5) [Xe(2)-N(1)] A (Figure 3b), which are close to the
sum of the Xe and N van der Waals radii and occur on opposite

+30 (1.778(4), 1.782(4) A), and are somewhat longer than those sides of the FOXeN-plane with dihedral angles of 63.&nd

observed in the neutral Xe(VI) and Xe(VIIl) oxides and oxide
fluorides XeOR (1.713(3) A)2 XeOuF, (1.714(4)24 1.734(9%°

(22) Gillespie, R. J.; Hargittai, |. IThe VSEPR Model of Molecular Geometry
Allyn and Bacon: Boston, MA, 1991; pp 154.55.

(23) Pointner, B. E.; Suontamo, R. J.; Schrobilgen, Gndrg. Chem.2006
45, 1517-1534.

(24) Peterson, S. W.; Willett, R. D.; Huston, J. L. Chem. Phys1973 59,
453—-459.

(25) Schrobilgen, G. J.; LeBlond, N.; Dixon, D. Anorg. Chem.200Q 39,
2473-2487.

117.2, respectively. The shorter Xe(I¥)N distances in the
present adducts are significantly less than the sum of the Xe
and N van der Waals radii (3.71 Ajbut are significantly longer
than all known Xe(ll>*N bond lengths, namely,

(26) Templeton, D. H.; Zalkin, A.; Forrester, J. D.; Williamson, S. MAm.
Chem. Soc1963 85, 817.

(27) Gunderson, G.; Hedberg, K.; Huston, JJLChem. Phys197Q 52, 812—
81

5.
(28) Bondi, A.J. Phys. Cheml964 68, 441—451.
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Figure 3. The X-ray crystal structure of J©XeN=CCH;z; showing (a) two
independent structural units and (b) the long contacts to Xe(2); thermal
ellipsoids are shown at the 50% probability level.

[Xe(N(SO:F);][SbeFid (2.02(1) A)? [FsTeN(H)Xe][AsF]
(2.044(4) A)30 FXeN(SQF), (2.200(3) A)3! [F3S=NXeF]-
[AsFe] (2.236(4) A)32 and [GFsXeN=CCH;][AsF¢]-CHsCN
(2.681(8) A)33 Although the primary coordination of Xe(IV)
in XeOF, is unsaturated and is expected to exhibit significant
Lewis acidity, the Xe(IV}-N bond of ROXeN=CCH; is

(29) Faggiani, R.; Kennepohl, D. K.; Lock, C. J. L.; Schrobilgen, Andrg.
Chem.1986 25, 563-571.

(30) Fir, B. A.; Whalen, J. M.; Mercier, H. P. A.; Dixon, D. A.; Schrobilgen,
G. J.Inorg. Chem.2006 45, 1978-1996.

(31) Sawyer, J. F.; Schrobilgen, G. J.; Sutherland, $1afg. Chem1982 21,
4064-4072.

(32) Smith, G. L.; Mercier, H. P. A.; Schrobilgen, G.Idorg. Chem2007, 46,
1369-1378.

(33) Frohn, H.-J.; Jakobs, S.; Henkel, 8agew. Chem., Int. Ed. Engl989
28, 1506-1507.
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Figure 4. Raman spectra recorded-ai50 °C using 1064-nm excitation
for natural abundance (lower trace) and 98.6%0-enriched (upper trace):
(a) XeOR, (b) ROXeN=CCH;, and (c) XeOE-nHF. Symbols denote FEP
sample tube lines«), instrumental artifact (1), and XeQR+).

significantly longer and weaker than the Xett) bonds of
F:S=NXeF" and GFsXeN=CCH,".

Raman SpectroscopyThe low-temperature Raman spectra
of solid Xet%180F,, F,161%0XeN=CCH;, and X&®1f0F,-nHF
are shown in Figure 4. The observed and calculated fre-
guencies and their assignments are listed in Tabtes &nd
S1. The modes associated with coordinated ;@ in
F,16180XeN=CCH; differ slightly from those of the free ligand,
but could be easily identified (Tables 4 and-33)

The spectral assignments for }R&fOF,, F151%0XeN=CCH,
and Xé®1%F,-n2HF were made by comparison with the
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Table 3. Experimental and Calculated Vibrational Frequencies? for Xel618QF,
exptl® caled® assgnts’
SVWN? Mp2¢

Xel®OF, Xel8OF, Xel%OF, Xel®OF, Xel°OF, Xel®OF, (Cyy) symmetry
749.9(83) 712.8(84) 795.4(16)[22] 756.2(14)[21] 939.1(9)[60] 892.5(9)[55] v(XeO)

n.o. n.o. 572.3¢ <1)[213] 573.8€<1)[214] 582.5k <1)[252] 583.8(1)[253] vadXeR)
467.8(100) 467.8(100) 505.3(25)[7] 505.3(25)[7] 509.1(37)[7] 508.9(37)[7] v{(XeR)
298.1(13) 289.0(14) 244.4(4)[3] 235.1(4)[3] 283.0(4)[3] 272.1(4)[3] prock(XeOR) ip
256.2(2 256.2(2
Py 421; 251.8((1)) } 200.0( <1)[21] 200.3 <1)[20] 217.76<1)[25] 218.1<1)[25] d(XeF) oop
175.7(1) 172.8(1) .
154.0(6) 153.5(7) 154.9(<1)[14] 154.91)[14] 176.11)[19] 176.11)[19] d(XeRy) ip
108.2(32) 102.4(35) lattice mode

aFrequencies are given in cth The abbreviation denotes not observed (nfoRaman spectrum of X&1€F, was recorded in an FEP sample tube at
—150 °C using 1064-nm excitation. Values in parentheses are relative Raman intefaftidises in parentheses are Raman intensitigsa@@ul), and
values in square brackets denote infrared intensities (knTHnéISVWN/(SDB-)cc-pVTZ.e MP2/(SDB-)cc-pVTZ.f Abbreviations denote symmetric (s),
asymmetric (as), stretchr), bend 6), rock (orock), in-plane (ip), and out-of-plane (oop). The in-plane and out-of-plane mode descriptions are relative to the

XeOR, plane.

