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ABSTRACT

This Thesis describes the syntheses and spectroscopic characterization of noble-gas
compounds containing xenon(II)-nitrogen and xenon{ID)-oxygen bonds in solution by multinuclear
magnetic resonance (multi-NMR) and in the solid state by low-temperature Raman spectroscopy.

The key synthetic approach for the preparation of novel xenon(Il) compounds containing
xenon-nitrogen and xenon-oxygen bonds involved the HF elimination reactions of XeF, with the
AsF¢™ salts of several protonated oxygen and nitrogen bases in HF and BrFg solvents at low
temperatures. In panicular, CF;C(OH)NH," AsFg’, FsTeNH; AsF", and FO,SNH; " AsF,” reacted
with XcF, by HF climination to give CF,C(OXeF)NH,'AsF¢, FsTeN(H)-Xe*AsFg and
FO,SN(H)-Xc*AsF". The latter two salts are examples of a rare class of compounds in which
xenon(Il) is directly bonded to formally sp-hybridized nitrogen atoms. Their characterization in
solution by multi-NMR was facilitated by preparing the xenon compounds with 15N-enriched ($9.5
atom %) starting materials, i.c., F;TeNH;*AsF;" and FO,SNH;*AsF,". This allowed for the
observation of the one-bond 2°Xe-*N scalar couplings in the 1°Xe and 1N NMR spectra.

The salts, CF;C(OH)NH, "AsFy, FsTeNH; " £isF¢”, and FO,SNH, " AsFg, were prepared for
the first time, and were characterized in the solid state by Raman spectroscopy, and in solution
by 1*C, F, 'H and '®Te NMR spectroscopy. The assignments of the Raman spectra of
FsTeNH,"AsF,” and FO,SNH,"AsFg were facilitated by recording the spectra of the natural
abundance and 99.5 atom % 'SN-cnriched salts, resulting in *419N isotopic shifts for bands that
involved vibrational motions of the nitrogen centers.

The compounds, FsTeN(H)-Xe*AsFg™ and CF;C(OXeF)NH,*AsFy’, were isolated in the

solid statc and characterized by low-temperature Raman spectroscopy. Assignment of the Raman
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bands associated with the vibrational motions of the nitrogen atom in FTeN(H)-Xe*AsFy- were
facilitated by recording the Raman spectrum of the °N-¢nriched compound and observing the
113N isotopic shifts. The compound, FO,SN(H)-Xe*AsF, was too unstable to be isolated from
solution and therefore was not characterized by Raman spectroscopy.

The compounds, CF;C(OXeF)NH," AsF", FsTeN(H)-Xe" AsF” and FO,SN(H)-Xc*AsFg",
were characterized in solution by use of 12°Xe, 12Te, 15N, 1°F, IH and 13C NMR spectroscopy.
The assignment of the 'H NMR resonances for CF;C(OH)NH,* and CF,C(OXcF)NH,* were
facilitated by performing two dimensional heteronuclear (*H-!°F) NOESY experiments, providing
the first use of this technique in noble-gas chemistry.

The decomposition of FsTeN(H)-Xc*AsFy™ in HF and BrF; solvents has been studied in
detail, primarily by °F NMR spectroscopy. The primary decomposition product, FsTcNF,, results
from nucleophilic fluorination of FTeN(H)-X¢*, and has been characterized for the first time by
use of I°N and 'F NMR spectroscopy. The compound, FsTeNF,, was shown w0 react with

F;TeNH,"AsF in AsFs-acidified HF 1o give FN=EN*AsF," and TcF by '°F NMR spectroscopy.
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To realize that our knowledge is ignorance,
This is a noble insight.

To regard our ignorance as knowledge,
This is mental sickness.

Only when we are sick of our sickness
Shall we cease to be sick.

The Sage is not sick, being sick of sickness;

This is the secret of health.

Tao Teh Ching
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CHAPTER 1

INTRODUCTION

GENERAL BACKGROUND

The potential for the Group VII (18) elements of the Periodic Table to form compounds
with other clements had been debated since the discovery of argon in 1894 by Ramsay and
Rayleigh.! Early attempts to isolate compounds of Group VIII elements, also known as the noble
gases and "inert” gases, were unsuccessful. In particular, shortly after the discovery of argon,
Moissan? am_:mplcd to form a noble-gas compound by reaction of argon and clemé.ht.al fluorine
without success. Berthelot® claimed to have formed 2 compound of helium with carbon disulfide
and benzene by combining these materials in an electric discharge. However, R.J. Strun* was
unablc to repeat this result, Researchers such as Oddo® and von Jﬂu'ltropol‘t6 were proponents of
noble-gas reactivity, and argued on the basis of periodic trends in valence and ionization
potentials, that krypton and xcnon should form compounds with the most clectroncgative element,
fluorinc. Kosscl’ also predicted the existence of a xenon and a krypton fluoride. P:mling8 noted
that main-group oxoacids could be scen as consisting of a central atom surrounded by as many
oxygens as could fit around it. From the consideration of ionic radii, he reliably predicted
coordination numbers of the central atom of a series of main-group oxoacids, including that of
antimonic acid, HSb(OH),, with which the paper dealt obstensibly. On the basis of this simple
argument, Pauling predicied coordination numbers of four and six for krypton and xenon,

respectively, proposed the formula H,XeOyg for xenic acid, and predicted that salts of the form
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AgyXeOg and AgH,XeOg might be isolable. With the encouragement of Pauling, Yost and Kaye!

atempted in 1932 and 1933 to react xenon and fluorine in an:clccuic discharge, but no xenon
fluorides were isolated.® By the mid-1930's, the electronic theory of valence, particularly as first
proposed by Lewis!® and Kossel,” was recognized for rationalizing much of the chemical behavior
of the elements. A key principle of this theory was that the noble-gas valence-eleciron
configuration was the configuration to which most clements tended in their chemical bonding,
Since the theory proposed by Lewis and Kossel rationalized most of the known chemical behavior
of the elements, examples of chemical species which violated the noble-gas configuration by
having more than an octet of valence electrons, so-called hypervalent species, such as Te(OH)g
and IO(OH),, were considered as exceptions to the theory. This theory predicied unreactivity of
the noble-gases resulting from the stability of the noble-gas valence-clectron configuration. This
concept was reinforced by the repeated failures to combine the noble-gases chemically with other
elements, particularly those of Yost and Kaye;!* no further aticmpts to form compounds with the
noble-gases were made until the 1960's.

In 1962, Bantlett! 12 successfully oxidized xcnon gas with PiFg, resulting in a sali, then
formulated as "Xe*PiFg™, demonstrating for the first time that it was possible to form noble-gas
compounds. Shortly after the isolation of "Xe*PtF¢™, the first covalent derivatives of xenon were
isolated and characterized, namely XeF,,'> XeF,!* and XcF,' from the reactions of xenon and
elemental fluorine. There are several synthetic routes to oxides and oxofluorides of xenon.
Examples are XeO3'® (Xe (VD), XeOF,'7 and XeO,F,'% (Xe(VD), and XeOF,? (Xe(IV)). No
xenon(Il) oxides have been isolated and characterized. Several excellent reviews detailing the
developments in the chemistry of the noble gases up to 1992 are available.20-26

The bulk of synthetic xenon chemistry to date involves xenon in the +2 oxidation state, and



the present Thesis is involved primarily with the chemistry of xenon(ITl) as well

(A) REPLACEMENT OF F IN XeF, WITH ELECTRONEGATIVE POLYATOMIC
ANIONS

The thermodynamic stability of the xenon fluorides with respect to the elements is derived
from the high electron affinity (-333 % 0.4 k¥ mol'))?? and small size of the fluorine atom, as can
be scen in a thermochemical cycle for XeF, in the gas phase.?® The experimentally determined
exothermicity of equation (1.1)*® can be rationized by summing equations (1.2) through (1.6),

where I(Xe) is the first ionization potential of xenon,?® EP is the electron pair energy for

Xe(g) + 2 K@ —> F-Xe-F (g) AH = -272 kJ mol'! (L1)
Xc(g) ——> Xe* 1(Xe) = 1176 kJ mor’! (12)
Xe* (@ + Fg —> Xe-F' (@ EP = -201 kJ mol! (1.3)
Fg) —> F(g) | E(F) = -335 kJ mol ™! (1.4)
Xe-F'(g) + F ——> FXc'F AH(electrostatic) (1.5)
F-Xe'F <—> F-Xe-F' Tesonance energy (1.6)

XeF* 30 and E(F) is the electron affinity of flucrine. The reaction represented by equation (1.1)
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is exothermic because the large ionization potential of xenon is ;oumued by the large electron
affinity of fluorine and the sum of the EP, AH(clectrostatic) and resonance energy temms, which
all favor a chemically bound species. The sum of the last two terms is -912 kJ mol™! since all
other values are known. The small size of the fluorinc atom contributes to a large value of
AH(electrostatic), and the electronegativity of fluorine also ensures that F-Xe*F is stable with
respect to F-Xe and F, and that Xe-F" is stable with respect to Xe and F*.

The thermochemical data above indicate that ligands which are capable of replacing fluorine
in XeF, must be highly clectronegative. it should be noted that AH (clectrostatic) will be less
favorable for any atom or ligand group which replaces fluorine, because of the increase in size
and the 1/r dependence of the electrostatic energy. Electron pair bonds [cf.. EP above] involving
fluorine are among the most energetically favorable bonds known, and replacement of fluorine

with another ligand group is expected to lower the exothermicity of the electron pair encrgy (EP).

— .
i
. o

These factors are well illustrated for XeCly(g), which is an unstable specics that has B&:h‘bbscwcd_‘

only at low temperatures by Mossbauer''=2 and matrix isolation infrared spectrocopy. 3334 The
lower expected EP value for XeCl* than XeF™ is reflected in the bond cnergies for ICI and IF
(240 and 280 kJ mol’!, respectively).333¢ Further, the chlorine atom and chloride ion are much
bigger than their fluorine coumer[:n;u‘ts.36 so that AH(electrostatic) is less exothermic than in the
fluoride case. Although the electron affinity of chlorine is 12 kJ mol™ greater than for fluorine,>
all other terms are less favorable for chlorine than fluorine. Bartlett?® has shown that the chlorine
analog of equation (1.1) is approximately 142 kJ mol™! less favorable than for fluorine, in
agrecment with the instability of XeCl,.

In the context of the above argument it is apparent that a polyatomic ligand, L, which is

capable of replacing fluorine in XeF, to give isolable derivatives, FXcL and XeL,, must be highly

-



5
electronegative. The conjugate bases of several strong oxygen and nitrogen acids are capable of
replacing fluoride in XeF,. Although the large electron affinities of these polyatomic groups favor
stable specics, their large sizes significantly reduce AH(electrostatic); for this reason, the ligand
derivatives of XeF, are kinetically stable rather than thermodynamically stable. Decomposition,
which is often explosive, Occurs near r00m temperature in most cases.2®
Scvceral strong oxoacids are capable of replacing F~ in XeF, in HF elimination reactions

represented by equations (1.7) and (1.8). In general, isolation of pure products requires low

reaction temperatures and removal of the evolved HF under vacuum.

XcF, + HL —> F-Xe-L + HF (1.7

XeF, + 2HL —> L-Xe-L + 2HF (1.8)

The fluorosulfate anion, FSO5, is highly clectronegative and is capable of stabilizing
xenon(II). The mono- and bis-fluorosulfate derivatives of xenon(ll) were syrnt.l*aesize:dzs':r":*8 from

the reaction of fluorosulfuric acid with XeF, as shown in equations (1.9) and (1.10).

75°C
XcF, + HSO,f ——> FXeOSOF + HF (1.9)

-75°C

XcF, +2 HSOF > Xe(OSO,F), + HF _ (1.10)

Other stong oxoacids which have yielded covalent derivatives of xenon(ll) are I-INO;;.23

HC10,,28%7 HS0,CF;?® and HOC(O)CF;.3%*! Xenon(ll) derivatives containing the ligands, -
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OIOF,*? and -OPOF,* are not isolated from the reactions of XeF, with the parent acids. The

mono- and bis- derivatives are formed according to equations (1.11) and (1.12).

XeF, + x P,O5F, > x P(O)F; + F, ,Xe(OPOF,), (1.11)
22°C
(x=1o0r2)
SO,CIF
XeF, + (I0,Fy), > F;.Xe(OIOF, + IOF; + x2 Oy (1.12)
or CFCl,
(x=1or2)

Mono- and bis- xenon(ll) derivatives of the ligands -OSeFs*+> and -OTcF*1¢5! have
been studied extensively. The -OTeF; group is exceeded only by fluorine and oxygen in its ability
to stabilize the various oxidation states of xenon. This is atributed to its high effective group
clectronegativity resulting from the inductive effect of five fluorines on tcllurium,>? and is
demonstrated by the existence of moderately stable -OTcF analogues of XcF,,%! XeOF,> and
XeFs.> Salts of Xe-OTeFs* with AsFs 5% and Sb,F,;" anions are known; XeOTcFs*AsFg
is prepared from the fluoride abstraction reaction of FXeOTeFs with AsFs, and XeOTeFs*SboF,;
is prepared by displacement of AsF¢™ upon dissolving XcOTch*Ast' in SbF5.54 followed by
removal of SbFs and AsFg under vacuum. The salt, XCOSCF5+ASF6'.26 has also been prepared by
fluoride abstraction from FXeOSeFs using the strong Lewis fluoroacid, AsFs. Owing to the high
electronegativitics of the FsTeO- and F;SeO- groups, which approach that of fluorine, the Lewis
acidities of the Xe-L* cations (L = F;TeO- and FsSeO-) also approach that of XeF* [see Section

(B)]. This has been demonstrated by the formation of adduct cations upon reaction of oxidatively



7
resistant nitrogen bases with XeOMFs*AsF¢” (M = Te, Se)* as shown in equation (1.13). All of

the adducts are unstable at room temperature except s-CyFaN,N-XeOMF;*AsFg” (M = Se, Te).

XecOMFs*AsFg + D ——> D-XeOMF*AsFg (113)

The number of nitrogen acids which undergo HF elimination reactions with XeF, is far less
than the number of oxygen acids. The strong nitrogen acid, HN(SO,F),, reacts with XeF; in a
fashion which is analogous to that of the oxygen acids discussed above. The first Xe-N bonded
species,”® FXeN(SO,F),, was synthesized and partially characterized in 1974 by LeBlond and
DesMarteau. Complete characterization by use of X-ray crystallography by Sawyer et al®?
followed. Since then the bis- compound Xe[N(SO,F), ],,°5~° and the cations XeN(SO,F),* %C and
F[XeN(SO,F),],* 38950 haye been characterized. The utility of the -N(SO,F), ligand to form
stable bonds to xcnon arises from the highly electron withdrawing groups bonded to nitrogen,
resulting in a ligand which is resistant 1 oxidative fluorination. The compounds FXeN(SO,F),
and Xe[N(SO,F),], wer. syithesised according to equation (1.14). The ligand transfer reagent,
(CH,);SiN(SO,CF;),, prepared as in equation (1.15), was used to prepare Xe[N(SO,CF3),], in

a (CH,),SiF climination reaction with XeF, [equation (1.16)].5! The first reported xenon-nitrogen

CRCl,

x HN(SO,F), + XeF, > x HF + FpyXeN(SO,F),), (1.14)

0°C

(x=1or2)



-196 to 22 °C
(CH3)sSiH + (CF380,),NH ———> (CH,),SiN(SO,CF3), + Hj (1.15)
21010°C
2 (CH,;);SiIN(SO,CF3), + XeF, ————> Xe[N(SO,CF;),}, + 2 (CH;),SiF (1.16)
CF.CL,

adduct with a Lewis acid possessed the stoichiometry FXeN(SO,F),‘AsF5 and was postulated to
have the ionic formulation XeN(SO,F),"AsF [sce equation (1.17)], although it was not
isolated.® Subjecting the salt to dynamic vacuum at room temperature resulted in the isolation

-78°C
FXeN(SO;F), + AsFs

> XeN(SO,F),*AsFy (117

of the AsFg salt of the bridging cation, F[XeN(SO,F),],*.%° according to cquation (1.18). The
species XcN(SOzF){AsFﬁ' was later isolated, although it is thermally unstable at room
n:mperarurc.60 A crystal structure of XcN(SOzP‘}z+Sb3F,6' was obtained®® using crystals grown

after dissolving F[XeN(SO,F),],*AsFg in SbFs solvent [equation (1.19)].

23°C
2 XeN(SO,F),*AsFg

> F[XeN(SO.F),l,*AsFg + AsFs (1.18}
yvacuum

SbF;
F[XeN(SO,F),],*AsF + 3 SbFs —> 2 XcN(SO,F),*SbyFis + AsFs  (1.19)
0°C
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(B) LEWIS ACIDITY AND OXIDATIVE FLUORINATING ABILITY OF THE XeF"

CATION

The valence bond®? and molecular orbital®? descriptions of XeF, indicate semi-ionic Xe-F
bonds, with considerable negative charge on the fluorine atoms; the charge distribution may be
described as F*Xe¢*'F™ 25 The valence-bond description of XeF, incorporates the notion of Xe-F
bond polarity through the resonance contributions F-Xe*F <—> FXe-F'. Owing to the Xe-F
bond polarity, XeF, behaves as a fluoride ion donor towards many strong Lewis acids, yielding
compounds of the form XeF,xMFs (x = 1/2, 1, or 2 MF; = Lewis acid)?' The compounds
cannot be given a purely ionic formulation @i.c., XeF*M,Fs,, ") since fluorine bridges between
xenon and a fluorine of the "anion” indicate covalent character in the bonding. Single crystal X-
ray diffraction studies of these adducts reveal that the bridging Xe-F bond lengths increase
with decreasing Iengths of the terminal Xc-F bonds and increasing fluoride ion acceptor ability
of MF;, indicating increased ionic character. For example, in XeF, RuFs, the terminal Xe-F and
bridging Xe--F bond lengths are 1.87(2) and 2.18(2) A, n::spt:c:‘.ivt:ly.64 The corresponding bond
lengths in XcF,2SbF; are 1.84 and 2.35 A.5%56 The latter has the shortest terminal Xe-F bond
length for an adduct of XcF,, providing the closest approximation to a salt of XeF*. This is a
result of the very weak basicity of the SbyF;;" anion.

The Raman and infrared spectra of solid adducts of XeF, with Lewis acids complement
the crystal data. They arc best interpreted in terms of ionic formulations XeF™MFg and
XcF'M,Fy;", but modes associated with the bridging Xe~F and M-F stretches and F-
Xe~F bends confirm the presence of fluorine bridges.?! In the casc of XeF*MF,, the number
of bands and selection rules for the infrared and Raman spectra indicate a symmetry lower than

0,,, resulting in part from the fluorine bridge interaction with XeF* 216769
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Fluorine bridging of the XeF" cation, to a fluorine of a weakly basic fluoroanion indicates
that XeF" has substantial Lewis acid character, Schrobilgen ez al.26 have exploited the Lewis acid
character of XeF" by reacting XeF*AsFg with various oxidatively resistant nitrogen bases (D),

resulting in Xe-N bonds [see equation (1.20)]. Because of the strong oxidizing power of XcF*

D + XeF'AsFy ——> D-XeF*AsFg (1.20)

(estimated electron affinity 10.9 ¢V),? only oxidatively resistant bases form stable adduct cations
with XeF". Nitrogen bases whose first adiabatic ionization potentials are greater than or equal to
the electron affinity of XeF" are oficn resistant to oxidation by XeF*, allowing the isolation of

D-XcF*AsFg" at low temperatures. The first example of a nitrogen base to form an adduct with
XeF* was HC=N, whose first adiabatic ionization potential has been determined o be 13.80 ¢V
from photoionization studies.” In addition, a series of nitriles RCsN form the adducts RCaN-
XeF'AsFg', which have been characterized in solution (R = H, CHj, CH,F, C,Hs, GFs, C3F; and
CeFs)"™ and i the solid state (R = H, Me).”"™ A detailed study which expands the ligand
series has been carried out.”* The general synthesis for these adducts involves the reaction of
XeF'AsFg™ or Xe,F;*AsF," with the appropriate nitrile as shown in cquations (1.21) and (1.22),

resulting in the first examples of xenon bonded to an sp-hybridized nitrogen atom.

HF
XeF*AsFy” + RC=N: ———> RC=N-XeF*AsFy (1.21)
200 -10 °C
HF
XeF3"AsFg + RCaN: ————> RC=N-XcF*AsFy + XcF, (1.22)

-20 0 -10 °C
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The Aluoro(pefluoropyridine)xenon(ll) cations, 4-RCsFN-XeF* (R = F or CFy)™ have

been formed in HF solvent according to equation (1.23) and equilibria (1.24) and (1.25) at -30t0

-20 °C. An altemnative synthesis involves the reaction of 4-RCsF,NH' AsF, with XeF, in BiFs
and HF solvents at -30 °C as in equation (1.25). As expected, the equilibrium favors a larger

HF
4-RCFN —> 4-RCF,NH'(HP), (1.23)

4-RCFNH*(HF),” + XcF*AsFy =—=

RCsF,NH AsFg” + XcF, + nHF (124)

4-RC;F NH*AsF;" + XcF, === 4-RCF,N-XeF*AsFg + HF (1.25)

proportion of the xcnon(Il) cation in BrFs solvent, enabling the salts to be isolated by removal of
the BrFg solvent under vacuum at -30 °C. The first adiabatic jonization potential of CsFsN (10.08
£ 0.05 cV)™C is approximately the same as that of the electron affinity of XeF*, in accordance
with the criterion for a stable adduct. The first ionization potential (11.50 eV)’® of s-
trifluorotriazine, s-CyF3N; and the existence of CsFsN-XeF*AsFg™ suggesied that the adduct s-
C;F3N,N-XcF" should also exist. This compound has been synthesized according to equation
(1.26) by the reaction of XeF*AsFg~ with excess s-trifluorotriazine at room temperature for three
hours followed by removal of excess 5-C;F3N; under vacuum.’> The resulting salt is unique in

that it is the only salt of the series which is stable indefinitely at room temperature.

XeF'AsFg + 5-CoFaN; —> 5-C,F3N,N-XeF*AsFg (1.26)
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The ligand, F,S=N (first IP, 12.50 eV),” was also allowed to react with XcF* AsFg" in BrFg

solvent at -60 °." giving the adduct F;S=N-XeF*, 28 which has been characterized by '°F and
125%e NMR spectroscopy at -60 °C [equation (1.27)]. Solvolysis of F;S=N-XcF*AsF,” occurs at

-20 °C in HF solvent and results in addition of HF across the S-N triple bond, followed by HF
elimination to give F,S=N-X¢" [equation (1.28)). The cxpected intermediat: cation, F,S=N(H)-
XeF", that results from HF addition to F3S=N-XcF", is not observed. Addition of HF across the
S-N double bond of F,S=N-Xe* results in the FsSN(H)-Xc* cation, which is the first cxample of

an sp3-hybridizcd nitrogen bonded to xenon [equation (1.29)).

BIF,
F3S=N + XeFAsFg > F;S=N-XcF AsFg (127
-60 °C
- HF
F;8=N-XeF" + HF —> [F,S=N(H)-Xe-F'] —> F,S=N-X¢* (1.28)
F4S=N-Xc* + HF ——> FS-N(H)-Xe* (1.29)

The only known cxamples of krypton-nitrogen bonds arisc from the reaction of
HC=NE*AsF," with KiF, in BrF; solvent al ca. -60 °C, resulting in HC=N-KrF*AsF¢",® and
from the reaction of the adducts RgC=N-AsFs Rg = CF;, C,F;, n-C;F;) with KIF, in BrF
solvent at ca. -60 °C, resulting in RFCEN-KrF’AsFG'.-” The krypton cations arc acid-basc adducts,
similar to the xenon(lI) cations discussed above. The estimated electron affinity of KrF* (13.2
eV)? is greater than XeF* (sce above), indicating that it is a stronger oxidizer. As expected, the
nitrile adducts with KrF* are less thermally stable than the xenon(II) analogs.

The oxidative fluorinating power of X¢F* is well established. Bartlett and Sladky” noted



13
that XeF, was incapable of oxidizing I, in acetonitrile solution, but addition of trace amounts of
the Lewis acids SO,, HF, or BF; resulted in the immediate oxidation of I, to IFs, with formation
of xcnon gas. This suggested that XeF* was formed from the interaction of the Lewis acid with

XcF, {equation (1.30)}, and that the oxidizing ability of XeF" greatly surpassed that of XeF,.

A + XcF, === AF + XcF' (1.30)

(A = Lewis acid)

Since the work of Bartett and Sladky.""’ salts of XeF* have been used as chemical reagents to
oxidatively fluorinate other species. The reaction of XeF"™MFg” (M = As, Sb) with a variety of
rcagents in HF solvent at low temperatures (ca. -80 to 40 °C) has demonstrated the oxidative
fluorinating ability of the XeF" cation, as weill as its significant Lewis acid strength. The reaction
of XeF*MF," with sulfur(IT) specics such as the disulfides CF,S-SCF3,50 CF;$-SCH,2% and CH;S-
SCH,,%0 resulted in MF salis of the thermally unstable fluorosulfonium cations according to
cquation (1.31). The sulfanes (CgFs),S.5! CF,SCH,, P (CH,),S.5+% CF,SH® and CH;SH® are
likewise oxidatively fluorinated by XcF*MFG'. resulting in themally unstable MF™ salts of
fluorosulfonium cations [equation (1.32)]. It is interesting that the reaction of the sulfuranes
[sulfar(IV)] (CF3),SF,,*> (n = 0 - 2) with XeF*MFy in HF solvent resulted in fluoride
abstraction rather than oxidative fluorination, indicating the strong Lewis acid strength of the XeF*

cation [cquation (1 .33)].85 The fluoride transfer was attributed to the weak axial S-F bonds in the

R-S-S-R° Xc¢F*MF; ——> RS-S(FR *MF, + Xe (1.31)
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R-S-R’ + XeF'MFy —> R-S(FR™MFs + Xe (1.32)

(CFS)nSFd-n + XCWFG- — (CF3)nSF3_n+MF6- & XCFtl (1-33)

sulfuranes® and their resulting fluoridc ion donor ability. The XcF, produced is a substantially
weaker oxidative fluorinator than XeF* and is incapable of oxidatively fluorinating the compounds
(CF3),SFy, (n =0 - 2). In the case of CF,S(O)F, a labile fluoride is not present, and reaction
with XeF"MFg- results in oxidative fluorination to give CF;S(0)F,*MF,~35 It was postulaied that
the xenon-oxygen bonded specics, CF3S(OXeF)F*MF, is an intermediate which decomposcs by
transfer of "F*" to sulfur with climination of xenon gas. A similar adduct cation, Cl,S-XeF", has
been proposed as an intermediate in the oxidative fluorination reaction of SCl, by XcF*MF, %

at low tlemperature [equation (1.34)]. Evidence for such an iniermediate has been provided by the
CLS + XeF" —> [Cl,8-XcF') —> CLSF + Xe (1.34)

low-temperature isolation of (CF;),S0-XcF'SbFg™ from HF solvent, which indeed contains a
xenon-oxygen bond.25 Oxidative fluorination of H,0% and H,S® by XcF*MF, in HF at low
temperatures (ca. -78 °C) results in the salts H,OF*MF," and H,SF*MF;", respectively. The
oxidative fluorination of H,O at low temperature, in spite of its high ionization potential (12.6
eV),¥® demonstrates the powerful oxidative fuorinating ability of XeF*MF . Oxidative
fluorination of AsCl; with XeF*AsFg" in HF solvent at -78 °C also resulted in the isolation of
AsCLF*AsF¢. %0

As discussed above, there is a growing number of examples of the use of XcF* as an
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oxidative fluorinating agent, and there is now a large number of salts of adduct cations, D-XeF",
where D is 2 nitrogen base.2¢ Although Minkwitz3® has postulated an adduct cation Cl,S-XeF"
as an intermediate in the oxidative fluorination of SCI, by XeF'MFy', there are no reported
cxamples of an isolated and definitively characterized salt of an adduct cation, D-XeF", which
decomposes by oxidative fluorination of the base [equation (1.35)]. Further work is required 0

establish the existence of D-XeF' cations as intermediates in the oxidative fluorination of bases.

D-XeF"'MF;, —> D-F'MFg + Xe (1.35)

(M = As, Sb)

(C) SPECIES CONTAINING XENON-CARBON BONDS

The first reported example of a xenon-carbon bonded species was Xe(CF),, which was
prepared from the reaction of XcF, with plasma generated CF; radicals.”! The resulting waxy
solid, assumed to be X¢(CF,),, decomposes with a half-life of ca. 30 minutes at room temperature
according to cquation (1.36). Characterization of the material claimed to be Xe(CFy), is

incomplete and the synthesis has not been confirmed.

Xe(CFy)y —> XeF, + CiFp (1.36)

The stability of cations containing xenon-carbon bonds was established by determination
of the xenon-carbon bond energy of CH,-Xe™ in the gas phase by ion cyclotron resonance. The
Xc-C bond energy was determined to be 180 % 33 kJ mol™ 92 and more recently, 231 £ 10 kJ

mol1. % ‘l'hcst.ﬁa.lucs are similar to those observed for the Xe-F bonds of XeF, (132 kJ mol‘l)94
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and XeF* (201 kI mol'!), % indicating that isolation of salts containing cations with xenon-carbon
bonds is feasible.

A number of stmucturally well-characterized compounds containing Xe-C bonds are, in
fact, now known. In all cases they occur as colorless salts of xenonium cations, R-X¢* (R =
fluorophenyl or alkynyl group). The formation of the pentafluorophenylxenon(I) cation, CgFsXe®,
in CH,Cl, (-30 °C) and CH,C=N (0 °C) solutions, with the anions B(CgF5)sF", B(C¢Fs),F," and
B(CgFs)F5™ has been established.5-1% The salts arc typically formed by the reaction of XcF, with
the ligand transfer reagent, B(Cg¢Fs)s, in methylene chleride solvent [equation (1.37)). The X-ray
crystal structure of [CHSCEN-XeCGF5]+ [(C¢F5),BF,]", isolated from acclonitrile solution, shows

that the xenon atom of CgFs-Xc" is weakly coordinated to the nitrogen atom of a CH;C=N
XcF, + B(CgFg)3 —> Xe-CgFs B(CgFs)Fy (1.37

molecule (Xe-N, 2.681(8) A; Xe-C, 2.092(8) A).!® The salt decomposes slowly at 14 °C.
Reaction of [CH;C=N-Xe-CgFs]'T(CgFs),BF,]” with AsFs in CH;CaN solution results in
[CHyC=N-Xe-CgFs]*AsFg". Solutions of this compound in CH;C=N are stable for up to onc day
at room u:mpcraturt::.s’-‘T The reactions of XeF, with the boron ligand transfer reagents B(m-
CF,CgH,)5 and B(p-FCgH,); in CH,Cl, solution at -45 to -50 °C result in the formation of the
white solids [m-CF3C6H4Xe]*'[m-CF3C6H4BF3]'.96 and [p-FC‘..-,I-I‘tXc]"[(17-1"C61-I4)ZBI=2]‘.96 The
former compound is stable for up to one hour in CH,C=N at 41 °C, whereas the latter compound
decomposes below 40 °C when auempting to dissolve it in the coordinating solvent, CH,C=N.
The most stable xenonium salt presently known is [}(1:(2,4.6-1'-'3CGH;,)]"[BF‘,}‘.98 which is prepared

by the reaction of B(CgH,F3);thf and XeF, in the presence of BF;-0(CH,), in CH,Cl, solution
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at -40 °C. 1 is stable for up to 21 days at room temperature in dry air and hydmlyzes; prly over
7 days in aqueous CH,C=N solution. Examples of alkynyl xenonium tetrafluoroborates are known
and are prepared by reaction of lithium acetylides or triphenylsilyl acetylenes with XeF, and
BF;-0(CHy), at low temperatures (-78 to 40 °C) in CH,Cl, solvent.'9! The known alkynyl
derivatives are (CHy),C-C=C-Xe'BF;", (CH;)Si-C=C-Xe*'BF,", CH;CH,-C=C-X¢'BF," and
CH,CH,CH,-C=C-X¢"BF;; all of these specics decompose in solution or as solids below 0 °C,1%!
but none have been characterized in the solid state.

It is interesting to note that, of all the known species containing xenon-carbon bonds, no
neutral species of the form R-Xe-F have been characterized R = fluorophenyl or alkynyl). This
may be rationalized by considering the semi-ionic nature of the bonding in hypervalent compounds
of the form R-Xe-F, which is best described in valence-bond terms by the resonance contributors
R* Xe-F* <——> R-Xe* F:1@ the relative weightings of each contributor depends on the
clectronegativites of F and R. The carbon ligands used to form the cations R-Xe* are undoubtedly
among the least electroncgative ligands which have ever been used as ligands with xenon. For this
reason, the resonance contribution, R-Xe* F, essentially accounts for the bonding. Confimmation
of the ionic character of the Xe-F bonds in solution is provided by the absence of observed one-
bond 2?Xe-19F scalar couplings attributable to Xe-F linkages in the 19F and 12?Xe NMR spectra.
As well, the 12%Xe NMR chemical shifts (ca. -3760 ppm for CgF5-Xe* in acetonitrile solution)?>%
are the most shiclded for chemically bovnd xenon.?>-1% This is consistent with an ionized Xe-F
bond and an Xe-C bond of high covalent character, sinze the 1*7Xe chemical shifts of xenon(ID
compounds containing Xe-N, Xe-O and Xe-F bonds are known to decrease (i.e., become more

shiclded) with increasing ionic character of the Xe-F bond 26102104
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(D) PURPOSE AND GENERAL SYNTHETIC STRATEGIES UNDERPINNING THE

PRESENT WORK

The overall purpose of the present work is o extend the chemistry of the noble gascs and,
more specifically, to prepare and characterize compounds containing novel covalent bonds between
xenon and nitrogen or oxygen. One route to Xe-N bonded species is through the interaction of
XeF'AsF¢ with selected nitrogen bases in solution. Given the oxidizing strength of XeF",
nitrogen bases were sclccted on the basis of their resistance to oxidation.?® It was found that
nitrogen bases whose first adiabatic ionization potentials (IP,), when known, were greater than or
cqual to the estimated clectron affinity of XeF™ (10.9 ¢V), were often resistant to oxidative attack
by XeF" at low temperatures. This method of basc selection preceded the successful preparation
of AsFy" salts of the adduct cations RC=N-XcF*, (R = alkyl,”>"* fluoroalky],”"">7¢ C¢Fs, 774
H'?"™), C,F,N,N-XeF*,”! and the pyridine adducts, CsFsN-XeF* %73 and 4-CF,CgF,N-
XcF*.7475 All of these cations involve ligands in which the nitrogen atoms bonded to xenon arc
formally sp- or sp?-hybridized. Except for the partially characterized salt, FsSN(H)-Xc*AsFy 28
there are no known examples of formally sp°-hybridized nitrogen bonded to xcnondl). In the
present study, the AsFq salts of several cations containing Xe-N and Xe-O bonds have been
prepared and characterized; the atoms directly bonded to xenon in the novel cations arc formally
sp°-hybridized, contributing significantly to the chemistry of xenon(iI). The importance of ligand
electronegativity in stabilizing compounds of xenon(Il) was discusscd in Scction (A) of this
Chapter. The synthesis of xenon compounds in which the ligand atom bonded to xenon is sp’-
hybridized is significant because the electronegativity of a ligand group decreascs as the %s
character of the valence hybrid orbitals decreases. % Thus the ligands studied in the present work,

namely CF;C(O)NH,, FsTeNH, and FO,SNH,, arc among the lcast clectroncgative nitrogen- or
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oxygen-donor ligands 10 cver form compounds with xenon(fl). The low electronegativity of these
ligands is reflected in the thermal instability of the resulting xenon(Il) compounds, which are
among the least stable xenon(Il) derivatives known.

The ligands studied in the present work, namely, CF;C(O)NH,, FsTeNH, and FO,SNH,,
are isoclectronic with the strong oxoacids, CF3C(0)OH, FsTeOH and FO,SOH, all of which form
xenon(I) compounds (sce Scction (A)] which are stable at or near room temperature.
Trifluoroacetamide, CF;C(O)NH,, was chosen as a potential base for adduct formation with XeF"
on the basis of its first adiabatic ionization potential (10.77 eV),}% which is similar to the
estimated electron affinity for XeF* (10.9 eV),2 so that it might be resistant to oxidative attack
by the noble-gas cation. The IP;-values of FsTeNH, and FO,SNH, are not known; their potential
as ligands in novel xenon(I) compounds is based solely on the electronic similarity of these
ligands to FsTcOH and FO,SOH. Although CF;C(O)NH,, FsTeNH, and FO,SNH, are not strong
acids, it was possible 1o protonate these specics, cither in situ from the reaction with HF acidified
with an equimolar amount of XeF*AsF¢ [equations (1.38) and (1.39)), or from the reaction with
excess AsFs in HF, to give the isolable salts, CF;C(OH)NH, AsFy, FsTeNH;"AsFg™ and
FO,SNH,"AsFy [cquation (1.40)). Ammonium cations generated in sit [equations (1.38) and

(1.39)] or isolated as AsFg" salts [cquation (1.40)], react with XeF, by HF climination to give

XcF*AsFg + HF === XcF, + HF*AsFg (1.38)

H,F*AsFy + D === DH'AsF," + HF (1.39)

(D= CF3C(O)NH2. FSTCNH2. FOzSNHQJ
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HF / AsF

D > DH'AsFg (1.40)

(D= CF3C(0)NH2. FsTean, FOZSNH?)