Table 4. Experimental and Calculated Vibrational Frequencies? for F,16180XeN=CCHjs

exptl calcd® assgnts’
SVWN4 MP2¢
F50XeNCCH;  F,OXeNCCH;  F,%OXeNCCHs F,%0XeNCCH; F,50XeNCCH; F,%0XeNCCH; (Cy) symmetry
3009.1(10)  3008.7(10)  3067.6(78)[4] 3067.6(78)[4] 3198.7(60)  3198.7(60)EF1] VoiCH
2009.0(10)  2999.0(11)  3066.7(79)[4] 3066.6(79)[4] 31082(60))  3198.2(60)F1] a{CHs
2037.8(59)  2937.8(60) 2983.7(266)[3]  2983.6(266)[3]  3101.9(18S)] 3101.9(185)F<1]  v«(CH)
2726.1(1)  2726.1(1) g
2297.1(2) 2297.1(2)} X
2287.0(7)  2287.0(6
2053.7(51)  2254.1(51) 2347.2(287)[68]  2347.5(286)[67]  2234.7(96)[8] 2234.7(96)[8]  v(CN)
1437.4(1), br  1436.0(2). br 1383.5(9)[15] 1383.5(9)[15] 1491.1(7)[11] LOLIMIL oy
1406.6(1), br  1409.9(1). br 1383.4(9)[15] 1383.4(9)[15] 1491 1(7)[11] 1401 1(71y]  O={CHs
igggjg% ig;g:iggg 13335(14)[8]  13334(14)8]  1416.6(4)[1] 1416.6(4)[1] 84(CHy)
995.7(1)[7] 995.7<1)[7]  10655&1)[2] 1065.561)[2]
132:2((;) 12::';3((51)) 995.6(<1)[7] 995.7<1)[7]  1065.4(<1)2]  10654(1)[2] proc{CHa)
?ég:g% ?gg:g% 974.1(15)[5] 973.7(15)[5] 942.7(10)[6] 942.7(10)[7] »(CC)
762.4(51)  724.1(47)  795.9(54)[64] 756.7(49)[61] 938.4(19)[100] 892.017)[92]  ¥(XeO)
7547(43)  717.1(38)
525.2§2) | 525.0((2) | 549.8(<1)[214] 550.4€<1)[214] 565.0€<1)[250]  566.56<1)[251]  vadXeFy)
499.1(12)  498.7(13
494.4(21)  4945(21)
igiégg? Z‘gf:é((ig)o) 486.3(24)[3] 486.3(24)[3] 493.1(37)[5] 493.1(37)[5] v(XeF)
397.4(%) 397204 357 021 386.7(2) 1] 374.02)[1] 374.02)[1]
ggg:g% ggg:g% 384.8(2)[~0] 384.7(2)R0] 372.6(2)K1] 372.6(2)K1] 0(CCN)
gg?:ig)l) %5_‘3(%)0) 242.7(8)[20] 233.3(3)[2) 282.0(4)[3] 271.2(4)[2) proad XEOR) ip
n.o. n.o. 215.5¢1)[26] 214.91)[26] 226.91)[29] 226.81)[28] 0(OXeRN) oop
ig‘?‘:gggg iiiigﬁ%) 177.760)[28]  177.6¢0)28]  187.71)[30] 187.91)[30] V(XeN) + d(XeF) ip
133.7(9) 130.4(9) - .
a4 e 1196@)FL 119.4(2)R0] 101.1(1)[1] 101.1(1)[1] V(XeN) — d(XeF) ip
108.8(2)[2] 106.7(2)[2] 97.2(2)[5] 95.0(2)[5] 5(OXeN) ip+ minor (XeFs) 0op
83.6(< <1)[4] 83.9(=1)[4] 8L41)4] 81.3(<1)[4] 5(XeNC) ip
@BLO<D)2]  305(<1)2] 34.4(<<1)[1] 33.7(M)[1] }
14.9(<1)[~0] 21.3(<<1)[<1] 16.6(2)[1] 16.4(2)[1] coupled deformations
6.0(2)2] 790121 8OE<1)[<<1]  8.9(=<1)[<<1]

aFrequencies are given in cth The abbreviations denote broad (br) and not observed (n.o.). Additional abbreviations are given in footnote f of Table
3. P Raman spectrum of F180XeN=CCH; was recorded in an FEP sample tube-a50 °C using 1064-nm excitation. Values in parentheses are relative
Raman intensities Values in parentheses are Raman intensitigsaghu2), and values in square brackets are infrared intensities (km4n6ISVWN/
(SDB-)cc-pVTZ.e MP2/(SDB-)cc-pVTZ.f Bond elongations and angle openings are denoted by plusigns and bond contractions and angle closings are
denoted by minus—) signs.9 Overtone corresponding to 2 1357 cntX. " Combination bands corresponding to 137®26 and 1357 924 cnl,

calculated frequencies and Raman intensities (Tabtes&hd and CHCN-mHF, prepared from a 2:1 molar ratio of HF and
S4—-S11) of the energy-minimized geometries (Figure 5) and, CH3;CN (no free CHCN was observed; also see NMR Spec-
in the case of CECN modes, by comparison with those of the troscopy), were also recorded-al50°C and assigned (Tables

free ligand and other C4€N adducts. The spectra of GEN S2 and S3) for comparison with those off1fOXeN=CCHs.
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Table 5. Experimental Vibrational Frequencies? for F,Xel6180-nHF and F,Xel¢180-nDF

exptl® assgnts (Cy)
Xel®OF,-nHF Xe'8OF,*nHF Xe'®OF,-nDF Xe'®OF,-nDF
2854(<1), br 2854(1), br 2164(1), br 2165(1), br V1 v(H[D]F) + minor»(O---H[D] —F)
n.o. n.o. n.o. n.o. 2 0(O---H[D]—F)
733.5(34) 696.4(25) 734.0(46) 697.3(27) V3 v(XeO)
n.o. n.o. n.o. n.o. Va HF oop wag
n.o. n.o. n.o. n.o. Vs vad{XeF,) + minor H[D]F oop wag
498.2(100) 497.7(100) 497.7(100) 497.7(100) Ve vy(XeR)
299.1(2) 294.8(1) 293.8(2) 289.8(2) V7 O(Frp;XeO)
286.6(8) 276.4(8) 285.1(10) 275.9(8) Vg Prock(XeOR,) ip + minor H[D]F oop wag
200.2(2) 199.8(2) 201.2(2) 199.8(2) v S(XeFs) 00
187.2(6) 186.3(6) 187.2(7) 186.3( 9 P
166.0(5) 164.6(5) 165.5(6) 164.1(6) V10 o(XeR) ip
129.4(4) 127.0(11) ﬁgg(a } 125.6(6) V11 procXeOR,) oop+ v(H[D]F---Xe)
89.9(2) 89.8(2) 1.
65.3(1) 64.3(1)
n.o. n.o. n.o. n.o. V12 XeR; torsion about Xe-O bond

aFrequencies are given in cth Abbreviations are given in footnotes f and a of Tables 3 and 4, respectM@man spectra of X&1€OF,-nHF and
Xel®180F,-nDF were recorded in an FEP sample tube—dt50 °C using 1064-nm excitation. Values in parentheses denote relative Raman intensities.
¢ Lattice modes and/or instrumental artifacts.

2635A

1.981 A 170.6° F) QHt
F(7)
d 1808 A 1808 A -
N | e T~ 3076 A
0 174.8°
~
~
A ~
2032 A f» F(5)
F(3) "

Figure 5. Calculated geometries (SVWN/(SDB-)cc-pVTZ) of (a) XeQth) FROXeN=CCH;, (c) XeOR-HF, O---H coordinated, (d) XeOFHF, F--H
coordinated, (e) (XeOdR, (f) (XeOR,)s, and (g) XeOk-2HF.