Xe-N and Xc-O bonded cations, and arc analogous to the reactions of strong oxoacids with XeF,
[equation (1.7)]. The oxygen ligands CF,C(0)0-, FsTeO- and FO,SO- arc more ¢lectronegative
than the analogous nitrogen ligands CF,C(O)NH,, FsTeN(H)- and FO,SN(H)-, which have been
used as ligands in compounds of xenon(II) in the present work. A comparison of the xenon(ll)-
oxygen derivatives with the novel xenon(Il) compounds prepared in this Thesis provides the
material for a systcmatic study of the effect of ligand clectronegativity on the bonding and

stability of compounds containing Xe(II)-O and Xe(II)-N bonds.



CHAPTER 2

EXPERIMENTAL SECTION

(A)  VACUUM TECHNIQUES

(i) Vacuum Systems and Inert Atmosphere Systems

The compounds used in the course of this work are moisture sensitive or were used as
precursors for moisture sensitive materials. It was therefore necessary to rigorously dry all
precursors and apparatus. All manipulations were carried out under rigorously anhydrous
conditions in glass or metal vacuum systems or in the oxygen and moisture free (< 0.1 ppm) inert
nitrogen atmosphere of a Vacuum Atmospheres Model DLX drybox. The drybox was equipped
with a cryogenic well which was cooled to -196 °C for the manipulation of thermally unstable
materials under anhydrous conditions. Volatile reagents and solvents were manipulated by vacuum
transfer using two vacuum lines. Volatile materials which were noncorrosive towards glass in the
absence of water such as organic solvents [e.g., CH,Cl,, CHC1,, (CH;CH,),0], FsTeOH and
S,04F, were manipulated using a vacuum line constructed of Pyrex with grease-free 6-mm J.
Young glass stopcocks equipped with FEP barrels (Figure 2.1). Volatile materials which attack
glass, such as HF and BrFs solvents, were manipulated by vacuum transfer on a vacuum line
constructed from nickel and 316 stainless steel valves and fittings (Autoclave Engineers, Inc.),

Teflon, FEP, and Kel-F (Figure 2.2). Pressures were measured at ambient temperature using an
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MKS Model PDR-5B power supply and digital readout in conjunction with pressure transducers

having inert wented surfaces constructed of Inconel. Two transducers of different dynamic pressure
ranges were used, 0 to 1100 Torr and O to 1 Torr. The pressures were accurate 10 % 0.5% of scale.

Vacuum on the glass iine and metal line was attained by using Edwards two stage E2M8
direct drive high vacuum pumps. Two vacuum pumps were used on the metal vacuum line; one,
a roughing pump, was used for the removal and disposal of volatile rcactive fluorinated
compounds by pumping through and cntrapment on a bed of soda lime, which consisted of a
copper tube {ca. 60 cm length, 15 cm dia.) packed with soda lime absorbent (Fisher Scicntific,
4-8 mesh). The second vacuum pump provided the high vacuum source for the manifold (ca. 104
Torr). In the construction of the glass and melal vacuum lines, traps cooled to -196 °C were

attached immediately before the vacuem pumps to prevent the passage of condensible volatile

materials into the pumps.

(ii) Preparative Apparatus and Sample Vessels for Raman and NMR Spectroscopy

Ali synthetic procedures were performed in apparatus constructed from 304 and 316
stainless steel, glass, Kel-F or FEP. Stainless stecl cylinders (Whitey) of 40 mL volume cquipped
with 316 stainless steel valves (Whitcy ORM 2) were used in preparations requiring high
pressures. Prior to usc, these vesscls were passivated by treatment with ca. 800 Torr of fluorine
gas overnight, followed by vacuum removal of all volatiles at room temperature. Vesscls
constructed from glass were dried under vacuum on a glass vacuum line for at least 12 h prior o
use. Sample preparations involving materials which attack glass were carried out in tubes
fashioned from lengths of %-in. (7 mm), %-in. (14 mm), and %" (21 mm) 0.d. FEP tubing (Furon)

which were heat sealed al one end and heat-flared (45° SAE) at the other. The tubes were then
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attached to Kel-F valves encased in aluminum housings by flare fittings. All vessels constructed

in this way were dried by first pumping on a glass vacuum line for at least 5 h followed by
passivation on a2 metal vacuum line with ca. 800 Torr of fluorine gas overnight. All volatiles were
then removed under vacuum, and the vessel pressurized with 760 Torr of dry N, gas.

Nuclear magnctic resonance (NMR) spectra were recorded on samples prepared in FEP
tubes (9-mm and 4-mm 0.d.). The 9-mm o.d. FEP NMR twbes were fabricated from lengths of 3/8-
in. (9.5-mm) o.d. FEP tubing by reducing their diameter to 9-mm 0.d. in a heated brass cylindrical
form with mechanical pressure. One end of the tube was heat-scaled by pushing it into the end
of a thin-walled 10-mm o0.d. glass NMR tube previously heated in a Bunsen flame. The other end
was heat flared (45° SAE) for direct attachment to a Kel-F valve. The 4-mm o.d. FEP tubing had
one cnd heat sealed by pushing the mbe into the end of a thin-walled 5-mm o.d. NMR tube and
the other end was heat flared (45° SAE) for direct attachment to a Kel-F valve. The sample tubes
used for recording the NMR spectra were heat scaled using a small diameter nichrome wire
resistance fumnace.

Raman spectra at room temperature were recorded on samples in Pyrex melting point
capillaries. Before use, the melting pointing capillaries were heated under dynamic vacuum for
24 h at 200 °C and then stored in a dry nitrogen-filled drybox where they were loaded with the
appropriate materials. The cnds of the loaded melting point capillaries were filled with Kel-F
grease before removal from the drybox. The capillarics were then immediately sealed using a
miniature oxygen-natural gas torch. Raman spectra at low temperatures were recorded on samples
in FEP or glass tubes. FEP tubes of 7-mm or 4-mm o.d. were heat-sealed at one end and heat
flared at the other end (45° SAE) for direct attachment to Kel-F valves. The tubes were fluorinated

as above prior to addition of solid materials. Glass tubes for low temperature Raman spectroscopy
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were constructed from medium wall 3-mm o.d. glass tubes that were heat sealed at onc end and

glassblown onto ca. 5-cm lengths of %-in. 0.d. glass twbing on the other end. The %-in. 0.d. end
of cach glass tube was attached to 2 4-mm J. Young glass stopcock with a Teflon barrel and dried
ovemight under high vacuum. The appropriate materials were loaded into each tube in 2 drybox.
followed by heat sealing below the stopcock using an oxygen-natural gas torch.

Vessels were attached to vacuum lines using Teflon, FEP and/or Kcl-F adaptors. All
tubing was connected using *-in. Teflon unions (Swagelok) and Teflon compression fittings (back
and front ferrules, Hoke Controls), The fluoroplastic valves and conncctors have been described

in greater detail elsewhere, %7

(B) PREPARATION AND PURIFICATION OF STARTING MATERIALS

(i)  HE. BrF; and SO,CIF Solvents

Hydrogen fluoride and BrFs solvents were transferred on a metal vacuum line through all
fluoroplastic connections. Anhydrous hydrogen fluoride (Harshaw Chemical Co.) was purified by
treatment with 5 atm. of F, gas in a nickel can for a period of 1 month, converting residual water
10 HF and O, gas. The anhydrous HF was then vacuum distilled into a dry Kel-F storage vessel
equipped with a Kel-F valve and stored at room temperature until used. Hydrogen fluoride was
transferred into reaction vessels by vacuum distillation on a metal vacuum line through
connections constructed of Teflon, Kel-F and FEP as shown in Figure 2.3.

Bromine pentafluoride (Ozark-Mahoning Co.) was purified as described carlier,®” and
stored over dry KF in a %-in. 0.d. Kel-F storage tube equipped with a Kel-F valve. Bromine

pentafiuoride solvent was transferred into reaction vessels by vacuum distillation on a metal line
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through connections construcied of Teflon, Kel-F and FEP as shown in Figure 2.4.

Sulfuryl chloride fluoride, SO,CIF (Aldrich) was purificd according to the literature
method’%® and stored over KF in a glass vessel equipped with a 6-mm glass J. Young stopcock
cquipped with a glass barrel. Transfers of SO,CIF were performed under vacuum using a vacuum
line and wbing constructed of glass as shown in Figure 2.5, Fluorine-19 NMR indicated the

presence of a trace of SO,F, impurity [5(*°F) = 32.4 ppm) in the solvent

(i) CHCl;, CH,Cly, (CHLCH,),0, CHLC=N and CF,CICF,Cl Solvents
Chloroform, CHCl, (Caledon Reagent Grade), CH,Cl, (Caledon Reagent Grade) and

CIyCl, (sotech Inc.) were dried by combining the solvent with Davison Type 3A molecular
sieves (Fisher Scicntific) for 3 days followed by vacuum distillation into a dry glass bulb equipped
with a 4-mm glass J. Young stopcock equipped with a Teflon barrel. The molecular sieves were
dried under dynamic vacuum for 24 h at 120 °C prior to use as a drying agent.

Acctonitrile, CH5CsN (Caledon HPLC Grade) was purified according to the literature
proccdurc.m

Dicthyl ether (Fisher Scientific) was refluxed over sodium wire with benzophenone
indicator nnder a dry nitrogen atmosphere until the solution turned blue (ca. 2 h). Refluxing was
continued for an additional 10 h, and the ether was then distilled under atmospheric pressure onto
fresh sodium wire in a glass vessel equipped with a greaseless 6-mm glass J. Young stopcock
cquipped with a Teflon barrel. After several days, the cther was vacuum distilled into a similar
vessel which had been previously dried under vacuum.

Freon-114, CF,CICF,Cl (Aldrich), was purified according to the literature method! ! and

was transferred under vacuum using all glass apparatus.
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Figure 2.3 Apparatus for the storage and vacuum transfer of anhydrous HF solvent; (A)

250 mL Kel-F HF container equipped with a Kel-F valve, (B) Kcl-F Y-

connector, (C) FEP tube reactor, (D) Kel-F valve with aluminum casing,
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vacuum

Figure 2.4 Apparatus for the storage and vacuum wansfer of BrF; solvent; (A) %-in. 0.d.
Kel-F storage vessel containing BrF; over KF, (B) Kel-F Y-connector, <)

FEP tube reactor, (D) Kel-F valve in aluminum casing,



Figure 2.5
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T vacuum

Apparatus for the storage and vacuum transfer of SO,CIF solvent; (A) 250
mL glass bulb equipped with 2 6-mm glass J. Young stopcock with glass
barrel conmuaining SO,CIF over KF, (B) glass Y-connector, (C) FEP
tube reactor, (D) 6-mm J. Young glass stopcock with FEP barrel, (E) Kel-F

valve with aluminum casing,
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(ili)  Purification of SbFy and Preparation of AsFg and TeF,

Antimony pentafluoride, SbF; (Ozark-Mahoniryg Co.) was purified by the literature
method"!! and stored in a glass vessel. Subsequent transfers of SbF5 were performed using an all
glass syringe in the incnt aunosﬁhcrc of a glove bag which had been previously purged with dry
nitrogen for 12 h.

Arscnic pentafluoride was prepared according to the literature method’ 12 by the
fluorination of AsF3'!? in a nickel can. The AsFs was distilled into a nickel storage cylinder from
which it was used without further purification.

Tellurium hexafluoride was prepared from the fluorination of TeF,, which was prepared
according to the literature method,!* in a monel reactor using a 50 mol% excess of elemental
fluorine under autogencous pressure at 250 °C for 4 h. Crude TeFg was purified by condensation
onto a dry sample of NaF in a stainless sicel Whitey cylinder at -196 °C and stored at room

temperature for several days prior to use.

(iv)  Preparation of XeF, and XcFAsF,~

Xcenon difluoride was prepared from elemental xenon and fluorine by the thermal method
described in the literature.!' The salt XeF*AsFg was prepared from the reaction of XeF, and
AsF; in HF solvent as described earlicr.” Both rcagents were stored in Kel-F tubes in the inert
nitrogen atmosphere of a dry box. All transfers of the solids XeF*AsFg™ and XeF, were made

from their Kel-F storage vessels inside the drybox.

{v) Preparation of FsTeOH, B(OTeF;),, As(OTeFy), and Xe(OTeFs),
Pentafluoroorthotelluric  acid, FsTeOH.!'> B(OTeFs);,'*® As(OTeFy)s!! and
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Xe(OTeFs),*® were prepared and purified according to the literature procedures. The compounds,

B(OTeFs); and As(OTeFs)s, were stored in an FEP tube and a PFA jar, respectively, in the inert
nitrogen amxo_sphcm of a drybox, and transfers of the solids were performed inside the drybox.
The compound, Xe(OTcFs),, was stored at -78 °C in a ¥#-in. 0.d. FEP vesse! equipped with a Kel-
F valve under ca. 1300 Torr of dry nitrogen gas. Transfers of Xc(OTeFs), into reaction vesscls
was done in the inert nitrogen aimosphere of a drybox. The compound, FsTeOH, was stored in
a ¥%-in. 0.d. FEP vessel equipped with 2 Kel-F valve back-filled with ca. 1300 Torr of dry nitrogen
gas at room temperature, Transfers of FsT¢OH were carried out by vacuum sublimation in an all

glass apparatus.

(vi)  Preparation of CF,C(OF)NH,*AsF~

In a typical purification procedure, 1.2860 g (11.377 mmotl) of 2,2,2-trifluoroacetamide
(Aldrich) was purified by recrystallization from 224 g of anhydrous CHCl, in one arm of an H-
vessel (Figure 2.6). The ams of the H-vessel were constructed from 2.5-¢cm 0.d. medium wall
glass tubing. The arms of the H-vesscl were separated by a medium porosity sintered glass frit.
The crystals were isolated by filtration through the frit followed by drying under dynamic vacuum
for 12 h at room temperature; 0.6255 g (48.6% yield) of CF;C(O)NH, was isolated, indicating
some degree of volatility of the compound at room tcmperature.

The salt, CF;C(OH)NH,"AsFg’, was prepared from the reaction of CF3C(O)NH, and AsF

in HF solvent according to equations (2.1) and (2.2)

CF;C(O)NH, + (x + 1) HF —> CF;C(OH)NH, FHP)," @.1)
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CF;C(OH)NH,*'F(HF), + AsF; —> (F;COH)NH,*AsFy + xHF  (2.2)

In a typical preparation of CF,C(OH)NH, " AsFg", CF,C(O)NH, (1.2708 g, 11.242 mmol)
was loaded into a %-in. o.d. FEP tube anached to a Kel-F valve and dissolved in 4 mL of
anhydrous HF at -78 °C, giving a yellow solution. Arsenic pentafluoride was metered from a
nickel storage can into a dry 0.4005 L preweighed glass bulb. The Ast was condensed onto the
CF;C(O)NH, solution at -196 °C. Weighing of the glass bulb before and after the transfer
indicated that 2.5086 g (14.764 mmol) of AsF5 was condensed onto the frozen solution. Warming
10 -78 °C resulted in a dark orange precipitate and a yellow supemnatant. The precipitate dissolved
on Qarming 10 -50 °C, resulting in a colorless solution. The solvent was removed in vacuo at
-42 °C leaving a white microcrystalline material. After pumping for0Shat 42°Cand35hat
-10 °C, 3.3820 g of CF,C(OH)NH, AsFy" (99.3% yield) was recovered. Decomposition with
liquefaction was observed after onc month at room temperature, however indefinite storage
without dccomposition was possible at -78 °C. The salt was stored in the reaction vessel at
-78 °C under ca. 1300 Torr of dry nitrogen gas. Transfers of CF,C(OH)NH, " AsF~ were carried

out dircctly from the storage vessel inside a nitrogen-filled drybox.

(vii)  Preparation of the First-Stage Graphite Intercalate C,qAsFs
Graphite powder was intercalated with AsFs using a2 modified version of the method

described by Chun-Hsu ez al.!'® Graphite rod (Ultra Carbon; Spectrographic analysis grade) was
ground 1o a fine powder with a mortar and pestle and dried by heating under vacuum at 150 °C

for 24 h. In a nitrogen-filled glove bag, 0.9003 g (74.96 mmol carbon) of the graphite powder was
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loaded into a passivated »-in. o.d. FEP tube equipped with a Kel-F valve. Approximately 1500

Torr of AsFg gas was cxpanded from its nickel storage container into the manifold of the metal
vacuum linc and the reaction vessel containing the graphite powder (-196 °C). With constant
agitation of the reaction vesscl, the absorption of AsFs by the graphite was monitored by
observing the prcssuri: in the manifold. Complete absorption of the AsFs was observed upon
warming the sample 10 ambient temperature after ca. 10 min. The partially intercalated graphite
was blue in color and the volume had increased. This procedure was repeated until no more AsFs
was absorbed by the graphite. The blue powder was pumped for ca. 1 nin, at room temperature
to remove any unreacted AsFs. The sample was then placed under static vacuum and the pressure
was monitored. No increase in pressure was observed, indicating the absence of a significant
amount of unreacted AsFs. The mass of the resulting blue powder (2.1398 g) corresponded closely
to that expected for a quantitative preparation of CyaAsFs (2.1740 g). The C;oAsFs was stored

under ca. 1000 Torr of dry nitrogen gas and was used without further characterization.

(viti) Preparation of trans-N.F, and Investigation of cis-/trans-N,F, Isomerization at Low

Temperature in AsFs-Acidified HE Solvent

The trans-isomer of difluorodiazene, N,F, was selectively prepared without the formation

of a detectable amount of the cis-isomer from the reaction of N,F, and the first stage graphite

intercalate C,gAsFs using the method of Munch and Selig!!® according to equation (2.3). In a
nitrogen-filled glove bag, 0.3969 g {1.368 mmoi) of C,pAsFs was transferred 0 a vessel

constructed from a fluorinated *-in. o.d. FEP tube equipped with a Kel-F valve.

CIOASFS + N2F4 —_— CIOASF" + trans'hlez (2.3)
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Tetrafluorohydrazine, N,F, 1% (1.312 mmot) was expanded into the manifold of a metal vacuum

line and condensed onto the C;AsFs at -196 °C. The reaction vessel was slowly warmed to room
temperature with periodic agitation. The vessel was allowed to sit for 2 days wnh periodic
shaking, The vessel was pumped under dynamic vacuum at -196 °C. The trans-N,F, produced
in this manner was allowed to remain over the AsF; intercalaied graphite at room temperature.
Transfers of trans-N,F, were carried out by allowing the gas 10 expand from the reaction vessel
at room temperature into the manifold of a metal vaéuum line. The trans-N,F, was then
condensed into the appropriate reaction vessel at -196 °C. The purity of the trans-N,F, was
confirmed from the 1°F NMR spectrum at room temperature in Freon-114 solvent (ca. 0.5 M), and
consisted of the characieristic AA’XX" spectrum centered at 5('°F) = 92.2 ppm, as expected, 12!
The !%F NMR resonance of the cis- isomer of N,F, was not observed at ca. 8(%F) = 133.7
ppm,'?! indicating the selectivity of the reaction.