Assignments of modes involving the oxygen and hydrogen (a) XeOF,. The XeOF, molecule C,,) possesses six funda-
atoms were also supported by experimental and calcuiétéd mental vibrational modes belonging to the irreducible repre-
and Y2H isotopic shifts. Vibrational frequencies calculated at sentations 3A+ 2B; + B, (thexy-plane is the molecular plane)
both the MP2 (values in parentheses in the present discussiorthat are Raman and infrared active. Although there is overall
and throughout) and SVWN levels of theory reproduced the good agreement between the observed and calculated frequency
observed frequency trends across the series of compounds. trends for XeOF, the stretching frequencies are overestimated
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whereas those of the deformation modes are slightly underes-v{(XeF,) stretching frequency is shifted to higher frequency
timated. Discrepancies are expected to arise, in part, becausevhen compared with that of Xe@Fwhich is also observed for
the low coordination number and large valence shell of xenon the HF adduct (vide infra).

in XeOF, are conducive to association in the solid state. Table 4 shows that the Xe@Broup modes are affected by

The highest frequency mode at 749.9 ¢nis assigned to  adduct formation, with both the(XeO) andvy{XeF;) modes
thev(XeO) stretch and displays a substantial low-frequency shift being shifted to higher frequencies by 9 and 20 &m
(37.1 cnrt or 4.95%) upon substitution 6fO and is in good respectively. In contrast, the calculated frequencies indicate that
agreement with the calculated percentdg#0 isotope shift v¢XeR,) should decrease [19 (16) cAjand thatv(XeO) should
[39.2 (46.6) cm! or 4.93 (4.96)%]. The mode at 298.1 thn remain unchanged when adduct formation takes place in the
displays a smallef®’1€0 isotope shift of 9.1 cmt (3.05%) [cal- gas phase. The discrepancy may result from Xe@Sociation
culated 9.3 (10.9) crt or 3.81 (3.85)%] and is assigned in the solid state which likely occurs by means of asymmetric
to the in-planeprocXeOF,) mode. Similar isotope shifts were  oxygen bridges (vide supra). Formation of the {CN adduct
observed and calculated for the Ré%OF,nY2HF and presumably disrupts solid state association, forming discrete
F,1618XeN=CCH; adducts (vide infra). It is clear from the  monomers, as shown in its crystal structure, resulting in
high frequency of(XeO) that the formal Xe-O bond order is increases in XeO bond order and(XeO).

close to two, ruling out the polymeric infinite chain structure, In contrast with XeOFand XeOR+nHF, the low symmetries
[-FO—Xe(R.)-]n, predicted by Gillespié However, the calculated  of the two conformations observed fop®XeN=CCH in its
v(XeO) andvy(XeF,) frequencies of XeOfare significantly  ¢rystal structure allow the.{XeF;) mode to be observed as a
higher than the experimental values, and the experimental\yeak line at 525.2 cni. The in-planed(XeF,) deformation
frequencies are 9 and 20 ci respectively, lower than those  mode is symmetrically and antisymmetrically coupled to the
of FOXeN=CCH; (vide infra), suggesting that weak oxygen v(XeN) stretch, occurring at 147.9, 164.1 chiv(XeN) +
and/or fluorine coordination to adjacent xenon atoms occurs in d(XeR) ip] and 116.4, 133.7 cnt [v(XeN) — 6(XeR) ip].

the solid (cf. gas-phase dimer and trimer in the Computational All frequencies associated with coordinated €M were

Results). ) ) o readily assigned by comparison with those of the free base. The
As predicted from the calculated Raman intensities, the bands at 2253.7 and at 390.2. 392.6. and 397.4lcare
v{XeF,) stretch at 467.8 cnt is the most intense mode in the  ;5iqned to the(CN) stretch and thé(NCC) bend, respectively,
Raman spectrum. Because the Xefoiety is near linear and 5,316 shifted to higher frequencies when compared with those
near ceqtro-symmetrlc, mutual exclusion applies. Thus, of the free ligand. The experimenta(CN) (5.3 cnt?) and
va4XeF2) |s'expected to be very weak and was not observed, 8(NCC) (2.1 cnr?, average) complexation shifts are much
but is predicted to occur alt _572'3 (582.5) cntompared to smaller than those associated with other Lewis acid adducts of
modes at 251.4 and 256.2 chare assigned to the out-of-plane 58 cnm ;36 and CHCNBCl;, 118 and 80 cmt, 3 respectively),
XeF bending mode, and the bands at 154.0 and 175.7:¢m 504 are indicative of a comparatively weak donacceptor
are assigned t_o the in-plane _XgelFendmg mode. bond in ROXeN=CCH;z. Whereas the calculatedCN) [15.2
(b) F20XeN=CCHg. A solution sample of FOXeN=CCH, (16.7) cntl] and S(NCC) [8.9 (9.8) cmi?) complexation shifts

generated in CBCN according to €d 1, was pumped under 5re mych less, the ratios of the stretching to bending complex-
dynamic vacuum at—45 to —42 °C until a slurry of ation shifts are similar.

e o, (9 XEOFSTHE. Wihen HF was added 0 OBt 76,
temperature Raman spectroscopy after everyBmin pumping a Raman spc_actrum that was more comple>_< than that of XeOF
interval. This permitted distinction and unambiguous assignment resulted, which was _|dent|cal to that previously reported for,
of the. CHCN modes associated with the solvent and erroneously assigned to, XeQI’fIn an attempt to more

' fully understand the nature of the interaction between HF and

F,O0XeN=CCHs, and CHCN-mHF [va{CHj3), 3018.1;v(CHj), . . 18
2949.0: v(CN), 2282.1, 2309.69ad{CHs), 1451.9: 5(CH). ;(;rglfgstir;zddeutenum substituté®1%0 isotopomers were also

1361.7;¥(CC), 932.5 cm?; also see Tables S1S3]. )
When the Raman spectra of all four isotopomers are

All vibrational modes (24 A) of FOXeN=CCH; (C,) are . .
predicted to be Raman and infrared active. Th¢CHs), c_onsu_jered (Table 5), only one of the e|g_h_t XesDiHF
vibrational modes that could be observed exhibited B
vadCH), V(CN), 0dCH), 0(CHy), v(XO), vdXeR), 6(CCN), and Y2H dependencies that were2 cn L. In addition, three
andora(XeOF) ip bands are split into two to four components modes exhibited only®1€0 dependence, one mode exhibited

(Table 4). To account for these splittings, a factor-group analysis 2 . . 1
was performed based on the single-crystal X-ray structure. TheonIy H dependence (this mode is very broadl00 cn”,

analysis reveals that each Raman and infrared band is spit, a"% 1> N0t expected lo exhibita discemibe®0 isotope shif),
a result of coupling within the unit cell, into a maximum of were unshitted. u : P! pend-

four components, 2A+ 2By in the Raman spectrum and Snf'es_Of tt:e expenm_entar:_ \Qb:'?:tpnal frg_qu(ingl(_as XandFto
2A, + 2B, in the infrared spectrum (Table S12). elermine the manner in whic is coordinated in XgQ

The frequencies associated with the Xe@foiety have been P;:il(:),nzle\éeer::”?sl;npllfled models were calculated (see Compu-
assigned by analogy with those of Xe£d&s discussed above, ’
and require no further commentary except to note that the

(35) Von Ahsen, B.; Bley, B.; Proemmel, S.; Wartchow, R.; Willner, H.; Aubke,
F.Z. Anorg. Allg. Chem1998 624, 1225-1234.