The possibility of AsFs-assisted isomerization of trans-N,F, in HF was investigated at low
temperature. The zrans-isomer of N,F, was expanded into the volume calibrated manifold (0.019
L) of a metal vacuum linc at ambient temperature, Using the ideal gas approximation and the
measured pressure, the quantity of trans-N,F, in the manifold was determined to be 0.0882 mmol.
The contents of the manifold was condensed into 2 4-mm FEP tube containing approximately 0.4
mL of HF at -196 °C. Arsenic pentafluoride (0.808 mmol) was likewise expanded into the
manifold and condensed into the FEP sample tube at -196 °C. The tube was warmed o -20 °C,
whereupon a clear colorless solution was formed. The sample was kept at -20 °C for 5 min., and
was then heat sealed at -196 °C under dynamic vacuum. Only trans-N,F,, HF and AsF" were
observed in the '>F NMR spectrum at -37 °C, indicating that cis/zrans-N,F, isomerization did not

occur under these conditions.
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(ix) Purification of Ammoniz

Ammonia gas, NH, (Canadian Liquid Air, Ltd. or Matheson) was condensed from a gas
cylinder into an ammonia drying tube at -78 °C containing freshly cut sodium metal (0.3 - 04 &
BDH Chemicals). Liquid ammonia (100 - 200 mL) was stored at -78 °C in a dry ice-acetone bath
for at least one week prior to use. Transfers of ammonia gas directly from the storage vessel were

performed under vacuum using all glass apparatus.

(x)  Preparation of »*N-Enriched (99.5 atom_%) Ammonia

The apparatus shown in Figure 2.7, which was modified from the literature,1? was dried
under vacuum for 12 h and back-filled with nitrogen gas. Nitrogen-15 enriched NH, was prepared

according to cquation (2.4). A solution of 99.5 atom % 1"*NI-I,,CI (1.2083 g; MSD Isotopes or

H
’NH,Cl + xs KOH 2O, xa + 15NH, (24)

Isotech, Inc.) in 10 mL of distilled water was prepared and pipetted into the round bottom flask
of the apparatus. The apparatus was sealed using %-in, Teflon unions (Swagelok) as shown in
Figure 2.7 and the pressure above the solution was decreased to 450 Torr of dry nitrogen with the
U-trap immediately following the reflux column cooled to -196 °C. The stopcock immediately
following the -196 °C U-trap was closes and the aqueous solution was gently heated with a heat
gun to initiate gentle reflux, which slowly leached the KOH pellets (13.47 g) situated on platform
B directly above the reaction flask into the solution, whereupon ’NH; gas was evolved from the

aqueous solution and collected in the U-trap at -196 °C. After the reflux subsided, additional NH,



Figure 2.7

Glass ammonia generator; (A) Approximately 50 mL round bottom flask, (B)
platforms with 3 - 3.5 mm diameter holes to support KOH pellets, (C) condenser,
(D) 3/8-in. Teflon unions (Swagelok) equipped with 33-in. Teflon compression
fittings (Swagelok), (E) sections of 3/8-in. 0.d. glass tubing, scaled at one end, (F)
6-mm glass J. Young stopcock with FEP barmel, (G) %-in. Teflon unions
(Swagelok) equipped with “-in. Teflon compression fittings (Swagelok), (H) 120
or 300 mL glass flask.

33
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gas was liberated from the aqueous solution by cooling the solution to -78 °C and cvacuating the

vessel by quickly opening and closing the stopcock immediately following the 196 °C U-trap.
Warming the solution until liquefaction resulted in condensation of additional lsNI-I3 gas into the

-196 °C U-trap. This was repeated until condensation of additional >NH, was no longer observed
in the -196 °C U-trap. The U-trap was warmed to -78 °C and the ’NH, was slowly condensed
over ca. 3 h under static vacuum into a second U-trap at -196 °C. The second trap was warmed
10 -78 °C and the 1SNH3 was condensed under static vacuum into a preweighed 120 mL. glass bulb
a1 -196 °C. The glass bulb was warmed to room temperature and weighed; 0.3949 g of 1"’NI-[:,, was

isolated (98.83 % yicld).

{xi) Preparation of 99.5 atom % 15N Enriched [(CHA),Sil,NH

The method of Sauer,'* was modificd for the synthesis of [(CHy),Sil,*NH from 'NH,

gas and (CH3),SiCl using Freon-114 as solvent, according to cquation (2.5)

3 °NH; + 2 (CHp)SiCl —> [(CH,);Sil,NH + 2 'NH,CI (2.5)

Chlorotrimethylsilane (Aldrich) was purified by vacuum distillation into a dry glass bulb cquipped
with a grease-free 4-mm glass J. Young stopcock equipped with a Teflon barrel. By vacuum
distillation, 1.6144 g (14.86 mmol) of (CH,);SiCl was transferred into a dry glass H-vessel
equipped with a medium porosity sintered glass frit between the two arms of the vessel (Figure
2.6). Freon-114 (16.3 g) was distilled onto the (CH5);SiCl at -196 °C. A clear colorless solution
resulted on warming 1o room temperature. Nitrogen-15 enriched NH; (0.3949 g, 21.92 mmol) was

vacuum transferred onto the frozen solution of (CH;);SiCl and Freon-114 (-196 °C). The vessel
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was allo;ved to warm slowly to ambient temperature with stirring. Upon liquefaction of the
solvent, a white precipitate formed. After stirring for 7 days, the contents of the arm containing
the white precipitate was cooled to -60 °C. With the other arm at -60 °C, the mixture was filtered,
giving a clear colorless filtrate. The white precipitate was washed three times by repeated back-
dgistilling of solvent (with the appropriate arms of the vessel at 40 and -60 °C) followed by
filtration as above. The bulk of the solvent was back-distilled onto the residue after the last
filtration, and the resulting clear liquid was distilled through a one-piece glass dual-trap apparatus
(Figure 2.8), with the U-traps cooled to 40 and -196 °C. Pure {(CH3)3Si]215NH was collected in
the 40 °C U-trap (1.0345 g, 87.2 % yield). The 'H NMR paramecters are similar to those reported
by Cowley er al.'2* (neat liquid at 25 °C): &H) = -0.61 ppm (CHs), J(*H-29Si) = 6.6 Hz; 5('H)
= 0.52 ppm (NH), 'J('H-1N) = 63.1 Hz. The -196 °C trap contzined freon-114 (CF,CICF,Cl),

(CH5),SiCl, and a trace of [(CHy),Sil, >NH.

(xii)  Prcparation of F-TeNHSi(CH,),

The compound, FsTeNHSi(CH,),, was prepared using the method of Seppelt et all®

with modifications, according to equation (2.6). In 2 typical preparation, [(CH,),Si]},NH

TeFg + [(CHy)Sil,NH —> FsTeNHSi(CHy); + (CHy)SiF (2.6)

(1.79946 g, 11.149 mmol; Aldrich) was vacuum distilled into a 40 mL Whitey 304 stainless stecl
cylinder cquipped with a Whitey ORM 2 valve, cooled to -196 °C. The cylinder was passivated
with fluorine gas (ca. 1000 Torr) prior to use. Tellurium hexafluoride was expanded into the

volume calibrated (0.019 L) manifold of a metal vacuum line equipped with a 1.976 L nickel



Figure 2.8
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Glass dual U-trap apparatus; (A) glass H-vessel (sce Figure 2.6), (B) %-in. Teflon
unions (Swagelok) equipped with %-in. Teflon compression fittings (Swagelok),
(© 6-mm glass J. Young stopcock with FEP bamrel, (D) 304 SS 40 mL cylinder

(Whitey) equipped with a 316 SS valve (Whitcy ORM 2).
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ballast can at ambient temperature (total volume, 1.995 L). The pressure of TeF was converied
to moles using the ideal gas approximarion. A total pressure of 134 Torr (14.4 mmol) of TeFg was
transferred into the cylinder, which was cooled 1o -196 °C. The cylinder was allowed [0 warm
slowly 1o ambient temperature and then shaken mechanically for 1 week. Excess TeFg and
(CH,),SiF were pumpé&;off at -50 °C. After no vapor pressure was detected, the cylinder was
warmed to room temperature and subjected to vacuum distillation using a one-piece glass dual U-
trap apparatus (Figure 2.8); the first trap (-30 °C) coniained 2.365 g (68.2 % yicld) of purc
FsTeNHSI(CHy); (checked by '°F and 'H NMR). The explosive cis-F,Te[N(H)SI(CHy)slp. 125
which is often 2 minor product in the synthesis, was not observed in the 1°F NMR spectra. The
second trap (-196 °C) contained (CH3);SiF. {(CH;)5Si),NH, and some products which were not
identified.

Seppelt'> noted that the successful synthesis of FsTeNHSI(CHs)4 free from significant
amounts of explosive cis-F,Te[N(H)Si(CH3)5], required that the stainless stecl reaction vessel be
rinsed with concentrated nitric acid between runs and the reaction be carried out at room
temperature, In the present work, concentrated hydrochloric acid was substituted for nitric acid

as the rinsing agent.

(xili) Preparation of F<TeNH, and F.Te!>NH,

The compounds, FsTeNH, and FiTe!’NH,, were prepared by a modificaton of the
published synthesis.'> Typically [(CH;);Sil,NH (0.7485 g, 4.657 mmol; Aldrich) and TcF
(6.056 mmol) were combined in a 40 mL Whitey 304 stainless steel cylinder for 1 week followed
by vacuum distillation of all volatiles at -50 °C, as outlined above for the preparation of

FsTeNHSi(CH3);. The compound, FsTeNHSi(CH,);, was allowed to react with HF in an
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(CH;),SiF climination reaction according 1o equation (2.7). Anhydrous HF (0.1705 g, 8.505

FsTeNHSi(CHy); + HF ——> F.TeNH, + (CH,);SiF @7

mmol) was transferred by vacuum distillation into the cylinder at -196 °C. The cylinder was
allowed to warm to ambient temperature and was mechanically agitated overnight. Volatiles were
removed under vacuum at -78 and at -40 °C. The cylinder was warmed to 40 °C and the
remaining material was sublimed under vacuum into a %-in, o.d. FEP vessel cooled to -196 °C.
A sticky white solid was isolated, identified by *°F NMR spectroscopy as FsTeNH, (0.5688 g;
51.41% yicld).!®

The synthesis of FsTc!’NH, was identical to that of FsTeNH,, except that 99.5 atom %
5N cnriched [(CH,);Si],NH was used in the preparation of the former. The N enriched
[(CH4)3Si],NH isolated in the 40 °C U-trap [sce Section (B), Part (xi)] was condensed into the
40 mL stainless steel vessel attached to the dual trap apparatus depicted in Figure 2.8. The
remainder of the procedure for the preparation of [ISN]FsTeNHz was identical 1o that for
FsTeNH,. The compounds, FsTeNH, and FsTclsNﬁz. were stored in FEP tubes inside the drybox.

Transfers of the reagents were made from the FEP storage vessels inside the drybox.

(xiv) Preparation of F;TeNH;*AsF,” and FsTel"NH,*AsF,"
The salt, FsTeNH; AsF’, was prepared from the reaction of FsTeNH, with excess AsFs

in anhydrous HF solvent according to equations (2.8) and (2.9). In a typical preparation,

FsTeNH, + (x + 1) HF —> FJTeNH;"F(HF), (2.8)



FsTeNH,"F(HF),” + AsF; —> F;TeNH,*AsFg + x HF (29)

1.1873 g (4.9758 mmol) of FsTeNH, was placed in a %-in. 0.d. FEP wbe which was flared (45°
SAE) and connected by means of compression fittings to a Whitey ORM 2 316 stainless steel
valve. Anhydrous HF (4 mL) was distilled onto the FsTeNH, (-196 °C). Waming to -78 °C
resulted in a colorless solution. Arsenic pentafluoride (6.1 mmol) was condensed onto the frozen
solution at -196 °C. Warming to -55 °C resulted in a colorless solution. Excess AsFg was removed
under vacuum at -78 °C. The HF solvent was removed under vacuum at -40 °C until 2.0442 g of
a white powder remained (96% yicld), with no detectable vapor pressure at this iemperature. The
salt, FSTcNH3+AsF6', is stable indefinitely under anhydrous conditions at room temperature and
hydrolyzes rapidly in the presence of water.

The preparation of FsTe!*NH,*AsF,~ was identical 10 that described for FsTeNH;*AsFy
using FsTe!”NH, as the starting material. The salts were stored at room lemperature in ¥-in. or
%-in. 0.d. FEP tubes inside a nitrogen-filled drybox. Tranfers of the salts were made directly from

the storage vessels inside the drybox.

(xv)  Preparation of F.TeNH,"As(OTeF<)~

In a %-in. 0.d. FEP tube equipped with a Kel-F valve, FsTeOH (0.09635 g, 0.4021 mmol)
was combined with As(OTeFs)s (0.49494 g, 0.39037 mmol) and F<TeNH, (0.10858 g, 0.45504
mmoi) at -196 °C. The solvent, SO,CIF, was vacuum distilled onto the reagents at -196 °C, giving
a clear colorless solution on waming to -78 °C. (ca. 0.7 M). The SO,CIF solvent was removed
at -32 °C under vacuum, lcaving a sticky white precipitate. A finely divided white powder resulted

on further vacuum pumping at <45 °C for 2 h.
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(xvi) Sulfur trioxide

Sulfur trioxide, SO5 (Sulfan B; Allied Chemical) was heated to ca. 65 °C for 2 h 10 effect
depolymerization. 1?6 The liquified SO; was then poured into a dry evacuated round bottom flask
cquipped with a greaseless 6-mm glass J. Young stopcock equipped with a Teflon barrel and used

without further purification.

(xvi) Preparation of S;0.F,

The anhydride of fluorosulfuric acid, $,05F,, was prepared, with modification, using the
- method of Gillespie and Rothenbury,'?” by the reaction of excess SO4 with SbF, The reactions
were conducted in the vessel depicted in Figure 2.9, Two 3/8-in. 0.d. FEP tubes were sealed at one
end and fused 1o lengths of %-in. 0.d. FEP tubing. The tubes were joined using a ¥-in. Teflon T-
piecc union (Swagelok) with Teflon compression fittings (Swagelok). A Kel-F valve was attached
as shown in Figure 2.9. In a typical preparation, SbF5 (12.0880 g, 0.0557713 moi} was syringed
into the FEP tube to be attached at 90° to the Kel-F valve inside a dry nitrogen-filled glove bag.
Sulfur trioxide (ca. 16 mL) was vacuum sublimed through an all glass ap[:arams into the FEP tube
to be attached at 180° to the Kel-F valve. The SbF; was gently heated with a heat gun and poured
onto the SO at 50 °C. After 5 h at 50 °C with intermittent shaking, a clear liquid below a white
solid resulted. The liquid was vacu:. 1 distilled into a dry %-in. 0.d. FEP tube equipped with 2
Kel-F valve containing approximately an cqual volume of H,SO, (>99%, Fisher Scicntific) to

remove excess SO;. The white solid, reported to consist mainly of antimony oxides,'?’ did not



Figure 2.9
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I

FEP T-vessel for preparation of S,0sF,; (A) 38-in. od. FEP wbing, heat-
scaled at onc end, (B) 3/8-in. Teflon T (Swagelok) equipped with Teflon 3/8-in.
compression fittings (Swagelok), (C) 38-in. FEP tubing drawn down to 4-in.
o.d. using a Bunsen flame for attachment by a flarc fiting (45° SAE) 10 a

Kcl-F valve, (D) Kel-F valve in aluminum casing.
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transfer under vacuum. Two liquid phases resulted after 1 h at 55 °C. Some white solid (assumed

to be SO5) was observed at the interface of the two liquids. Afier mixing intermittently at 55 °C
for several hours, the volatile contents of the tube were vacuum distilled onto a second
approximately equal volume of >99% H,SO,. After mixing at 55 °C for severa! hours, the white
solid at the liquid interface had dissolved, leaving two liquid phases. The volatile layer (low
density phase) was vacuum distilled into a dry %-in. 0.d. FEP tube cquipped with a Kel-F valve
and shown 10 be pure S,0sF, (8.3798 g; 33% yield based on SbFs) from the gas phasc infrared

spectrum!?8 (3 Torr pressure, 1 dm pathlength, AgCl windows).

(xviii)  Preparation of 99.5 atom% '*N Enriched FO,SNH,

The compound, FO,S'°NH,, was preparcd dy the reaction of >NH, and S,04F,'®

at low temperature in dicthyl ether solvent according 1o cquation (2.10). In a typical preparation,
2 PNH; + S,05F, —> FO,S"°NH, + '>NH,*SO,F (2.10)

3,05F, (3.9559 g, 21.722 mmol) was vacuum distilled ino an arm of a glass H-vessel (Figure
2.6). Dicthyl ether (34 mL) was vacuum distilled onto the S,04F, at -196 °C. A colorless solution
resulted on warming to room temperature. Under static vacuum, 99.5 atom % N enriched NH,
(0.7850 g, 43.80 mmol) was condensed into the empty amm of the H-vesscl at -196 °C. Both amms
of the H-vessel were cooled to -78 °C for 3 days. The arm containing the ether/S,0,r, solution
was warmed to -60 °C and the amn containing the NH; was warmed 10 45 °C. The middle
stopcock was opened and with constant stirring by means of a magnetic stir bar and intermittent

opening and closing of the middle stopcock, the ’NH; had essentially completely reacted afier
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ca. 0.5 h, as indicated by me\‘almom complete consumption of the pool of liquid **NH, in the :
-45 °C arm. This was accompaniced by the development of a white precipitate in the ether solution.
The cther solution was then frozen at -196 °C to condense any unreacted *>NH; gas into the am
containing the frozen cther solution, and the middle stopcock was closed. The ether solution was
warmed to -60 °C for an additional 0.5 h with constant stirring. The empty arm of the H-vessel
was cooled 1o -78 °C, and with the arm containing the ether solution at room temperature, the
middie stopcock was opened and the ether solution was filtered through the medium porosity
sintered glass frit; however, filtration was slow. It was necessary to slightly warm the frit with
a heat gun to prevent freezing of the FO,S°NH, (m.p., 8 °C)'?° upon evaporation of the dicthyl
cther from the frit. Filtration required ca. 2 h to complete. The white precipitate was washed by
back-distilling dicthyl ether into the arm. This was facilitated with a -78 7 25 °C temperatre
gradient. After washing the precipitate, four additional filtrations and washings were performed
using the conditions described above. After an additional filtration, the ether solution was pipetted
into a one-picce glass distillation vessel (Figure 2.10) in a dry nitrogen-filled glove bag. Most of
the dicthyl cther was removed under vacuum at 0 °C, leaving a yellow viscous liquid. The liquid
was distilled under static vacuum while heating the liquid gently with a heat gun and cooling the
distillate receptacle to -196 °C. A clear liquid distillate was isolated, leaving behind a solid yellow
residue. The distillate was then pumped at 0 °C for 2 h under dynamic vacuum, and redistilled
at room temperature under dynamic vacuum in a micro-distillation apparatus (Figure 2.11);
0.6859 g of a colorless liquid was isolated. IH NMR (CD4C=N solution): doublet of doublets,
8('H) = 6.79 ppm, J('H-N) = 86.7 Hz, 3J(H-1F) = 6.1 Hz. Multiplets at 5('H) = 1 - 5 ppm
indicated the presence of residual organic material (ca. 5 - 10%). °F NMR: triplet of doublets,

8('%F) = 56.78 ppm, 2J(1%F-1N) = 2.7 Hz, */(*°F-1H) = 6.3 Hz. The Raman spectrum (neat



Figure 2.10
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B

Glass distillation apparatus used to fractionate FO,SNH, and 'N-enriched
FO,SNH,: (A) 250 mL round bottom flask, (B} Teflon-coated magnetic stir bar,
(C) entrance for stir bar after anncaling of glass apparatus (now scaled), (D) 6-mm
glass J. Young stopcock with FEP barrel, (E) 4-in. 0.d. glass tubing, (F) receptacle

arm tapered to allow removal of distillate by pipet.
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fiquid) was similar to the infrarcd spectrum of FO,SNH,'°

with residual organic impurities
containing ether groups. 31132 Raman bands of impurity (relative intensities): 2991.9 (5.2), 2952.4
(10.0), 2941.8 (6.2), 2910.6 (2.3), 2885.7 (2.3), 2735.0 (0.4), 1458.1 (1.7), 14492 (1.6), 11042
(1.6), 1074.8 (1.2), 1061.4 (0.6), 1050.3 (0.3), 689.0 (0.6), 658.9 (0.4), 594.8 (0.7), 577.3 (0.9),
408.1 (1.5), 395.0 (2.1), 336.3 em™t (3.1). Multiple distillations did not remove the residual

organic impurity.