(34) Gillespie, R. J. InNoble Gas CompounddHyman, H. H., Ed.; The (36) Swanson, B.; Shriver, D. fnorg. Chem.197Q 9, 1406-1416.
University of Chicago Press: Chicago, 1963; pp 3339. (37) Swanson, B.; Shriver, D. fnorg. Chem.1971, 10, 1354-1365.
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The vibrational assignments for ¥8%0F,nY2HF were based

Xel®18F,-n2HF (n = 1, 2) were optimized starting fror@;

upon a comparison of two energy-minimized structures in which symmetries and resulted in stationary points with all frequencies

a single HF molecule coordinates to Xe Ol one case, the
HF molecule occupies a plane perpendicular to the Xgildhe

being real. Only the SVWN/(SDB-)cc-pVTZ and MP2/
(SDB-)cc-pVTZ (MP2 values in the present discussion are given

and is coordinated to xenon through fluorine and is cis to the in parentheses) results are reported in this paper (Tabtds 2
oxygen atom so that HF is hydrogen-bonded to oxygen (Figure Figure 5 and Tables S4511; S13; also see Experimental
5c¢). The second energy-minimized model (Figure 5d) in which Section). Xenon tetrafluoride was used to benchmark the

HF is also fluorine-coordinated to xenon differs in that HF is
hydrogen-bonded to the fluorine on xenon and lays in the %eOF
plane. The latter structure is favored by 7.8 (1.6) kJtholver

the O--H-bonded structure in Figure 5c.

The O--H-bonded model, in which bicoordinate HF increases
the xenon coordination number by bonding through fluorine,
gives twelve modes: fivé%1€0- and?H-dependent modes
(v1, v2, va, v7, vg), one8180-dependent mode{), one2H-
dependent moder), and five unshifted modesd, vg-v12). In
contrast, the F-H-bonded structure gives oA&!€0- and!/2H-
dependent mode{), two 16180-dependent modesy vg), three
12H-dependent moderf, v4, v7), and six ¢s, ve, ve-v15) unshifted

calculations (Table S14).

(a) Geometries. (i) (XeOR), (n = 1—3). The geometry of
XeOF, optimized toC,, symmetry with an Xe-O bond length
of 1.809 (1.770) A and XeF bond length of 1.996 (1.980) A,
compared to 1.971 (1.960) A in XgBnd its experimental bond
length, 1.953(2) A. The fluorine atoms are bent away from
the oxygen atom, with an ©Xe—F angle of 96.4 (96.0)and
an FXe—F angle of 167.1 (168.2) The calculated structure
is in accord with that predicted by the VSEPR model of
molecular geometry (see Raman Spectroscopy).

The geometries of (XeQJ and (XeOR); were also calcu-
lated (Tables S10 and S11) to study the effects of oligomer-

modes. Overall, the calculated vibrational frequencies derived ization on the vibrational frequencies and to assess the relative

from the slightly less stable ©H-bonded structure, when
compared with the calculated Xe@Rnd FROXeN=CCH;

merits of XeOF association in the solid state. In both cases,
two starting models were used with all X© bonds collinear:

frequencies, best reproduces the experimental frequency trend®ne with all XeOF groups coplanar, as originally proposed by
and isotopic shift patterns. Consequently, the ensuing vibrational Gillespie®* and one with the XeOfplanes alternating so that
assignments and descriptions (Table 5) are based on thisthey subtend dihedral angles of°9@\l systems converged to

structure.

The modes at 2854 and 2164 chare readily assigned to
v(HF) andv(DF), where their lower frequencies relative to
those in a neon matrix (HF 3992; DF 2924 th8 and in the
solid phase (HF 3056, 3408; DF 2284, 2524 ¢@)#40 are
consistent with coordinated HF and DF. Ti(XeO) stretching
frequency of XeOFnHF (733.5 cnl) shows the expected

a single twisted dimer (Figure 5e) and open-chain, twisted trimer
(Figure 5f). Both the dimer and trimer possess--X@ and
Xe---F contacts that are significantly less than the sums of the
van der Waals radii (3.68 and 3.63 A, respectivéiijhe formal
Xe—0O double bond involved in the contact elongates, allowing
the F—Xe—F angle to open up. As well, the Xé& bonds
elongate and both(XeO) andv{XeF,) decrease significantly

161180 jsotopic dependence and is shifted to lower frequency relative to those of the calculated monomer.

relative to that of XeOF(749.9 cnt?). The most intense mode
at 498.2 cm! corresponds tos(XeF,), which is comparable to
that in ROXeN=CCH; (481.8, 488.1, 494.4, 499.1 c®) but

higher than in XeOf (467.8 cnTl). The asymmetric mode

(i) F2O0XeN=CCH3. The geometry of FOXeN=CCH;z
optimized toC; symmetry in which the NCC moiety lay in the
XeOF, plane and the XeN—C angle is nearly linear. Overall
there is a good agreement between the observed and the

vadXeR,) is again expected to be very weak and was not calculated Xe-O and Xe-F bond lengths as well as the
observed. UpoA®0O enrichment, the modes at 286.6 and 299.1 F—Xe—F and O-Xe—F bond angles (Table 2). The most

cmt shift to 276.4 and 294.8 cm, respectively. UportH

notable differences occur between the observed and calculated

enrichment, these modes shift to even lower frequencies by 1.5Xe—N—C bond angle and %eN bond length. The XeN bond

and 5.1 cm?, respectively, and are assignedte(XeOR,) ip
+ minor HF oop wag and(FyXeO), respectively. The in-plane
XeF; (166.0 cntt) and the out-of-plane XeH187.2, 200.2
cm 1) bends are shifted to higher and lower frequency,
respectively, when compared with those of XeG@khd show
only small (<2 cn1) 160 jsotopic dependencies. The band
at 129.4 cm? shifts to lower frequency upo?H (=2 cn?)
and 0 (<2 cm?) enrichment and is assigned to a coupled
mode involving the coordinated HF molecupe,(XeOR,) oop
+ v(HF---Xe).

An energy-minimized structure for Xe@RHF was also

length, which is slightly underestimated by the SVWN calcula-
tion, has a calculated value of 2.702 (2.884) A when compared
with 2.752(5) (out-of-plane conformer) and 2.808(5) (in-plane
conformer) A in the crystal structure. Unlike the experimental
Xe—N—-C bond angles (164.9(%) in-plane conformer; and
134.6(4y, out-of-plane conformer), the calculated Xd—C
angle is essentially linear [179.2 (179.4)]. The energies of the
two experimental adduct conformations were calculated at the
MP2 level and are 78.2 (out-of-plane) and 86.9 (in-plane)
kJ molt higher in energy than the energy-minimized geometry.
The conformational differences in the solid state are likely a

obtained, but provided vibrational frequencies that were in poor consequence of crystal packing.

agreement with the experimental values (see Computational

Results).
Computational Results. The electronic structures of
(Xel®10FR,), (n = 1-3), R1%0XeN=CCHs;, and

(38) Mason, M. G.; Von Holle, W. G.; Robinson, D. W. Chem. Phys1971
54, 3491-3499.

(39) Kittelberger, J. S.; Hornig, D. K. Chem. Physl967, 46, 3099-3108.

(40) Tubino, R.; Zerbi, GJ. Chem. Phys1969 51, 4509-4514.
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Upon adduct formation, the calculated X@® bond length
(1.809-1.813 A) andv(XeO) remain essentially unchanged. The
XeF bond lengths are elongated (1.996013 A) and the
v(XeF) decreases accordingly. In contrast, the experimental
v(XeO) andv(XeF) frequencies increase (Tables 3 and 4).

(i) XeOF,nHF (n = 1, 2). Because an experimental
structure for XeOFnHF is unavailable, it was not possible to
directly establish the number of HF molecules coordinated to
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Table 6. Natural Bond Orbital (NBO) Charges, Valencies, and Bond Orders for XeOF,, F,0XeN=CCHjs;, and CH3CN
XeOF, F,0XeN=CCHj CH,CN
SVWN MP2 SVWN MP2 SVWN MP2
Charges [Valencies]
Xe(1) 1.971 [1.478] 2112 [1.473] 2.011  [1.437] 2.065 [1.450]
0(1) -0.807 [0.777] —0.897 [0.782] -—0.853 [0.722] -—0.887 [0.754]
F(1) —-0.582 [0.317] —0.608 [0.304] -0.598 [0.277] -—0.599 [0.286]
F(2) —0.582 [0.317] —0.608 [0.304] -0.598 [0.277] —0.599 [0.286]
N(1) —0.410 [2.035] —0.405 [1.988] -—0.310 [1.958] -—0.313 [1.892]
c() 0.374  [3.014] 0.359  [2.979] 0.271  [3.014] 0.283  [2.879]
C(2) —0.791 [3.295] —0.781 [3.288] —0.786 [3.299] -—0.678 [3.290]
H 0.288  [0.786] 0.283  [0.791] 0.275 [0.788] 0.236  [0.805]
Bond Orders
Xe(1)-0(1) 0.812 0.825 0.752 0.789
Xe(1)-F(1) 0.333 0.324 0.290 0.301
Xe(1)-F(2) 0.333 0.324 0.290 0.301
O(1y--F(1) —0.017 —0.021 —0.015 —0.017
Xe(1)+*N(1) 0.099 0.059
N(1)—C(1) 1.926 1.924 1.951 1.882
C(1)-C(2) 1.024 1.000 1.012 0.951
C(2)-H 0.753 0.760 0.758 0.775

XeOR,. Energy-minimized structures and their vibrational (b) Natural Bond Orbital (NBO) Analyses. The NBOH44
frequencies were calculated to better comprehend how HF analyses were carried out for the MP2- and SVWN-optimized
interacts with XeOFE: It was decided to limit the models to a gas-phase geometries of XeDF,OXeN=CCHs, and CHCN.
XeOF, monomer interacting with only one or two HF molecules. The NBO results are given in Table 6. The MP2 and SVWN
These results are given in Tables-S29. results are similar; only the MP2 results are referred to in the
Four starting geometries were used in which a single HF ensuing discussion. Single point calculations were carried out
molecule, H-bonded to either oxygen or fluorine, lay either in for geometries that were constrained to those of the experimental
the XeOF, plane and collinear with the XeO bond, or conformers and reveal that the NBO analyses (Table S15) are
perpendicular to the XeQmplane. A single energy-minimized  very similar to that of the fully optimized; structure and
structure was found for each pair of-€H—F and F--H—F insensitive to the XeN—C bond angle.
bonded starting geometries. In both minimized geometries, the The NBO analyses give natural charges of 2.11 and 2.06 for
fluorine of HF is coordinated to xenon. In the-fFH—F---Xe Xe in XeOFR, and LOXeN=CCH;, respectively. These charges,
structure, the HF molecule lies in the Xef#tane (Figure 5d), which are approximately the average of the formal charge 0
and in the O--H—F---Xe structure, it occupies the plane (covalent model) and formal oxidation number 4 (ionic model)
perpendicular to the XeQFplane (Figure 5c). Although the  for Xe in both molecules, are in accord with the natural charges
F--+H—F---Xe structure is 7.8 (1.6) kJ mol more stable than  for O (—0.90, —0.89) and F {0.61, —0.60) in XeOF, and
the O--H—F---Xe structure, the calculated frequencies of the F,OXeN=CCH;s, respectively. In both cases, the charges are
latter are in better agreement with the experimental frequenciesalso about half of their respective oxidation numbers, and
(see Raman Spectroscopy). In the--B structure, both the indicate that the bonds in free and adducted Xg@ie polar
Xe—O0O bond length and +Xe—F axial bond angle increase covalent. Among the plausible valence structures\v for
when compared with those of Xe@Rvhereas the XeF bond XeOR,, the calculated charges are best represented by structure
lengths decrease. In the-FH structure, both the xeO bond IV, where the near linear Xefnoiety can be described as a 3
length and the FXe—F bond angle remain unchanged, whereas center-4 electron borfd. The Xe—O/Xe—F bond order ratio
the Xe—F bond involved in the #-H contact increases and the (2.55) and Xe/O/F valencies (1.47/0.78/0.30) are in overall
other Xe-F bond decreases. In both cases, the-¥D and agreement with this localized description of polar covalent
F---H distances are significantly shorter than the sum of their bonding in XeOF.
respective van der Waals radii.

Initial geometries in which two HF molecules were orientated F _%F F %F
in or out of the XeOF plane and were H-O or H--F N R N i
coordinated or had mixed ‘HO/H-:-F coordination for both Xe=0 ..X:e=o Xe'— o0~ .,x;e—o'
orientations were used. Of these ten initial geometries, only one ||: ""’F l "5F

energy-minimized geometry having non-imaginary frequencies
was obtained. This geometry has two--H—F and two I I 11 v

Xe---F—H interactions that lie in the XeQfplane (Figure 59).

Both the Xe-F distance and FXe—F angle have increased Upon adduct formation with C}CN, the nitrogen electron
relative to that of XeOF whereas Xe-O has decreased. The pair density donated into the xenon valence shell results in
Xe-++F and F++H contact distances are significantly longer than essentially no change in the O and F ligand charges but small
those in the calculated structure containing one coordinated HF
molecule (Figure 5d). The geometry calculated for Xe@HF,
however, provided vibrational frequencies that were in poor
agreement with the experimental values (Tables S8 and S9).