(xix) Preparation of FO,SNH,

Natural abundance FO,SNH,'**13 was prepared according to equations (2.11) and (2.12)

CIC,SNCO + NaF ——> NaCl + FO,SNCO (2.11)

FO,SNCO + H,0 —> [FO,SN(H)C(O)OH} A> FO,SNH, + CO, (2.12)

In a typical preparation, chlorosulfuryl isocyanate, CIO,SNCO (14.0027 g; Aldrich)
was pipetted into a 250 mL glass distillation vessel (Figure 2.10) in a dry nitrogen-filled glove
bag. Dry acetonitrile (50 mL) was vacuum distilled onto the ClO,SNCO at -196 °C. A clear
solution resulted at room tcmperature, which turned pale yellow after 1 h. Dry NaF (4.4496 g; J.T.
Baker) was added to the solution under a dry nitrogen atmosphere with stirring by means of a
magnetic stir bar. The solution immediately became intense yellow. The vessel was closed and
the reaction mixwure was heatcd at 70 °C for 2.5 h. The contents of the vessel were frozen at -78

°C and 1.782 g of distilled water was added 10 the empty arm of the reaction vessel with 2 pipet.



Figure 2.11

Glass micro-distillation apparatus used to fractionate FO,SNH,; (4) 50 mL round
bottom flask, (B) Teflon coated stir bar, (C) 4-mm glass J. Young stopcock with
FEP barrel, (D) %4-in. 0.d. glass tubing, (E) condenser, (F) thermocouple inlet for
temperature determination, (G) B19 ground glass joint, lubricated with Apiczon
"N" grease, (H) -in. Teflon unions (Swagelok) cquipped with %-in. Teflon

compression fittings (Swagelok), (I) glass tapered receiving tubes.
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With both arms of the vessel cooled to -78 °C, the reaction vessel was evacuated. The acelonitrile
solution was cooled to -196 °C and the arm conaining the water was wamed to room
temperature. The water sublimed to the walls immediately above the frozen acctonitrile solution,

where it immediately froze. The vessel was back-filled with approximately 760 Torr of nitrogen
gas and the arm of the vessel containing the reagents was allowed to slowly wam to room
temperature. The pressure of the system was monitored by leaving the vessel open 10 the mercury
manometer of a glass vacuum line. As the water melted, immediate bubbling with an increasc in
pressure of 10 Torr occurred cach time a drop of water was added to the stirmed yellow reaction
mixture. The pressure increase resulting from the evolution of CO, gas upon'dccomposilion of
the unstable carbamic acid, FO,SN(H)C(O)OH, according to equation (2.12), was relcased by
opening the stopcock to the vacuum line until the total pressure of the reaction vessel was reduced
to ca. 760 Tormr. Shorntly after the addition of the water was complete, the large increases in
pressure ceased. The pressure was monitored and occastonally adjusted to ca. 760 Torr while the
solution was heated to 70 °C with constant stirring for 2 h, No significant increase in pressure was
observed during this time. The vessel was cooled 10 0 °C and most of the CH,C=N solvent was
removed under dynamic vacuum. After ca. 1 h, a yellow mixture of liquid and solid material
remained. The cmpty amm of the vessel was cooled to -196 °C while under static vacuum and the
yellow material was gently warmed with a heat gun. A colorless liquid distillate was collected,
Ieaving behind a yellow powder. The coloriess distillate was redistilled under dynamic vacuutn
at room temperature using the micro-distillation apparatus depicted in Figure 2.11. Purc FO,SNH,
(4.3908 g, 45% yicld bascd on FO,SNCO) was obtaincd. 'H NMR (ncat liquid): §('H) = 5.41
ppm (singlet). 1°F NMR (neat liquid): 56.52 ppm (singlet). The FO,SNH, was stored in a %-in.

0.d. FEP vessel in the drybox. Transfers of FO,SNH, were carried out by pipetting the coloricss
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liquid directly from the FEP storage vessel inside the drybox.

(xx)  Preparation of Natural Abundance and 99.5 % “>N-Enriched FO,SNH,*AsE¢

The natural abundance and 99.5 % “N-enriched salts, FO,SNH;"AsFy", were prepared

from the reaction of AsFs with FO,SNH, or FO,S°NH, in HF solvent at 40 °C [equation (2.13)]
FO,SNH, + HF + AsFs —> FO,SNH;"AsFg’ (2.13)

In 2 typical preparalion, natural abundance FO,SNH, (0.3056 g, 3.084 mmol) was pipetted into
a 4-in. 0.d. FEP tube equipped with a Kel-F valve. Approximately 0.6 mL of anhydrous HF was
condensed onto the FO,SNH, at -196 °C. Warming to -78 °C resulted in a clear colorless solution.
The contents of the tbe were cooled to -196 °C and 3700 Torr of AsFg was expanded into the
manifold of a metal vacuum line (manifold volume = ca. 19 mL). The AsFg was condensed into
the tube at -196 °C (3.8 mmol AsFs transferred using the ideal gas approximatioa). Upon warming
to -78 °C with constant agitation of the reaction wbe, a white precipitate formed with a colorless
supcmatant, The HF was pumped off at -40 °C over 2 h, resulting in a finely divided white

powder (0.7923 g: 88.91% yield).

(©) PREPARATION OF THERMALLY UNSTABLE XENON-NITROGEN AND

XENON-OXYGEN BONDED CATIONS

The xenon-nitrogen bonded cations FO,SN(H)-Xe* and FsTeN(H)-Xe" were prepared
by combining stoichiometric amounts of FO-SMH, or FsTeNH, with XeF'AsFg’ in HF solvent

at -196 °C folloewed by warming 10 -50 10 -30 °C 10 effect reaction and dissolution. Altemnatively,
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the xcnon-nitrogen bonded cations FO,SN(H)-X¢" and FsTeN(H)-Xe" and the xenon-oxygen

bonded cation CF;C(OXeF)NH,"* werc prepared by combining the hexafluoroarsenate salts of the
protonated ligands, namely FO,SNH;AsF,", FsTeNH;*AsF,™ and CF;C(OH)NH, AsFy™ with
stoichiometric amounts of XcF, in BrF; solvent at -196 °C followed by warming to -65 to -50
°C 1o effect reaction and dissolution. The cation FsTeN(H)-X¢* was also prepared by combining
stoichiometric amounts of FsTeNH;"As(OTeFs)g" and Xe(OTeFs), in SO,CIF solvent at -196 °C
followed by warming to -60 °C to cffect reaction and dissolution. The xenon-nitrogen and xenon-
oxygen bonded cations were characterized in solution by '*Xe, PN, 1°F, H, **3Tc and 1*C NMR

spectroscopy and in the solid statc by Raman spectroscopy.

@ Preparation and Isolation of CE.C(OXeF)NH,AsF,~

Solid samples of CF;C(OXcF)NH,"AsFg were prepared and characterized by low-
temperature Raman spectroscopy. In 2 typical preparation, 0.1987 g (1.758 mmol) CF;C(O)NH,
was dissolved in ca. 1 mL of anhydrous HF at -50 °C in a prefluorinated reaction vessel
constructed from a %-in. 0.d. FEP tube equipped with a Kel-F vatve. The tube was cooled to
-196 °C and 0.5970 g (1.760 mmol) of XeF"AsF¢ was added. The sample was warmed to
-50 °C with agitation, whereupon approximately 95% of the white solid material dissolved. The
supernatant was palc yellow. It was necessary to remove the HF solvent under vacunm very
slowly to prevent precipitation of the CF;C(OH)NH,"AsF¢ XcF,xHF adduct [see Part (iii) of
this Section). The sample was slowly pumped under dynamic vacuum, reducing the solvent
volume by ca. 75% after 3 h. At this point all of the solid dissolved, and the solution was pale
yellow. Aftér a further 3 h of pumping under dynamic vacuum, a frec flowing white powﬂcr

remained. The Raman spectrum indicated the presence of solvated HF from the broad pezks at
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3150, 3175, and 3299 cm’!, assignable to HF hydrogen bonded to the amido group. This
assignment was made by analogy with bands at 3250, 3393 and 3526 cm™! observed in the
infrared - cctrum of CF;C(O)NH, and HF condensed on a CsI window at 12 K.1% The HF was
removed by pumping at -50 °C for 14.5 h using 2 glass vacuum line and an intermediate copper
U-trap (-196 °C) for HF trapping. Removal of HF was confirmed by the absence of the peaks

atributable to hydrogen bonded HF in the Jow temperature Raman spectrum.

(ii} Preparation of NMR Samples of CF3Cg0Xc§)NH2"'AsF6‘

The CF3C(OXcFINH,* cation was characterized in BrFs solution by H, °C, *F and
129%¢ NMR spectroscopy. The salt, CF;C(OH)NH,*AsF, (0.01668 g, 0.05504 mmol) was
transferred into a 4-mm o.d. FEP tube; the tube war cooled to -196 °C and XeF, (0.00985 g,
0.0582 mmol) was added. Bromine pentafluoride (0.3 mL) was condensed onto the walls of the
tube above the reagents at -196 °C. The BrFs slowly melted upon warming the tbe to -60 °C.
After agitating for approximately 10 min. at -55 °C, a pale yellow solution resulted. A similar
procedure was followed using a 9-mm o.d. FEP tube, and the amounts of reagents were 0.13405
g (0.44250 mmol) CF3C(0H)NH2*ASF6', 0.0840 g (0.496 mmol) XeF, and 1.7 mL of BiFs. The
tubes were heat scaled under dynamic vacuum at -196 °C and stored at this temperature prior to

recording their NMR spectra at -60 to -50 °C.

(iii)  Prcparation and Isolation of CF,C(OH)NH," AsF. XcF, xHF
In a typical preparation, CF;C(OH)NH,*AsFg™ (0.0919 g, 0.303 mmol) and XcF, (0.0516

g, 0.305 mmol) were combined in a 4-mm o.d. FEP tbe at -196 °C and dissolved in ca. 0.4 mL

of anhydrous HF at -50 °C, following the same procedure as was used in the preparation of
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CF,C(OXeF)NH, AsFy [sce Part (i) of this Section]. Altematively, the reaction of cquimolar
amounts of CF,C(O)NH, and XcF'AsFg resulied in the isolation of the same product. The
solvent was rapidly pumped off at -50 °C, resulting in the isolation of a free flowing white
powder aficr 1 h. The Raman spectrum (-160 °C) was consistent with the formulation
CF3C(OH)NH,*AsF¢ XeF, xHF. The samplc was further pumped for 28 h at -50 °C using a
glass vacuum line with an intermediatc copper U-trap (-196 °C). The Raman spectrum (-160 °C)
was still consistent with the formulation, CF;C(OH)NH,*AsFg - XcF, xHF. Anhydrous HF was
then condensed onto the white solid at -196 °C, giving a pale yellow solution after periodic
agitation for 15 min at -50 °C (0.55 mL volume). After siow removal of the solvent under
dynamic vacuum for 4 h, a white free flowing powder was isolated. The low temperature Raman

spectrum was consistent with the formulation CF5(OXeF)NH,"AsF.

(iv)  Preparation and Isolation of FsTeN(H)-Xe"AsF,” and |15N ]FsTcNgHQ-Xe*MFﬁ‘

A typical preparation involved combining XeF, (0.0660 g, 0.390 mmoi) and
FSTeNH3+AsF6' (0.1716 g, 0.3995 mmol) in a 4-mm o.d. FEP wbe fused to a %-in. (7-mm) o.d.
T-piece with a Kel-F valve (Figurc 2.12). The 4-mm o.d. tube was maintained at -196 °C to
prevent reaction of the solids. Anhydrous HF (0.5 mL) was vacuum distilled onto the reagents,
resulting in a colorless solutiou at -40 °C. The solution was warmed 1o -36 °C, resulting in a pale
yellow solution afier 5 minutes. The yellow color is attributed to the formation of the FsTeN(H)-
Xe* cation in solution. Alicrmatively, stoichiometric amounts of XeF*AsFg™ and FsTeNH,
combined in HF solvent as described above result in the generation of the FsTeN(H)-Xe" cation
in solution. After 40 minutes, a deposit of orange crystals with a pale yellow supcmatant was

present. The sample was cooled to -40 °C, resulting in the precipitation of more crystals of the



Figure 2.12

61

FEP vessel for isolation of F;TeN(H)-Xe"AsF,; (A) 4-mm o.d. FEP wbe
scaled at one and heat-fused 1o %-in. (7-mm) o.d. FEP tubing at the other,
(B) %-in. (7-mm) o.d. FEP tubing, (C) T connection formed by heat-fusing
three %-in. o.d. FEP tubes, (D) end heat-sealed, (E) Kel-F valve in aluminum

casing,
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same monlphology and color after 10 minutes. Samples were not cooled below 40 °C since pale
yellow and white crystallinc materials began to precipitate. The %-in. 0.d. FEP T-piece was cooled
10 :18 °C, and the yellow supernatant was decanted into the %-in. o.d. tube. Care was taken 10
prevent wamming of the orange crystals above -40 °C, since decomposition occurred. Both ends
of the FEP apparatus were cooled to -196 °C, and the wbe containing the supemnatant was
separated from the apparatus using a heat seal. The crystalline precipitate was pumped on at -50
°C for 20 h using a glass vacuum line with an intermediate copper U-trap cooled to -196 °C to
remove any remaining HF solvent. Raman spectra were obiained by insertion of the 4-mm o.d.
reaction vessel containing the yellow-orange solid directly into the laser beam at low temperature.
Violent photodegradation occurred on a sample using a 514.5-nm laser power of 250 mW with
the sample at -140 °C. Routine spectra were obtained without decomposition at -160 1o -165 °C
using laser powers of £ 210 mW.

Attempts 10 mount crystals of FsTeN(H)-Xc*AsF,™ in glass or quartz capillaries at low
temperature failed due to their thermal instability; rapid decomposition occurred above -30 °C.
Identical procedures were used for the preparation and characterization of the FsTeN(H)-

Xe*AsFg and [SN]F;TeN(H)-Xe* AsF~ salts.

(v}  Prcparation of NMR Samples of FTeN(H)Xe*AsF," and [PN]F TeN(H)Xe*AsF,
Identical conditions were used 10 prepare NMR samples of FsTeN(H)-Xe*AsFq™ and

["SNIF;TeN(H)-Xc*AsFg for characterization by °F, 'H, %Te, Xe and N NMR
spectroscopy. Samples for NMR in HF solvent typically were prepared by combining
stoichiometric amounts of FsTeNH, (0.02567 g, 0.1076 mmol) with XeF AsFg" (0.03630 g,

0.1070 mmol) in a 4-mm o.d. FEP tube at -196 °C, followed by vacuum distillation of HF (ca.
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0.2 mL) into the tube. A sample prepared in a 9-mm o.d. FTP tube typically contained 0.1428 g
(0.5984 mmol) of FsTeNH, and 0.2010 g (0.5926 mmol) of XeF*AsF™ combined with ca. 1.5
mL of HF solvent. The tubes were sealed under vacuum at -196 °C, and warming to -35 °C for
ca. 50 minutes effectcd reaction ar- dissolution, resulting in pale ycllow solutions which often
contained white and yellow crystalline precipitates. Spectra were typxcally M at lemperatures
between -45 and -32 °C. Samples of identical composition were prepaied by combining similar
molar quantitics of FsTeNH;*AsF;" and XeF, in HF solvent under the same conditions.
Samples for NMR spectroscopy in BrFs solvent were prepared by combining at -196 °C
similar molar amounts of FsTeNH;"AsFg” and XcF, as used in the preparations of the 4- and 9-
mm o.d. FEP samples in HF solvent (sec above, this Section). Approximately 0.3 and 1.5 mL
volumes of BrFs solvent were then vacuum distilled into the 4-mm and 9-mm o.d. FEP tubes,
respectively, at -196°C. After sealing under dynamic vacuum at -196 °C, the tubes were warmed
to -40 °C for 10 min., resulting in pale yellow solutions. NMR spectra were run al temperatures
between -58 and -44 °C. Complete decomposition of the BrFg solutions of FsTeN(H)-Xc* had
occurred after several hours at 44 °C, as determined by '*F NMR spectroscopy, resulting in pale

purple colored solutions.

(vi)  Attempted Preparation of NMR Samples of FsTeN(H)-Xe-F

(2) Reaction of XeF, and FsTeNH,. Xenon difluoride (0.01570 g, 0.09274 mmol) and
FsTeNH, (0.02074 g, 0.08692 mmol) werc combined at -196 °C in 2 4-mm. o.d. FEP tubc
cquipped with a Kel-F valve. Sulfuryl chlorofluoride solvent was distilied in at -196 °C and the
tube was heat sealed under dynamic vacuum. The sample was warmed 10 -25 °C, whercupon the

XeF, remained undissolved, and %F NMR indicated no FsTe- group present except that of
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FsTch-Iz: Warming to -12 °C resulted in dissolution of the XeF, to give a colorless solution.
Fluorine-19 NMR indicated the p:rmcncc of unreacted FsTeNH, and XeF,. No change in the 19
NMR spectrum was observed after warming the sample to 0 °C for 10 minutes. The absence of
TeF in the '>F NMR indicated that no fluorination of the FsTeNH, by the solvent or XeF,
occurred in this temperature range. Further warming of the sample was not attempted.
(b) Reaction of FsTeNHSi(CH;); and XeF,. The compound FsTeNHSi(CH,); (0.05346
g, 0.1076 mmol) was pipctied into a2 4-mm o.d. FEP tube cquipped with a Kel-F valve. The tubc'.'
was cooled to -196 °C and XcF, (0.01898 g, 0.1121 mmol) was added. Sulfuryl chlorofluoride
solvent was distilled into the tube at -196 °C, and the tbe was heat scaled under vacuum as
above. The '°F NMR spectrum indicated no reaction upon warming to -12 °C, and resulted in a
colorless solution, The absence of TeFg and (CH;);SiF in the **F NMR spectrum indicated that
FsTeNHSi(CH,), was stable to fluorination by XeF, and the solvent at -12 °C. Further warrsing

of the sample was not atempted.