(41) Reed, A. E.; Weinstock, R. B.; Weinhold, . Chem. Phys1985 83,
735-746.

(42) Reed, A. E; Curtiss, L. A.; Weinhold, Ehem. Re. 1998 88, 899-926.

(43) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholMB© Version
3.1 Gaussian Inc.: Pittsburgh, PA, 1990.
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decreases in their bond orders and valencies, whereas Xe The solid-state vibrational spectrum of Xeknd the
maintains its positive charge very close to 2. Thus, the-®e calculated energy-minimized dimer and trimer geometries, and
and Xe-F bonds are only slighty more ionic in their vibrational frequencies, point to an extended structure in
F,OXeN=CCH;z. The charge distribution of the CN group is which neighboring XeOfmolecules weakly interact by means
polarized toward the positive xenon center, with 0.10 e charge of asymmetric oxygen-xenon-oxygen bridges and--e
shifting from carbon to nitrogen upon coordination with a contacts.

corresponding polarization of charge on thesGfoup toward The Lewis acid properties of XeQRre demonstrated by the
the positively charged carbon atom of the CN group. syntheses of OXeN=CCH; and XeOR-nHF. The crystal
‘ structure of FOXeN=CCH; provides a rare example of a
'é_F '%F Xe(IV)—N bond which is among the weakest XN bonds
N I D known. It has been shown by calculation of energy-minimized
O—Xe, :N=CCH, o _X;e:' “N=CCH, structures of XeOFHF and XeOk-2HF, in combination with

calculated and experimental vibrational frequencies resulting
from 16/180 and/2H isotopic substitution, that most likely =
v A4 1, and that HF, in this instance, is coordinated to Xg®¥
means of weak ©-H and Xe--F bonds.

The present syntheses of XeQ&nd its HF and CBECN
LR adducts, along with their detailed structural characterizations,
charge distribution and XeO and Xe-F bond orders of represent a significant extension of Xe(lV) chemistry and

structure IV and also account for the very low-Xd bond order . .
(0.05) and polarization of the GBN ligand to give an enhanced account for most of what is presently known about the oxide
: p 9 9 fluoride chemistry of Xe(IV). The present findings may be

negative charge on nitrogen. These crlt_ena are met by Va.llenceexpected to facilitate the extension of Xe(IV) oxide fluoride
structures V and VI, where structure V is dominant and yields . . L
chemistry into areas such as the fluoride ion deramceptor

a picture of adduct formation between Xegd CHCN that properties of XeOF and derivatives with other highly elec-

e 16 : .
IS S|mllar to that of XeF and HCN:2 In this deP'.Ctlon’ mutual tronegative ligands, as well as offer the possibility to synthesize
penetration of outer diffuse nonbonded densities of the Xe and

presently unknown Xe®

N atoms occurs which, unlike a covalent interaction, produces
no substantial shared density as reflected in the very low Experimental Section
XeT—hl: tég:l%lg;ggrgzlqpirzgg S(Ziggiisg:ann;(ediiggc,i\;t\i/:rllegﬁfrsg.y Caution: Anhydrous HF must be handled using appropriate
for F,OXeN=CCH; at the MP2 level of theory is 41.8 kJ ma) protectve %?ir.w'th Immediate access _to proper treatment

LT T procedure$ in the event of contact with liquid HF, HF
which is significantly less than the doneacceptor adduct vapor, or HF-containing solutions. All Xe(lV) oxide fluoride
dissociation energies of;5=NXeF" (157.2 kJ mot!) and por, 9 X

_ . N 32 N species dealt with in the present study, namely, XeOF
H NXe_F (157.'1 k.‘] T"OT )-**The FOXe .CCH3 donor F2,OXeN=CCHs, and XeORF-nHF are highly energetic materials
acceptor interaction is in better agreement with those calculated

for HC=NASFs (38.6 kJ mot?) and ES=NAsFs (27.8 kJ and are only stable at the low temperatures employed in the

mol-1)32 These findings also support a valence bond description experimental procedures outlined below. All detonate upon
of F,OXeN=CCHs that is dominated by the nonbonded warming. Thus, adequate proteetiapparel and working behind

structures V and VI and a bonding description in which adequate shielding are crucial for the safe manipulation of these
. . materials. In the case of XeQFdetonations may also occur
CH3C=N is weakly coordinated to XeQF @ y

upon freezing or further cooling of its GBN solution$
Conclusion suspensions te-196 °C. It is therefore strongly recommended
that syntheses of the aforementioned compounds be carried out
on a small scale €100 mg).

Apparatus and Materials. (a) General. All manipulations
Iinvolving air-sensitive materials were carried out under strictly
anhydrous conditions as previously descriB&Reaction ves-
sels/Raman sample tubes and NMR sample tubes were fabri-
cated from%/4-in. 0.d and 4-mm o.d. FEP tubing, respectively,
and oultfitted with Kel-F valves. All reaction vessels and sample
tubes were rigorously dried under dynamic vacuum prior to
passivation with 1 atm of Jgas.

Acetonitrile (Caledon, HPLC grade) was purified by the
literature methott and transferred under static vacuum on a
glass vacuum line. Xenon tetrafluoride, was prepared and
purified according to the literature methetdAnhydrous HF

The most plausible valence bond contributions that contribute
to a description of FOXeN=CCH; are those that retain the

Long-standing discrepancies among the published vibrational
assignments ascribed to Xep&re now accounted for and the
synthesis of pure XeQHn synthetically useful quantities has
been achieved. Comparisons of the present experimenta
frequencies for XeOFand XeOR-nHF with those assigned to
XeOF; in the previous three early communicati&hd® show
that the spectra obtained from,®BIXeF; co-condensation
experiments14arose from mixtures of XeQFHF and XeOF
while the product described in the latter repaonsisted of
only XeOF+nHF. In these accounts, HF produced in the co-
condensation reactions either coordinated to XeOF was
pumped off, yielding mixtures of XeQfmHF and XeOF; that
were erroneously ascribed to a single component, %eOF

(44) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.;
Bohmann, C. M.; Morales, C. M.; Weinhold, MIBO Version 5.0 47
Theoretical Chemistry Institute, University of Wisconsin: Madison, WI, 248
2001. 49

(45) Christe, K. O. InXXIVth International Congress of Pure and Applied (50
Chemistry Butterworth: London, 1974; Vol. 4, p 115.

(46) MacDougall, P. J.; Schrobilgen, G. J.; Bader, R. FIvgrg. Chem1989 (51
28, 763-769. (52

Bertolini, J. C.J. Emerg. Med1992 10, 163-168.

Peters, D.; Mietchen, R. Fluorine Chem1996 79, 161—-165.

Segal, E. BChem. Health Sa200Q 18-23.

Casteel, W. J., Jr.; Dixon, D. A.; Mercier, H. P. A.; Schrobilgen, G. J.
Inorg. Chem.1996 35, 4310-4322.

Winfield, J. M.J. Fluorine Chem1984 25, 91—-98.