(vii)  Preparation of NMR_Samples of F.TeN(H)Xe*As(OTeF:). in SO,CIF Solvent

Inatypical preparation, 0.11810 g (0.067637 mmol) of FsTeNH; " As(OTcFs)s™ was loaded
into a 4-mm o.d. FEP tube cquipped with a Kel-F valve. The vessel was cooled to -196 °C and
0.03902 g (0.06413 mmol) of Xe(OTeFs), was added. Sulfuryl chloride fluoride solvent was
vacuum distilled into the vessel at -196 °C. The FEP tbe was heat sealed under dynamic vacuum
a1 -196 °C followed by warming to -78 °C, which resulte” m a clear colorless solution (ca. 0.2
M). The 19F, 'H, and 12%Xe NMR spectra were initially obtained at -61 °C. Although the solution
was initially colorless at this temperature, after 2 h the solution became pale yellow in color.

Exchange in the F-on-Te(VI) region complicated :::e interpretation of the °F NMR spectra;
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however, cooling to -115 °C substantially slowed the exchange without precipitation of the

reagents, allowing the assignment of most of the resonances.

(viii) Preparation of NMR Samples of FO,SN(H)-Xe*AsF,™ and [NIFO,SN(H)-Xc*AsF
The FO,SN(H)-Xe* cation was generated in BrFs solvent and characterized by 12°Xe, I°F,
and 'H NMR spectroscopy. Samples were typically prepared by combining 0.0563 g (0.195 mmol)
of FOZSNH3+ASF6' and 0.0377 g (0.223 mmélj of XcF, at -196 °C in a 4-mm o.d. FEP tubc
equipped with a Kel-F valve. Bromine pentafluoride was vacuum distilled onto the rcagents at
-196 °C and the sample tube was sealed under vacuum at -196 °C. Warming 10 -56 °C resulted
in the formation of a pale yellow solution (ca. 1 M). Dissolution of the XeF, crystals required
agitation for ca. 10 min. at this temperature. NMR spectra were recorded at -58 to -60 °C.
Samples in 9-mm o.d. FEP tubes were prepared by combining 0.1219 g (0.4218 mmol) of

FO,SNH,"AsF" and 0.0713 g (0.421 mmot) of XeF, in BrF; solvent (ca. 0.27 M) under identical

conditions.

(D) NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

(i) Instrumentation

All NMR spectra were recorded +.ocked (field drift < 0.1 Hz h'!) with the use of Bruker
AC-200 (4.6975 T), AC-300 (7.0463 T), and AM-500 (11.7440 T) spectromelers equipped with
Aspect 2060 or 3000 computers.

Spectra were recorded on samples in heat sealed 9-mm o0.d. or 4-mm o.d. FEP NMR tubes

as described below, The FEP sample tubes were placed inside 10-mm o.d. or 5-mm o.d. Wilmad
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precision ;Jﬁn wall glass NMR tubes before being placed in the probe of the NMR spectrometer.
The 1P¥e, 1N, 1%5Te and 1*C NMR spectra were recorded at 11.7440 T in 9-mm o.d.
FEP sample tubes (HF, BrF5 and SO,CIF solvents) using a 10-mm VSP orobe (broad-banded over
the frequency range 23 - 202 MHz) tuned to 139.051 (*2°Xe), 50.698 (*°N), 157.795 ("°Te) or
125.760 (13C) MHz, respectively. Xenon-129 and 'H NMR spectra of the FO,SN(H)-Xe* and
FsTeN(H)-Xc™ cations were also recorded at 7.0463 T in 9-mm FEP wbes (HF solvent) on 2 10-
mm VSP probe (broad-banded over the frequency range 14 - 121 MHz) wned to 83.445 (*¥%Xe)
and 300.144 MHz (1H) 1o reduce SA broadening effects which are observed at 11.7440 T.
Fluorine-19 (470.599 MHz) and proton (500.138 MHz) spectra were generally recorded at 11.7440
T in 4-mm o.d. FEP tubes (HF, BrFs and SO,CIF solvents) using a 5-mm dual 'H/'F probe,
except for the 'H NMR spectra of FsTeNH, and [*N]FsTeNH,, which were recorded at 4.6975
T (200.133 MHz) in 4-mm o.d. FEP sample bes (CD,Cl, solvent) using a 5-mm TH probe.
Xenon-129 NMR spectra at 11.7440 T were recorded using 16 - 64 K data points with
a spectral width of 50 - 100 kHz and with acquisition times of 0.333 - 0.164 s and data point
resolutions of 3.0 - 6.1 Hz/pt (1500 - 21,000 scans). Xenon-129 NMR spectra recorded at 7.0463
T were acquired using 8 K data points with 2 spectral width of 8474 Hz, an aquisition time of
0.483 s and a data point resotution of 2.1 Hz/pt (19,573 scans). Fluorine-19 NMR spectra were
recorded using 1 - 64 K data points with spectral width settings of 2 - 125 kHz, acquisition times
of 0.256 - 0.262 s, and data point resolutions of 3.8 - 3.9 Hz/pt (4500 - 11,000 scans). Carbon-13
NMR spectra were recorded using 32 K data points, a spectral width of 50 kHz, an acquisition
time of 0.328 s, and 2 data point resolution of 3.1 Hz/pt (11,475 - 57,000 scans). Proton spectra
at 11.7440 T were recorded using 16 - 32 K data points, spectral widths of 10 kHz, acquisition

times of 1.638 - 0.820 s and data point resolutions of 0.61 - 1.22 Hz/pt (200 - 400 scans). Proton
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NMR spectra at 4.6975 T were recorded using 4 - 32 K data points, spectral widths of 3 - 5 kHz,
acquisition times of 0.684 - 1.638 s and data point resolutions of 0.3 - 1.5 Hz/pt (140 - 230
scans). Nitrogen-15 NMR spectra were recorded using 32 K data points, a spectral width of 25
kHz, an acquisition time of 0.655 s and a data point resolution of 1.52 Bz/pt (300 - 500 scans).
Tellurium-125 NMR spectra were recorded using 32 - 64 K data points, a spectral width range
25 - 50 kHz, an acquisition time of 0.333 - 0.655 s, and a data point resolution of 1.5 - 3.0 Hz/pt
(7000 - 40,850 scans).

Proton-fluorine  heteronuclear 2D NOESY spectra of CF,C(OH)NH,"AsF¢" and
CF3;C(OXcF)NH,"AsFq in BrFs solvent were recorded in the absolute value mode using the pulsc
sequence reported by Yu and Levy.}% Spectra were acquired in 16 scans for cach of the 128 free
induction decays that contained 2K data points in F2 (*°F dimension) over a 5 kHz spectral width.
The '5F 90° pulsc width was 14.3 ps while the 'H 90° pulse width through the decoupler channel
was 9.0 ps. A 1.0 s rclaxation delay was employed between aquisitions. A mixing time of 0.25
§ was used. Zero-filling in the F1 (IH) dimension produced a 1K x 2K data matrix with a digital
resolution of 7.1 Hz/pt in F2 and 3.5 Hz/pt in F1. During 2D Fouricr transformation, a sine-bell
squarcd window function shifted by m/2 was applicd to both dimensions. The transformed data
were not symmetrized.

Xenon-129 INEPT spectra of [ISN]FsTeN(H)-Xc"AsFﬁ' in HF solvent were recorded at
83.468 MHz using a 10 mm VSP probe (broad-banded over the frequency range 14 - 121 MHz).
The spectra were acquired over a 15 kHz spectral width in 2K data points (0.682 s acquisition
time and a data point resolution of 1.5 Hz/pt). Spectra were obtained using the INEPT pulse
sequence with a 122Xe 90° pulse width of 14.0 us. The 'H 90° pulse width through the decoupler

channel was 20.0 ps. The fixed delay in the INEPT pulse sequence (0.25{ 112/(12%Xe-"H)]}) was
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0.01086 s.wilh a relaxation delay of 1.0 s. The free induction decays were zero-filled to 8K data
points and processed using Gaussian multiplication for resolution enhancement (line broadening, -
2.5; Gaussian broadening, 0.35) before Fourier transformation.

Pulse widths corresponding to bulk magnetization tip angles of ~90 © were 18 (11.7440
T) and 14 (7.0463 T) (2°Xc), 1 (*F), 6 (**C) and 5 (11.7440 T) and 7 ps (4.6975 T) ("H). Line
broadening parameters used in exponential multiplication of the free induction decays were set
cqual 1o or less than their respective data point resolutions or the natural line widths of the
resonances. All line shape functions were Lorentzian unless specified, where the free induction
dccays were multiplied by Gaussian functions for resolution enhancement on Fourier
transformation. No rclaxation delays were applied except for 15N, where relaxation delays of 20 -
120 s were applicd.

The respective nuclei were referenced externally to neat samples of XeOF, (*°Xe), CFCl,
(*F), natural abundance CH,NO, (*°N), Te(CH,), (**Te) and (CH;),Si (**C and 'H) at 30 °C.
Positive chemical shifts were assigned to resonances occurring to high frequency of the reference
substance.

For variable temperature measurements, samples were kept cold (-196 or -78 °C) until
immediately prior to their placement in the NMR probe. They were generally warmed only cnough
to liquify and solubilize the contents and were then quickly placed in the precooled probe. Prior
to data accumulation, the tubes were aliowed 1o equilibrate in the probe for periods of several
minutes while spinning. Temperatures were periodically checked by placing a copper constantan
thermocouple into the sampling region of the probe. Temperatures were considered to be accurate

to within +1 °C.
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@ii) NMR Sample Preparation

All NMR samples were prepared in sample tubes constructed from 4-mm and 9-mm o.d.

FEP tubes. Low volatility compounds such as XeF,, XcF*AsF', FsTeNH,, FsTeNH," AsF", -

FO,SNH,, FO,SNH;"AsFg™ CF,C(O)NH, and CF;C(OH)NH,"AsF," were transferred into
preweighed FEP sample wbes inside the dry box. The FEP sample tubes were cooled to -196 °C

inside the drybox using a cryowell cooled with liquid nitrogen from the outside of the drybox

prior to combining reactive reagents. The FEP sample tbes were rapidly removed from the

drybox and placed insid¢ 2 -78 °C temperature bath prior 10 addition of solvent, The solvents HF
and BrFg were vacuum distilled into the FEP sample tubes through all fluoroplastic connections
using a metal vacuum line. Solvents which do not attack glass in the absence of water vacuum
distilled into the reaction tubes using all glass connections.

FEP sample tubes were sealed by immersing the sample in liquid nitrogen and causing
the tube 10 collapse under dynamic vacuum by heating with a small cylipdrical electrical tube
furnace near the top of the sampie tube. The FEP tubes were inserted into thin-walled glass

Wilmad NMR tubes prior to placement in the probe of the NMR spectrometer.

(E) RAMAN SPECTROSCOPY

6)) Instrumentation

Raman spectra were recorded on a Jobin-Yvon Mole S-3000 triple spectrograph systcm
cquipped with a 0.32-m prefilter, adjustable 25-mm entrance slit, and a 1.00-m monochromator.
Holographic gratings wcrcruscd for the prefilter (600 grooves mm’!, blazed at 500 nm) and

monochromator (1800 grooves mm’}, blazed at 550 nm) stages. The 514.5-nm line of an Ar” ion

/7
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laser was used for excitation of the samples. The spectra of microcrystalline samples of
CF;C(O)NH,, FsTeNH, " AsF", [*N]FsTeNH;*AsF¢” FO,SNH, and [**N]FO,SNH,, which were
scaled in a baked-out Pyrex melting point capillaries, were recorded at ambient temperature, The
Raman spectra of the microcrystalline salis CF,C(OH)NH,"AsF,", CF,C(OXeF)NH,"AsFg,
CF3C(OH)NH," AsFg XcF, xHF (in 9-mm or 6-mm o.d. FEP wbes), FsTeN(H)Xe*AsFg and
[1SNJF;TeN(H)Xe" AsFg” (in 4-mm o.d. FEP tbes), FO,SNH,*AsF," and [*N]FO,SNH,*AsF
(in 3-mm medium wall glass tubes) were recorded at -160 to -165 °C in the macro-sample
chamber of the instrument. The low temperatures were achieved by flowing dry nitrogen gas,
chilled by passing through a 50 L tank of liquid nitrogen, along the outside of the sample tube,
which was mounted vertically in an open-ended unsilvered glass Dewar jacket [Figure (2.13)). The
anglc between the sample tube and the laser beam was 90° and Raman scattered radiation was
obscrved at 90° to the incident laser beam and at 90° to the sample tube. The temperature was
measured using a copper-constantan thermocouple (error £ 0.8 °C). The spectra were recorded by
signal averaging using a Spectraview-2D CCD detector equipped with a 25-mm chip (1152 x 298
pixels). The lasecr powers measured at the samples were 90 (CF3C(0XeF)NH2+AsF6' and
CF;C(O)NH,), 190 (CF;C(OH)NH,"AsF¢). 120  (CF,C(OH)NH,*AsFg XeF,xHF), 240
(FsTeNH, and [°N)FsTeNH,), 260 (FsTeNH;"AsFg and ['>NJF.TeNH,*AsFs. 210
(FsTeN(H)Xe* AsF" and [°N]FsTeN(H)Xc* AsFg), 240 (FO,SNH, and ['*N]FO,SNH,) and 260
mW (FO,SNH;*AsF and [**NJFO,SNH;*AsF). Slit settings corresponded 1o a resolution of
0.5-1cm™. A total of 20 - 30 reads having 10 - 40 s integration times were summed for each
of the Raman spectra.
Unless otherwise specified, Raman frequencies involving /1N isotopic studies are

estimated to be accuratce to = 0.5 cm™L. As a result /3N isotopic shifts less than 0.5 cm™? in the



Figure 2.13
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Apparatus for low temperature Raman spectroscopy; (A) Kel-F valve flare-
sealed (45° SAE) onto FEP tube, (B) rubber septum, (C) unsilvered glass
vacuum jacket, (D) copper-constantan thermocouple, (E) glass ball and socket
joint, (F) steel mount for adjustment of the sample tube in the laser beam,
(G) cold nitrogen gas stream (& -170 °C) gencrated by passing room

temperature nitrogen gas into a2 50 L tank of liquid nitrogen.
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Raman spectra of the natural abundance and 99.5 atom % "N enriched samples of FsTeNH,,
FsTeNH;"AsF,", FsTeN(H)Xe*AsFy, FO,SNH, and FO,SNH;"AsF™ were considered to be
insignificant. The Raman spectra of natural abundance and 99.5% **N-enriched samples of 2
givencompound were recorded on the same day using identical conditions in order to minimize
syslematic errors.
Raman spectra obtained in FEP sample tubes contained lines resulting from the FEP
sample tube. The frequencies and intensities of the Raman lines at -154 °C are: 203 (0.2), 278
(0.6), 294 (4.5), 309 (0.9), 381 (3.6), 387 (2.6), 579 (1.3), 598 (0.3), 734 (10.0), 752 (0.9), 1217
(1.2), 1310 (1.6) and 1385 (3.3) cm’l, The prominence of these lines in the Raman spectra
depended on the scartering efficiency of the sample and where the laser beam was focussed. In
the present work, lines arising from FEP have been subtracted out of the spectra reported in the
Tables but not in the Figures.
The Raman spectrometer was calibrated using the 1018.3 em! line of vacuum distilled

ncat liquid indenc in a scaled glass melting point capillary at ambient tcmpcrature.137

(ii) Raman Sample Preparation

The Raman sample vessels constructed from -in. (7-mm) o.d. FEP tubing were heat
sealed at one end by pushing the tube into the end of a flame heated piece of glass tubing that had
been previously stretched to approximately 0.5-mm at one end using an oxygen torch. Vesscls
constructed from 4-mm o.d. tubing were heat sealed similarly at one end by pushing the end into
a flame heated 5-mm thin-walled glass NMR tube. The other ends of the Raman vessels were heat
flared (45° SAE) for direct attachment to a Kel-F valve. All Raman sample vessels were

pressurized with dry nitrogen gas (ca. 1300 Torr) at -78 °C prior to obtaining the Raman spectrum
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at-160 10' -165 °C. Low-temperature Raman samples of -materials which do not attack glass were
run in vessels constructed of 3-mm o.d. medium wall glass tubing. The tubing was flame sealed
at one end:and attached to a length of %-in. 0.d. glass tubing at the other. The tubing was then
anached using a %-in. Teflon union (Swagelok) with Teflon compression fittings (Swagelok) to
a glass 4-mm J. Young stopcock equipped with a Teflon barrel. The vessel was vacuum dried and
flamed out. Samples were loaded into the tube inside the dry box. The loaded 3-mm o.d. vessels
were then flame sealed under vacuum while cooling the sample to -78 or -196 °C. The Raman
spectra were obtained directly on the samples contained in the sealed glass tubes at -160 to
-165 °C. Samples run at room temperature were loaded into glass melting point capillaries in the
drybox and plugged with Kel-F grease. The capillarics were then removed from the drybox and
immediately scaled with an oxygen-natural gas microtorch. The sample tubes were stored at

-78 °C prior to running the Raman spectra.



CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF CF,C(OXeF LISI;I;

AND CF,C(OH)NH,*AsF." AND CF,C(OH)NH,*AsF, XeF, xHF SALTS
USING MULTI-NMR AND RAMAN SPECTROSCOPY

INTRODUCTION
The noble-gas cations NgF* (Ng = Xe, Kr) have long been known to exhibit Lewis
acid character in their salts with weakly fluorobasic anions such as AsFg", SbFg™ and Sb,Fy;”
where the NgF" cation interacts with the fluoroanion in the solid state by means of a fluorine
bri‘:!ge.21 Recently, the Lewis acidities of NgF" (Ng = Kr, Xe) cations have been exploited to
synthesize novel adduct cations containing Xe-N and Kr-N bonds.2671-775.78 A variety of

oxidatively resistant organic nitrogen bases have now been shown to form adducts with XeF",

72,73 2

including hydrogen cyanide, allc.ylnitrilt‘:s."r pt‘:rﬂuorobc:nzc:neni}:rile.-‘r2
perfluoroalkylnitriles,”"*2 perfluoropyridines’> and s-trifluorotriazine.”” Adducts of the strong
oxidant cation, KrF*, with hydrogen cyanide’® and perfluoroalkyl nitriles,”* have also been
stabilized at low temperanres to give the R;gC=N-KrF* Ry = CF;, C;Fs, n-C;Fy) and HC=N-
KrF" cations, and provide the only examples of Kr-N bonds presently known. The Ng-N bonds
in the cations have been shown by '°F and 12%Xe NMR spectroscopy to have high degrees of
ionic character.?®” The ability of a base to resist oxidation by the strongly oxidizing NgF"

cations comrelates well with the first adiabatic ionization potential (IP,) of the nitrogen base. It has
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beenshov;nthatabase having an IP,-value that is similar to or greater than the estimated electron
affinities of XeF" (10.9 V) and KiF" (13.2 eV) may be sufficiently resistant to oxidation by
NgF* to form kinetically stable Ng-N bonds at low temperatures. 2

‘Where possible, the general preparative strategy has been straight forward and has entailed
the interaction of the appropriate base with an NgF" salt in HF solvent. In instances where the
protonated form of the base predominates in HF solvent, or when the base is readily oxidized by
the noble-gas cation, NgF, is allowed to react with the oxidatively more resistant protonated
nitrogen base cation in the strongly oxidizing solvent, BrFs. Equilibrium displacement of HF from
the protonated base by the difluoride occurs to a significant extent in BrFs solvent at the Iow
temperatures usually required to stabilize the adduct cations. These synthetic approaches are
illustrated by the NgF* adducts of HC=N. Hydrogen cyanide (IP, = 13.80 eV)!*® forms the
adduct cation HC=N-XeF" upon reaction of HC=N with XeF AsF," or Xe,F; AsF, in HF
solution at -20 1o -10 °C,”%" whereas the powerful oxidizing ability of Krf* requires the reaction
of HC=NH"AsFg" with KrF, in BrFs solvent near the melting point of the solvent to prepare the
krypton analog, HC=N-KrF*AsF¢.7® A third synthetic approach, which also avoids the use of
the strong oxidant NgF" cations, is exemplified by the [Serﬂuoroalkyl nitriles RgC=N Ry = CF;,
C;Fs, n-C5Fy) and relies upon the reaction of the adducts RpC=N-AsF; and KrF, 10 form the
RpC=N-NgF* (Ng = Kr, Xe) adduct cations at low temperatures in BrF solvent.”*

Oxygen electron-pair donors have not been investigated 10 any significant extent as bases
towards NgF" cations. Only one example of a cation containing the O-Xe-F linkage, namely
(CF3),5=0-XeF*, has been reported.3> This cation was prepared by reaction of the sulfurane,
(CF3),S=0, with XeF*SbF in HF at -65 °C over a 12 h period; the solid decomposes explosively

above -78 °C if mechanically shocked. The present work describes the second example of an
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adduct cation containing the O-Xe-F linkage, namely, CF;C(OXeF)NH," and its characterization
in the solid state by low-temperature Raman spectroscopy and in solution by 1°F, !H, 13C and
129%e NMR Spectroscopy.

RESULTS AND DISCUSSION

(A) SYNTHESES AND ISOLATION OF CF;C(OH)NH,*AsF; -XeF, xHF,
CF,C(OXeF)NH, *AsF,” AND CF;C(OH)NH,"AsE,”

The first adiabatic ionization potential of 2,2,2-trifluoroacetamide (10.77 eV)!% is similar

to the estimated electron affinity of the XeF" cation (10.9 eV),” suggesting that it is potentially
resistant to oxidation by XeF" under suitable solvent conditions and at low temperature, enabling
an Xe-O bonded adduct cation to be formed.

The CF;C(OXeF)NH," cation results from the HF elimination reaction of the conjugate acid
of CF3C(O)NH,, namely CF;C(OH)NH,*, with XeF,. The strong electrophilic characters of XeF*
and BrFs solvent and nucleophilicities of the oxygen and nitrogen base sites were mitigated by
protonation of CF;C(O)NH, under superacid conditions by reaction of the amide with excess AsFs
in HF solvent. Upon removal of the solvent, CF;C(OH)NH,"AsF,~ was isolated as a white
microcrystalline powder in quantitative yield according to equation (3.1), and underwent slow

decomposition at room temperature,

CF,C(ONH, + AsFs —ro> CF,C(OHINH,"ASFy 3.1
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BrF.
CF;COHNH,*ASFg” + XeF, S—es

CF;C(OXeF)NH,*AsF¢" + HF (32)

CF,CONH, + XeF*AsFg ==tes

CF;C(OH)NH,*AsFg + XeF, (3.3)

The salt CF,C(OH)NH, " AsF” was characterized in solution by multi-NMR using BrF; as solvent
at low temperature. The slow reaction of the CF;C(OH)NH," cation with BrF; solvent at -55 °C
is indicated by the presence of broad resonances at §(*H) = 5.2, 3.3 and 2.6 ppm in the 'H NMR
spectrum, which likely result from the rapidly exchanging H-on-N environments of NH,*, N,H,
and HN,. A doublet at 8('H) = 5.1 ppm [(*H-1F) = 535 Hz] indicated the presence of HF.
Combining stoichiometric amounts of CF;C(OH)NH, *AsF4~ with XeF, in BrF; solvent at -
62 to -55 °C [equation (3.2)] resulted in the formation of the xenon cation, CF,C(OXeF)NH,".
The HF elimination reaction represented by equation (3.2) is directly analogous to the reaction of
CF;C(O)OH and XeF, to give the neutral species CF;C(O)OXeF. 3941139 The ISF and 129%e
NMR spectra show that the reaction between CF3C(O)NH, and XeFAsFg™ does not proceed 1o
any measurable extent in anhydrous HF solvent owing to solvolysis of the reagents; XeF* is a
strong fluoride ion acceptor in HF solvent and CF;C(O)NHS, is protonated according to equation
(3.3). However, slow removal of HF solvent at -50 °C under dynamic vacuum displaces equation
(32) toward the right, yielding a pale yellow viscous solution which, after continued pumping,
yielded CF3C(OXeF)NH,*AsFg" as a white microcrystalline solid. The 2°Xe and °F NMR

spectra of solutions of this material in BrFy solvent (-60 °C) confim the presence of the
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CF;C(OXeF)NH," cation. In the solid state, CF;C(OXeF)NH,*AsF," decomposes rapidly with
gas evolution and liquefaction at temperarures approaching 0 °C. In contrast, rapid removal of HF
solvent from a solution of XeF* AsF;" and CF5C(O)NH, under dynamic vacuum at -50 °C results
in immediate precipitation of the solvated adduct, CF;C(OH)NH,AsF"XeF, xHF, as a white

powder [equation (3.4)]; no CF3C(OXeF)NH,*AsF,” was observed in the solid by Raman

CFSC(OH)NHZ*’ASFG-(HP) + xeFZ(HP) ‘:STHE;C>

CF;C(OH)NH,*AsF4 XeF, xHF (3.4)

spectroscopy. Elimination of HF from CF;C(OH)NH,"AsF -XeF,xHF did not occur after
pumping under dynamic vacuum for 28 h at -50 °C; however, redissolution of the adduct in HF
at -50 °C followed by slow removal of the solvent under vacuum resulted in the isolation of pure
CF3C(OXeF)NH, *AsFy [see Section (D), below]. The adduct, CF,C(OH)NH,*AsF, -XeF, xHF,
is considered to be an intermediate in the HF elimination reaction of CF,C(OH)NH," and XeF,.
Although several examples of HF elimination reactions involving XeF, and acids, HL, are known
(L =F0,50- 339140 CF,0,50- 140 CH,0,50- 140 Fs'Teo_'41.4s-4s.11s.141.142 F,Se0-/ C10,0-
14 CF,C(0)0-%4! and (FSO,),N- 5%, CF,C(OH)NH,* AsF XeF, xHF, represents the first

reported instance of the isolation of an intermediate in an HF elimination reaction involving XeF,.

(B) CHARACTERIZATION OF CF,C(OH)NH,*AsFe BY !H, ’c AND ¢ NMR

SPECTROSCOPY AND BY TWO DIMENSIONAL (‘H-!9F) NOESY EXPERIMENTS

Since the CF,C(OXeF)NH," cation is in equilibrium with CF,C(OH)NH," in BrF; solvent
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[equation (3.2)], unambiguous NMR characterization of the CF3C(OXeF)NH," cation required a

detailed NMR study of CF;C(OH)NH,"AsFg in BrF; solution. Although CF;C(O)NH, is
potentially an ambident base, the 'H NMR spectrum of CF;C(OH)NH,* AsF’ in BrFs solvent
at -55.4 °C (Figure 3.1) confirms that protonation occurs exclusively at the oxygen and that the

oxygen site is more basic (¢f. resonance Structures 3.1 and 3.2).

H H
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Previous work has shown that amides are protonated at oxygen in strong acid and superacid

media.1¥*14% The 'H NMR resonance of the protonated carbonyl group of the CF;C(OH)NH,*
cation is a singlet at 5(*H) = 11.61 ppm, Av, , = 20 Hz, in agreement with the value reported for
the protonated carbonyl group of the FC(OH)NH," cation [5(*H) = 11.07 ppm, HSO4F/SO,
solution at -80 °C].1% Similar 'H chemical shifts have been reported for O-protonated acetamide
[3C'H) = 10.72 ppm, -80 °C),'%5 formamide [S('H) = 10.81 ppm, -85 °CJ,1%° and benzamide
[8('H) = 10.14 ppm, -85 °C]** in HSO4F solvent. The NH protons of the CF,C(OH)NH,* cation
are inequivalent on the NMR time scale (Figure 3.1), giving two broad singlets (Avyp = 61 H2)
of cqual intensity at 8.75 and 8.38 ppm. The large kinc widths are primarily atributed to residual
one-bond scalar coupling between the protons and 1N (I = 1). The chemical inequivalence of the
NH protons is attributed to hindered rotation about the C-N bond, and is consistent with the large
barriers to C-N bond rotation found for neutral ['N]CF,C(O)NH, in dioxan (E¥ = 76.5 + 2.9 kJ
mol!) and methyl propyl ketone (E¥ = 77.8 £2.5KJ mol™) solvents, 130 Oxygen coordination of
amides has been shown to substantially increase the barrier to rotation about the C-N bond by
increasing the C-N double bond character relative to that of the free amide,!*? Examples of
increases in C-N bond rotational barriers resulting from O-coordination have been extensively
studied by NMR spectroscopy and include O-protonation of dimethyl formamide, N-methyl
formamide and N-methy! acetamide in 100% H,S0,* and O-coordination of BF, in sym- and
unsym-dimethylureas'! and of BX, in tetramethylurea (X = Br, C1, F).}52 In all cases, resonance
structures can be drawn, representing "amide-like” linkages containing C-N double bonds which
dominate the bonding when oxygen is coordinated to a Lewis acid. Resonance Structure 3.2
represents w-donation from nitrogen to carbon, ana is expected to be the dominant contributing

structure for the CF;C(OH)NH," cation [see Section (E) below). Hindered rotation in protonated
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petmary amides in acidic solution has been observed in a variety of acidic media and at different
temperaturcs by 'H NMR spectroscopy. The relative shicldings of the amido proton resonances
in the CF;C(OH)NH," cation cannot be unambiguously assigned by comparison with previously
reporied examples.'™® However, definitive assignments of the amido protons in the
CFyC(OH)NH," cation were obtained from a two-dimensional heteronuclear ({H-1°F) NOESY
experiment performed on a sample of CF;C(OH)NH,* AsF~ dissolved in BrFs solvent at -58.9
°C (Figure 3.2). A comelation was observed between the °F NMR resonance of the CF; group
and both the low-frequency proton-on-nitrogen resonance and the proton-on-0Xygen resonance.
This experiment utilizes the nuclear Overhauser effect (nOe), which results from a through-space
dipolar interaction between nuclei.!>* This effect rapidly diminishes with internuclear distance,
so that correlations are only observed for nuclei which are close to one another. The presence of
a correlation between the CF; group and the low-frequency proton-on-nitrogen resonance indicates
that this H resonance arises from the proton cis to the CF; group (cf. resonance Structures 3.1
and 3.2). A correlation is also observed between the proton-on-oxygen resonance and the fluorine
resonance of the CF; group, indicating that intermolecular exchange involving the proton on
oxygen is slow relative 1o dipolar relaxation induced by the fluorine atoms of the CF; group. The
F NMR spectrum  of the CF;C(OH)NH,* cation in BrFs solvent at -55.4 °C consisted of a
singlet at -75.6 ppm assigned to the CF; resonance. A value of “/(1°F-'H) = 1.8 Hz was observed
by Akiyama ez al.155 for the scalar coupling between the NH proton trans to the carbonyl group
and the flucrines of the CF; group in CF;C(O)NH, at 40 °C in tetrahydrofuran, using '°F NMR
spectroscopy. The large line width (A, = 32 Hz) observed in the 'F NMR spectrum of the
CF,C(OH)NH,"* cation precluded resolution of the “/(*F-'H) scalar coupling. The quadrupole

collapsed *>F NMR resonance of the AsFg anion occurs at -60.7 ppm (Av, , = 284 Hz), as



Figure 32 Heteronuclear ['H (500.138 MHz)-1%F (470.599 MHz)] NOESY
spectrum at -58.9 °C of CF,C(OH)NH,AsF," (0.48 M) in BrFs
solvent; one-dimensional 'H and '*F NMR spectra are displayed along
the vertical and horizontal axes, respectively; (A) proton on oxygen
environment of the protonated carbonyl group, (B) amido proton trans
to the CF; group, (C) amido proton cis to the CF; group, (D) fluorine
on carbon environment of the CF;C(OH)NH," cation. The continuous
horizontal line of peaks running through the two-dimensional plot is

an axial peak artifact along F1 = 0.182
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previously observed for AsFg" in BrFs solvent at low temperature.”® The carbon-13 spectrum of

CF;C(OH)NH,*AsFy (-56.2 °C) in BrF; solvent consists of two binomial quartets at §(°C) =
166.2 [Z7(3C-1F) = 46 Hz] and at 114.0 ppm [L/(*C-15F) = -284 Hz], which are assigned to the
COH and CF; resonances, respectively, and are similar to those reported for related compounds

containing the CF;C(0)- moiety. !

(C) CHARACTERIZATION OF CF,C(OXePINH,*AsFs BY 'H, B3¢, 15 AND %xe

NMR SPECTROSCOPY AND _BY TWO-DIMENSIONAL ('H-F) NOESY

EXPERIMENTS

The structure of the CF;C(OXeF)NH,* cation was established in solution by 'H, 13C, 19F
and °Xe NMR spectroscopy, and is consistent with resonance Structures 3.3 and 3.4.

The 2%Xe NMR spectrum of the CF,C(OXeF)NH," cation consists of a doublet centered
at -1578 ppm (-53.0 °C, BrF; solvent) arising from J(1%%Xe-1%F) = 5991 Hz, in the region
expected for xenon(IT) covalently bonded to fluorine (Figure 3.3). The magnitude of L/(1%°Xe-19F)
is comparable to other directly bonded **Xe-1°F couplings.%10%1% The XeF, triplet is also
present [8(2Xe) = -1572 ppm; W/(1°Xe-1°F) = 5651 Hz] and is consistent with equation (3.2).

In the 1%F NMR spectrum, a singlet at 5(5F) = -183.1 ppm with a satellite doublet [J(°F-
129%e) = 6012 Hz] is assigned to the F-on-Xe(Tf) of the CF;C(OXeF)NH, " cation (Figure 3.4).
The 'SF resonance centered at -187.5 ppm with accompanying 129 satellites [IJ(mXe-lgF) =
5650 Hz] is assigned to XeF,. A doublet centered at -193.1 ppm [J(°F-H) = 534 Hz] is
assigned to HF formed according to equation (3.2). The *>F NMR resonance of the CF; group of
the CF3C(OXeF)NH, " cation consists of a singlet at 5('%F) = -74.4 ppm (-54.0 °C, BrF; solveat).

The CF3 group of the CF;C(OH)NH," cation occurs at $(*°F) = -75.6 ppm. Integration of the
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129%e NMR spectrum and F-on-Xe(Il) region of the 1%F NMR spectrum gave values of 0.29 and
0.30'%7 for the ratio [CF3C(OXeF)NH2”]f[XeF2] (initial molar ratios were CF3C(OH)NH2+ASF6‘
/XeF, = 0.892 and 0.946; initial {XeF,] = 029 and 0.20 M), respectively. Integration of the CF;
.group resonances gave a value of 0.32'%7 for the ratio [CF;C(OXeF)NH,*/[CF;C(OH)NH,"]

(initial molar ratio CF;C(OH)NH, *AsF¢/XeF, = 0.946; nitial [XeF,] = 0.20 M), in good



Figure 33 ®Xe NMR spectum (139.051 MHz) at -53.0 °C of
CF;C(OXeF)NH,*AsFg™ (0.26 M) and XeF, (0.29 M) dissolved in
BrFs solvent; (A) doublet arising from the one-bond coupling
(1 PXe-19F) in the CF;C(OXeF)NH," cation, (B) wriplet arising from

the one-bond coupling 'J(*?Xe-1F) in XeF,.
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Figure 3.4 F NMR spectum (470599 MHz) at -540 °C of
CF3C(0Xe1'-')NHz'*'AsF6' (0.18 M) and XeF, (0.19 M) dissolved in
BrFs; solvent; only the F-on-Xe(Il) region is shown; (A)
CF;C(OXeF)NH," cation, (B) singlet arising from the fluorine
environment of XeF.,, (C) HF. Lower case letters denote 129%e

satellites.
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agreement with values obtained from the '**Xe NMR spectrum and from the °F NMR spectrum

of the F-on-Xe(Il) region.

The *C NMR spectrum of the CF,C(OXeF)NH,* cation (-59.4 °C, BrF; solvent) consisted
of two binomial quartets at -165.7 ppm [2/(*C-1F) = 42 Hz] and at -113.7 ppm [V (3C-9F) =
285 Hz], which were assigned to the CO and CF; carbons, respectively. Satellites arising from
Z7(BC-129Xe), were not obsetved in the 13C NMR spectrum due to a low signal-to-noise ratio.