Chernick, C. L.; Malm, J. Gnorg. Synth.1966 8, 254-258.
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(Harshaw Chemicals Co.) was purified by the standard literature of Y2HF. Once solvation was complete, the resulting very pale
method® Both H,O (Caledon, HPLC grade) and,HO (Isotec, yellow powder was isolated by removal of th@HF solvent
98.6 atom %?*80) were used without further purification to  under dynamic vacuum at78 °C.
prepare 2.00 M b‘lelllso solutions in CHCN. An 1.7O-enriched X-ray Crystallography. (a) Crystal Growth. Crystals of
sample of HO (Office de Rayonnements lonisants, Saclay, F,0XxeN=CCH, were grown as previously descrifédy slow
France; 35.4%°0, 21.9%'70, 42.7%1%0) was used to prepare  cooling of a CHCN solution of XeOF, previously saturated
a CH;CN solution of XeOF for 17O NMR studies. High-purity 4t ca. —35 °C. from —35 to —45 °C over the course of 5 h
Ar or N gases were used for backfilling vessels. _ in a Y/4in o.d. FEP reactor as described in the synthesis of
(b) DF. Deuterium fluoride was prepared by the reaction of £ ,oxeN=CCH,. When crystal growth was deemed complete,
D,SO, with Cak. The detailed synthesis is provided in the  q reactor was maintained-a#5 °C and was disassembled at
Supportig? Information. _ _ the Swagelok Ultra-Torr union and quickly replaced with
(c) F2!®"©OXeN=CCHs. In a typical lsynthe5|s, 60.6 mg of 5 Kel-F plug andYisin Teflon tube which had a slow steam
XeF, was added, |.n5|de. a drybox, to'a-0.d. FEP reacnqn of argon slowly passing through it (see the synthesis of
tube attached to H4-in stainless steel Swagelok Ultra-Torr union F,OXeN=CCHs). A second Teflon capillary tube was inserted
mtfd vtvh|th V'tﬁ n Ok-]rlntgls WTﬁh ]:'\tlﬁ.s'km t;lrn_, att?jch':eéi;(i abKeI-F through the outlet hole of the Kel-F cap while maintaining the
valve through a short length of thick-wal-in o.d. ubing argon flow. Lowering the outlet tube into the solution expelled

gi'at Warsnt;:lo;npretsskljon tfr:ttegrtz Te tv?rI]ve. :ihi rer?dctor iWIZS the yellow supernatant through it into a secdhgin o.d. FEP
sassemoled outside he drybox at e union and quickly e cooled to—78 °C. The union and valve assembly was

replaced with a Kel-F plug having tw#1sin holes drilled laced and th | dried under d .
through its top which opened into the reaction vessél;Ain replaced and the crystals were drie uncer dynamic vacuum at
: —45 to —42 °C and stored at-78 °C until a suitable crystal

_Teﬂon tube, with a slow stream of dry argon passing through could be selected and mounted on the diffractometer. In addition
it, was threaded through one hole and positioned well above . - - -
. . . . . to having a propensity to twin, the crystalline adduct proved
the XeR. This permitted the nitrogen in the tube to be displaced difficult to handle b d | loded at t i
with argon through the second hole in the Kel-F plug. The tube Imcult to handle because dry samples exploded at lemperatures
approaching 0C and had a tendency to slowly loose £CHN

was cooled to-78 °C while maintaining the argon flow. The . . .
argon flow was halted and 15 of 2.00 M solution of 1610 under dynamic vacuum at45 °C (see Syntheses and Properties
of XeOF,, F,OXeN=CCHs;, and XeOFR-nHF). Crystalline

in CH;CN was syringed into the reactor through the argon outlet ) i
F,OXeN=CCH;s; and its solutions were handled under low

hole and frozen on the walls of the reaction vessel to give a | *~’ . )
3-5% stoichiometric excess of £91%0. The solution was lighting condltlon_s throug_h(_)ut_ crystal growth, crysj[z?ll mounting,
and data collection to minimize photodecomposition.

melted onto the Xefat —42 °C and thoroughly mixed, resulting
in the immediate formation of a yellow solution and precipitate. ~ (b) Crystal Mounting. The sample tube was inserted into a
The solution was cooled te-45 °C whereupon more yellow  hole drilled into a copper cylindrical block that had been
solid precipitated. The union and valve assembly was recon- previously cooled te-78 °C. The cold block covered the entire
nected and the solvent was immediately removed at temperaturesength of the sample tube to prevent warming and detonations
between—45 to—42 °C under dynamic vacuum, leaving a pale of individual crystals as they were dumped into a crystal
yellow microcrystalline powder. Completeness of solvent mounting trough cooled te-110+ 5 °C by a cold stream of
removal was monitored by Raman spectroscopy (Table S1). dry N, gas. This allowed selection of individual crystals from

(d) Xel1%0F,. A 66.1 mg sample of £8180XeN=CCHs; the bulk sample as previously descrilf8d\ single crystal of
was pumped under dynamic vacuunr f& h with frequent F,O0XeN=CCH; was mounted on a glass fiber-al10+ 5 °C
agitation while maintaining the sample betweed5 to —42 using a Fomblin oil as the adhesive. The crystal used for data
°C. This resulted in a bright yellow powder corresponding to collection was a pale-yellow transparent plate measuring 0.20
Xel®18F, which was shown to be free of coordinated x 0.20x 0.12 mm.

CH5CN by Raman spectroscopy-{50 °C). The compound is (c) Collection and Reduction of X-ray Data. The single
stable indefinitely when stored ai78 °C. crystal was centered on a P4 Siemens diffractometer, equipped
A solution of ’O-enriched XeO_Ein _CHSCN was_prepared with a Siemens SMAR® 1K charge-coupled devise (CCD)
for 170 NMR spectroscopy by in situ hydrolysis of XeF  5rea detector (using the program SMART) and a rotating

(0.0219 g, 0.106 mmol) with’O-enriched HO (2.04L, 0.10 anode using graphite-monochromated -M&, radiation
mmol) at67145 °C 'lr)za 4-mm o.d. FEP NMR tube. (A = 0.71073 A). The diffraction data collection consisted of
1/2(6) XetOF,-nt2HF. Approximately 0.3 mL of anhydrous | y.rotation aty = 0° (using 1040+ 80) 0.35 frames,

HF was distilled into an evacuated reactor containing tqjowed by a series of short (80 frames)scans at variousg
54.1 mg of frefhly prepared X¢OF; and frozen on the vessel 44, settings to fill the gaps. The crystal-to-detector distance
walls at—196 °C. was 4.994 cm, and the data collection was carried out in a 512

Caution: l_f condensation is. foo rapid "?md liquid '__": x 512 pixel mode using X% 2 pixel binning. Processing was
condenses directly onto Xe@Fapid decomposition/detonation carried out by using the program SAINT which applied

ic i 1/2 1
s likely to occur.The “*HF was melted_onto the XEOF, Lorentz and polarization corrections to three-dimensionally
sample at-78 °C and was frequently mixed, over a-122 h

: . . . .
perlod, by S“Spend.'ng the entl.re sample “QH,F at this (54) Lehmann, J. F.; Dixon, D. A.; Schrobilgen, G.Idorg. Chem 2001, 40,
temperature and periodically monitored by recording the Raman 3002-3017.
spectrum of xé6/180':2/ Xels/lSOFz'nlleF under a frozen |ayer (55) Gzerken, M.; Dixon, D. A.; Schrobilgen, G.l&org. Chem200Q 39, 4244—

4255

(56) SMART release 5.611, an8AINT, release 6.02; Siemens Energy and
(53) Emara, A. A. A.; Schrobilgen, G. lhorg. Chem.1992 31, 1323-1332. Automotive Analytical Instrumentation, Inc.: Madison, WI, 1999.
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integrated diffraction spots. The program SADAB®as used
for scaling the diffraction data, the application of a decay
correction, and an empirical absorption correction based on
redundant reflections.

(d) Solution and Refinement of the Structures. The
XPREPS program was used to confirm the unit cell dimensions

where the NMR sample tube was cooled-t®96 °C and heat-
sealed under dynamic vacuum and stored 28 °C until NMR
spectra could be obtained. Samples were dissolved just prior to
data acquisition at or below the temperature used to record their
spectra. When obtaining low-temperature spectra, the 4-mm o.d.
FEP tubes were inserted into 5-mm o.d. thin wall precision glass

and the crystal lattice. The structure was solved in the spaceNMR tubes (Wilmad).

groupP2;/c by use of direct methods and the solution yielded
the positions of all the atoms, except for the hydrogen atoms,
whose positions were calculated. Although a relatively satisfac-

Raman SpectroscopyRaman spectra were recorded on a
Bruker RFS 100 FT-Raman spectrometer—it50 °C using
1064-nm excitation, 300 mW laser power and 1I"émesolution

tory model could be obtained, the refinement as a single-crystalas previously described.

remained at an overall agreement factor of about 32%, with

unsatisfactory behavior for some parameters. With the introduc-

tion of the twin matrix (10100007 characteristic of a pseudo-
merohedral twin, the refinement converged. The volume frac-
tions of the twin individuals ar§ = 0.87 andt; = 0.13. The
final refinement was obtained by introducing anisotropic

Computational Results. The optimized geometry and fre-
guencies of XeOF were initially calculated at the B3LYP,
SVWN, and MP2 levels of theory using 321G, SDDAII
(Stuttgart), DZVP and (SDB-)cc-pVTZ (i.e., cc-pVTZ for H,
C, N, O, F, and SDB-cc-pVTZ for Xe) basis sé€fsOne
calculation was also performed using CCSD(T)/(SDB-)cc-

parameters for all the atoms, except the hydrogen atoms, anpVTZ, but it proved to be very time consuming and did not
extinction parameter, and the recommended weight factor. Theprovide significantly better results. The results for (SDB-)cc-

maximum electron densities in the final difference Fourier maps
were located around the xenon atoms. The PLATON progftam
could not suggest additional or alternative symmetries.

NMR Spectroscopy. (a) Instrumentation.Nuclear magnetic
resonance spectra 8F and'?°Xe were recorded unlocked (field
drift <0.1 Hz hr1) on a Bruker DRX-500 spectrometer equipped
with an 11.744-T cryomagnet. For low-temperature work, the
NMR probe was cooled using a nitrogen flow and variable-
temperature controller (BT 3000). Fluorine-19 NMR spectra
were acquired using a 5-mm combinatiéi'9F probe operating
at 470.593 MHz and?°Xe NMR spectra were obtained using
a 5-mm broad-band inverse probe operating at 139.051 MHz.
Spectra were recorded in 32K¥F) and 16K {2°Xe) memories,
with spectral width settings of 25F) and 20 {*°Xe) kHz,
yielding a data-point resolutions of 0.76°%F) and 2.44
(*?9Xe) Hz/data point and acquisition times of 0.66F) and
0.41 (*Xe) s. Pulse widths is), corresponding to bulk
magnetization tip angles of approximately’9@ere 1.00 ¥F)
and 18.0 ¥?%Xe). Relaxation delays of 0*9F) and 0.1 {>°Xe)

s were used, and 200°%) and 1000 ¥?°Xe) transients were
accumulated. Line broadenings of'8R) and 2 {#°Xe) Hz were
used in the exponential multiplication of the free induction
decays prior to Fourier transformation. THE and?°Xe spectra
were referenced externally at 3C€ to samples of neat CF£I
and XeO¥R, respectively. The chemical shift convention used
is that a positive (negative) sign indicates a chemical shift to
high (low) frequency of the reference compound.

(b) NMR Sample Preparation. Samples were prepared in
4-in FEP tubes as described above fgOXeN=CCHs. The
reactor was maintained at42 to —45 °C and the solution was
transferred into a 4-mm o.d. FEP tube fused t¥,dn FEP
tube that had been cooled t678 °C and attached to a two-
hole Kel-F plug. The transfer was carried out in a manner similar
to that used for removal of the supernatant when isolating
crystals of FOXeN=CCH; for X-ray structure determination
(see Crystal Growth). The union and valve assembly was

pVTZ and (SDB-)cc-pVQZ were very similar. The frequencies
with the DZVP basis set were in good agreement with
experiment, but the XeO and Xe-F bond lengths were
overestimated. The optimized geometries and frequencies for
XelbllEOF, F,16180XeN=CCH;, Xel%180F,-nt2HF and
Xelb180F,- 212HF, (Xe%1%0R,), dimer, and (X&¥180F,); trimer
were therefore calculated using SVWN/(SDB-)cc-pVTZ and
MP2/(SDB-)cc-pVTZ. The NBO analysts** were performed

for the SVWN and MP2 optimized local minima. Quantum
mechanical calculations were carried out using the program
Gaussian 08 for geometry optimizations, vibrational frequen-
cies, and their intensities. The program Gauss\emas used

to visualize the vibrational displacements that form the basis
of the vibrational mode descriptions given in Tables53and

S1, S2, S4S11, S13, S14).
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for XeOR-HF (Tables S4S7), XeOR-2HF (Tables S8 and  calculated energies for all systems (Table S16); Cartesian
S9), (XeOR), (Table S10), and (XeQ¥s (Table S11); factor- coordinates for all systems (Table S17); the detailed synthesis
group analysis for FOXeN=CCH; (Table S12) and discussion; of high-purity deuterium fluoride; complete reference 61; and

comparison of calculated and geometries for XeQ@iSing the X-ray crystallographic file in CIF format for the structure
different levels of theory and basis sets (Table S13); calculated determination of FOXeN=CCH;z. This material is available free
vibrational frequencies and geometries for X¢Fable S14); of charge via the Internet at http://pubs.acs.org.

calculated charges, bond orders, and valencies for the two
experimental conformers of ,©6XeN=CCH; (Table S15); JA0673480
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