The 'H NMR spectrum of an equimolar mixture of CF,C(OXeF)NH,*AsF, and
XeF, in BrF; solvent at -55.0 °C (Figure 3.5) was consistent with equation (3.2). The two broad
Peaks of equal intensity at 7.88 and 7.71 ppm were assigned to the chemically inequivalent
proton-on-nitrogen resonances of the CF;C(OXeF)NH," cation arising from hindered rotation
about the C-N bond. This is consistent with an O-Xe-F linkage, since an N-Xe-F linkage would
result in free rotation about the C-N bond, and the observation of only one proton-on-nitrogen
resonance in the 'H NMR spectrum. The proton-on-oxygen resonance of the CF;C(OH)NH,"
cation was observed at 12,04 ppm, and was deshielded by 041 ppm relative to that of
CF3C(OH)NH,"AsFg" in BrF solvent at the same temperature (Figure 3.1). The two equal-
intensity singlets at 8.48 and 8.39 ppm were assigned to the amido protons of the CF;C(OH)NH,"
cation (Figure 3.5); the separation of the peaks is 135 Hz less than that observed for pure
CF;C(OH)NH,AsFg" in BrF; solvent (Figure 3.1), and is consistent with partial coalescence of
the amido protons of the CF;C(OH)NH," cation arising from proton exchange between the
CF;C(OH)NH," cation and HF, which is present in the system according to equation (3.2).
Exchange was confimmed by recording the 'H NMR spectrum of CF;C(OH)NH,*AsF, in the
presence of HF (1.83 molar equivalents of anhydrous HF in BrF; solvent at -57.6 °C). Complete

collapse of the proton-on-nitrogen resonance to a broadened singlet resulted [3C*H) = 8.59 ppm,



Figure 3.5 'H NMR spectrum (500.138 MHz) at -55.0 °C of CF:;,C(OH)NHZ*
AsFg™ (0.18 M) and XeF, (0.19 M) dissolved in BrFs solvent; (A)
proton on oxygen of CF;C(OH)NH,", (B) protons on nitrogen of
CF,C(OH)NH,*,(C) protons on nitrogen of CF,C(OXeF)NH,*, (D)

HF.
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Figure 3.6

Heteronuclear ['H (500.138 MHz)-'°F(470.599) MHz)] NOESY
spectrum at -57.6 °C of CF;C(OH)NH,*AsF,™ (0.35 M) and XeF,
(0.38 M) dissolved in BrF; solvent; portions of the one-dimensional
H and 1F NMR spectra are displayed along the vertical and
horizontal axes, respectively; (A) and (B) are the proton on nitrogen
resonances of CF;C(OH)NH,*, (C) and (D) are the protons on
nitrogen which are cis and trans to the CF, group, respectively, in
CF;C(OXeF)NH,", (E) CF; group resonance of CF;C(OXeF)NH,*,
(F) CF; group resonance of CF,C(OH)NH,".
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Avy = 88 Hz] with retention of the proton-on-oxygen resonance [5('H) = 11.68 ppm].

Coalescence of the amido proton peaks can arise from two possible mechanisms: deprotonation
to give the amidic acid, CF;C(OH)=NH, [equation (3.5)], and N-protonation to give the

CF;C(OH)NH,?* dication [equation (3.6)]. Both equilibria would account for retention of the

CF;C(OH)=NH," + HF === CF,C(OH)=NH + H,F* (3.5)

CF,C(OH)=NH," + 2 HF == CF;C(OH)-NH;** + HF, (3.6)

proton-on-oxygen resonance. Equation (3.5) can be discounted since the amidic acid mechanism
has been shown 1o be inhibited by strong acid (H,S0,), and contributes 1o proton exchange only
in dilute aqueous acid.!*’ The transient diprotonated cation, CF;C(OH)-NH,2* [equation (3.6)],
could undergo free rotation about the C-N bond, resulting in partial collapse of the amido proton
doublet with retention of the proton on oxygen resonancs,

The protons on nitrogen of CF;C(OXeF)NH," were assigned by performing a two-
dimensional heteronuclear (*H-'"F) NOESY experiment in BrF; solvent at -57.6 °C (Figure 3.6).
A correlation was observed between the '>F NMR resonance of the CF; group and the high-
frequency [S('H) = 7.88 ppm) proton on nitrogen resonance of the CF,C(OXeF)NH,* cation,
implying that the high-frequency 'H NMR resonance arises from th proton cis 1o the CF; group
(trans to the OXeF group). It is interesting that the relative shieldings of the proton-on-nitrogen
resonances for the CF;C(OXeF)NH," cation are opposite to those observed for the
CF3C(OH)NH," cation. The change in relative shieldings may result from differences in electronic

anisotropy resulting from the different moieties bonded to oxygen in the CF;C(OXeF)NH," and
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CF;C(OH)NH," cations. The CF, group in the CF;C(OH)NH," cation comelates with both the
cis and trans protons of the amido group (Figure 3.6). This is attributed to insufficient resolution
of the partially coalesced proton on nitrogen resonances for the CF,C(OH)NH,* cation resulting
from exchange with HF (see above).

(D) CHARACTERIZATION OF CF,C(OXeFINH,*AsF,” BY LOW-TEMPERATURE

RAMAN SPECTROSCOPY

Assignments for the CF,C(OXeF)NH," cation (Table 3.1 and Figure 3.7) were based on
the Raman spectra of CE,C(O)NH'! and related compounds containing the O-Xe.F
anage.41'42'85'14°'158 Assignments for the AsF anion were made by comparison with those of
XeF* AsFg '8 HC=NXeF*AsFg,™ and 0,*AsF. 1%

Evidence for the O-Xe-F linkage is provided by the characteristic bands arising from O-Xe-
F stretching and bending fundamentals. Five bands are observed in the v(Xe-0) and v(Xe-F)
regions. The intense bands at 543 and 530 cm™! are assigned to v(Xe-F) by comparison with the
assigned Xe-F stetches in related xenon(ll) compounds: FO,SOXeF (539, 532, 527, 521 cm™), 158
cis- and trans-F,OI0XeF (527 cm™),*2 FsTeOXeF (520 cm™),*! CF,0,SOXeF (534 cm™), 1% and
(CF3),S=0XeF*SbFy’ (552 cm™).85 The bands at 508, 502 and 476 cm™ are assigned to v(Xe-0)
by comparison with the assigned Xe-O stretches in FO,SOXeF (434 cm™),58 cis- and rrans-
FOIOXeF (488, 438 cm™),"? F;TeOXeF (457 em™),*! CF,0,SOXeF (369 cm),*? and
(CF;),S=0XeF*SbFg™ (494 cm™%).3% The splitting of the v(Xe-F) and v(Xe-O) bands may result
from vibrational coupling of two or more cations in the unit cell (factor-group splitting), but
cannot be confirmed without knowledge of the crystal structure of CF;C(OXeF)NH,*AsF'. Site-

symmetry effects can be eliminated as the source of the splitting since the highest possible point-



Figure 3.7

100

Raman spectrum of microcrystalline CF;C(OXeF)NH,*AsF™ (-165 °C)
recorded in an FEP sample tube using 514.5-nm excitation. Asterisks (*)

denote FEP sample tbe lines.
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group symmetry for the CF;C(OXeF)NH," cation is C,, which does not possess any degenerate
irreducible representations. Similar band splittings for n;odcs assigned to v(Xe-F) are observed in
the Raman spectra of HC=N-XeF" AsFy",” FO,SOXeF,!*® and XeF"MF;" salts (M = Ru, Pt, In).5’
It is interesting to compare the v(Xe-0) and v(Xe-F) stretching modes of the CF;C(OXeF)NH,*
cation with those of the (CF3)ZS=0XeF." cation, since these are the only reported examples of
cations containing the O-Xe-F linkage. The v(Xe-F) and v(Xe-O) Raman bands in the structurally
related (CF;),S=0-XeF" cation were observed at 552 and 494 cm™, respectively.3 The average
of the bands assigned to v(Xe-Q) for the CF;C(OXeF)NH," cation, 495 cm’l, is very similar to
v(Xe-0) in the (CF;),8=0-XeF" cation, and the average of the bands assigned 1o v(Xe-F) for the
CF;C(OXeF)NH,* cation, 536 cm, is 16 cm™ lower than v-(Xe-P) for the (CF3),S=0-XeF"
cation. Raman spectroscopic trends in the terminal Xe-F streiches of xenon(fI) compounds indicate
a more ionic Xe-F bond in the CF;C(OXeF)NH," cation than in the (CF;),S=0-XeF" cation [see
Section (G) of this Chapter]. The bands at 141 and 292 cm™! are assigned to the O-Xe-F and C-O-
Xe bending modes, respectively. Comparable values for 5(0-Xe-F) and 8(X-O-Xe) are observed
in structurally related xenon(Il) compounds containing the O-Xe-F linkage, 41+42.85.140.158

The band at 3335 cm™ in the Raman spectrum of CFyC(OXeF)NH,*AsF," is assigned to
an NH strerching mode. Two bands are usually observed in the vibrational spectra of primary
amides arising from the symmetric and asymmetric NH, stretches, 160 Although peaks observed
at 3174 and 3337 cm™ can be assigned 10 Vsy, (NH,) and v, (NH,), respectively, in the Raman
spectrum of solid trifluoroacetamide,!®! it is not possible to assign the NH swretch of
CF3C(OXeF)NH,"AsFg™ 1o a particular symmetry species since the bands observed in this region
for O-complexed amides are often not directly comparable to the bands of the free amide.162163

The out-of-plane wag of the NH, group, &(NH,), is assigned to the band at 672 cm? by
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comparison with CF;C(O)NH, (666 cm™),'®! and the frequencyincrease (6 cm™) is artributed to

O-coordination of CF;C(O)NH, to the XeF" cation and an attendant increase in C-N doubie bond
character. This mode is observed at 639 cm™ in matrix isolated CF;C(O)NH,, and complexation
with HF by bridging of the HF molecule between oxygen and an NH proton results in an increase
of 17 can'..!% The fundamental arising from the torsional motion of the NH, group, T(NH,), is
tentatively assigned to the band at 810 cm™ by analogy with solid CF,C(O)NH, (796 cm™1).16!
The increase in TNH,) (14 cm') is anributed to an increase in C-N double bond character
resulting from O-coordination. The rocking motion fundamental, Y(NH,), is not observed in the
Raman spectrum of CF3C(OXeF)NH,"AsF", but is observed as a weak band at 1199 cm! in the
Raman spectrum of solid CFyC(O)NH,.'8! The band at 1623 cm! has been assigned primarily
to the in-plane bending mode, 8(NH,), which is 6 cm™! lower than that observed for CF,C(O)NH,.
This mode is relatively insensitive to complexation, as observed for several primary amides and
their HF complexes.!%¢

The bands at 1543, 1562 and 1745 cm”! result from the v(CO) and v(CN) stretching modes.
Although vibrational coupling of these modes is likely, v(CO) is formally assigned to the bands
at 1543 and 1562 cm™! (Table 3.1) following the method of assignment for amidium salts, 55
which are electronically similar to the Cl%C(OXeF)NH;* cation. The CO stretching frequency is
expected to be lower than that of uncomplexed CF;C(O)NH, because the double-bond character
of the C-O linkage is significantly reduced upon O-coordination. This implies dominance of
resonance Structure 3.4 in the bonding of the CF;C(OXeF)NH,* cation. Correspondingly, the C-N
stretch is expected 1o increase significantly and is assigned to the band at 1745 cm’!, which is
close to the observed range for v(CN) in the infrared spectra of O-protonated and O-alkylated

amides™® (ca. 1600 - 1730 cm'!). Unambiguous evidence for the reversal of v(CO) and v(CN)
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frequencies upon O-protonation of amides has been provided by Cook,157 who compared the

" infrared spectra of N-acyltrialkylammonium balides and O-protonated NN-dicyclobexylacetamide
hydrohalide salts. Since the former are isoelectronic with the hypothetical N-protonated amides,
a direct comparison of the infrared spectra of these salts with those of the peutral compounds
aided in the assignment of the v(CO) and V(CN) bands. Following previously published
assignments,®! the bands at 1706 and 1460 cm™ in the Raman spectrum of CF,C(O)NH, are
assigned to V(CO) and W(CN), respectively. When compared to CF,C(OXeF)NH, AsFg, these
values show a decrez ¢ in v(CO) of 154 cm™ and an increase in V(CN) of 285 cm™ in the xenon
cation. Similar values of v(CO) and v(CN) have been reported from the infrared spectra of
protonated amides; for example, v(CO) for the O-protonated salt of N,N-dimethylacetamide,
CH;C(OH)N(CH;),"SbCl,", 1% is observed at 1401 em™ and that of N,N-dimethylacetamide vapor
is observed at 1651 cm™ [AV(CO) = 250 cm™], 158 whereas the value of V(CN) increases to 1680
cm! (average of three bands) upon O-protonation of N,N-dimethylacetamide, 15 compared to 1452
cm'! for the amide vapor [Av(CO) = 188 cm™1).1%8 An incomplete report of the infrared spectrum
of CF3(0)NH, BF; provides a value of 1760 em™® for v(C0).!®® If CF,(0)NH,BF; is indeed
O-bonded, it is likely that v(CO) has been misassigned in light of the well established trends noted
above for v(CO) and v(CN).

The in-plane (3) and out-of-plane () OCN bends are tentatively assigned to the peak at 596
cm™ by analogy with CF;C(O)NH,,'6! assuming that they are similar in the CF,C(OXeF)NH,*
cation.

The CF; group modes of CF;C(OXeF)NH," are assigned by analogy with those in Raman
spectrum of solid CF;C(O)NH,: 1073 [Vasym(CF3)), 747 [Smn(CF:,,)]. 523 [SBym(CF:,)] and 432,

419 cm’! [Y(CF,)). The symmetric streich, Vsym(CF3), is not observed in the Raman spectra of
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CF;C(O)NH, and CF,C(OXeF)NH,", but is observed at 1340 cm™ in the infrared spectrum of

CF;C(O)NH,.!®! The symmetric stretch of the CF; group is not observed in the Raman spectrum
of the CF,C(OXeF)NH," cation, because it is too weak and/or because it coincides with an FEP
sample tube band at 1384 cmL.

A total of 21 bands are assigned to the AsF," anion, and are derived from the six normal
modes for AsF," under O, point symmetry.!” Since only three bands [Vi(Ayp). Vo(Ep). and
VS(F2g)] are Raman active for O, symmetry, a reduction of anion symmetry is apparent. A
symmetry of C,, or C; would account for the observation of 15 normal modes, since all mode
degeneracies would then be removed. The apparent reduction in anion symmetry may result in part
from a low site symmetry for the AsFg™ anion in the unit cell, or from a true distortion of the
molccular geometry of the anion due to hydrogen bonding interactions with the protons of the
cation, as observed in the SbFg and AsF™ salts of OH,*,!”! SH,*'7 and NF,H,".'™ The
observation of more than 15 bands is attributed to intermolecular vibrational coupling within the
crystallographic unit cell. This is likely since low site symmetry alone cannot account for the
splitting of the non-degencrate v;(A;.) mode for AsFg (647, 683 cm’™)). A crystal structure is

required, however, to confirm these assignments (factor group analysis).

(E) CHARACTERIZATION OF CF,C(OH !NH2+ASF5' BY LOW-TEMPERATURE RAMAN

SPECTROSCOPY

The assignments for the Raman spectrum of CF;C(OH)NH,*AsF” were made by analogy
with those of CF;C(O)NH, %! and CF;C(OXeF)NH,*AsF™ (Table 3.1 and Figure 3.8). The v(CO)
and v(CN) modes are assigned to the bands at 1519 and 1767 cm?, indicating greater double-bond

character for the C-N bond than for the C-O bond and are similar to those of CF;C(OXeF)NH,".
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Table 3.1. Raman Frequencies® and Assignments for CF;C(O)NH,, CF,C(OH)NH,"AsFg,

CF3C(0H)NT'{2+ASF6- 'XCFz ‘xHF.and CF:,C(OXCF)NHZ"'ASFS'.

CF;,C(O)NH,” CF,C(OH)NH,*  CF,C(OH)NH,’AsF;  CF,C(OXeF)NH,*  Assignments
A‘;Fs'c ‘chz'XHI:c ASFG-C
3337 (D 3336 (0.2)° Veeym(NHS)
3227 (3)° 3355 (1) B
3211 @3¢
3174 (11) 3205 (0.9) Veym(NHy)
3090 (1.5) Veym(HF)
1706 (40) 1519 (3) 1549 2) 1562 (1) v(CO)
1543 (1)
1629 (5) f 1631 (0.4) 1623 (0.5) S(NH,)
1460 (31) 1767 (5) 1750 (1.5) 1745 (2) v(CN)
1276 (5) 1262 (3) 3(0H)
1232 (3)
1199 (4) 1197 (3) 1202 (1) d YONH,)
1182 (2)
£ 1314 (1) or 1308 (0.5) or 1304 (1) or v,ym(CFs)
1384 (19)8 1385 (1) 1384 (4)8
1135 (100) 1218 (7)8 1064 (6) 1073 (3) Vasym(CF3)
796 (45) 806 (3) 827 (0.6) 810 (8) (NH,)
806 (7)
f 734 (8)8 742 (0.7) 747 (5 8ym(CF3)
720 (23) 719 (2) 724 (sh) v4(AsFP
714 (sh) 702 (3)
703 (0.7) 693 (2)
691 (100) 688 (13) 683 (19) vi(AsF)
630 (2) 647 (6)
646 (2)
666 (11) 670 (15) 674 (6) 672 (1) BNH,)
659 (2)
591 (10) 600 (23) 610 (1) 596 (5) S(OCN) +
605 (1) 7(OCN)
600 (3)
578 (15) 589 (2) 589 (2) vo(AsF P
583 (5) 577 (28
578 (1)
571 (0.8)

560 (3)
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430 (30
415 39)

291 (8)
266 (23)

168 (9

100 (3)

119 (6)

547 (13)
513 (8)

434 (13)
412 (13)
389 (25)8

372 (18)
363 (15)

273 (6)

251 (9

167 (1)

139 (50)

78 4)

f

515 (100)
511 (79)
436 (2)
409 (2)

f

f

398 (0.8)
394 (0.8)
363 (0.4)
343 (0.4)

274 (0.8)
261 (1)

248 (0.1)
242 (0.3)

f
157 (3)

152 (9
141 (2)

112 (6)
97 (2)
81 (7)
70 (4)
58 (3)

343 (29)
530 (100)
508 (18)
502 (34)
476 (23)
523 (4)

432 (8)
419 (3)
409 (0.3)
405 (0.3)
398 (3)
393 (8)
390 (6)
385 (14)8
379 (14)8
371 (9)
366 (12)
363 (12).
202 (12)¢
255 (10)

277 (1)
265 (3)
247 (2)
239 (2)
f

141 (9)

SCOXe)
HC-C)

vg(AsFg)"

«C-C)

3(OXcF)
H-bonding and

lattice modes
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Table 3.1 {contiued)

®Values in parcntheses denote relative intensities; sh denotes a shoulder. PRecorded at room
temperature in a glass sample tube; this work. Assignments have been taken from ref. (161).
“Raman spectra were recorded in FEP sample tubes at -165 °C. Raman lines due 1o the FEP
sample tabe have been omitted from the table unless overlap with a sample tube band is likely.
Data are given for the spectra depicted in Figures 3.7 - 3.9. °The symmetries of the N-H stretches
cannot be assigned from the available data. “The broadness of the Vyg,(NHy) and v, (NH,)
bands is auributed, in part, 10 hydrogen bonding involving solvated HF. fBands not observed in
the Raman spectrum. 8Band may overlap with an FEP sample tube band. "Notation provided for
the fundamental modes of the AsFg” anion is that for O, symmetry. The splitting of degenerate
modes may be attributable to low site symmetry in thc.solid statc or vibrational coupling within
the unit cell. *The band assigned to the S(COXe) bend in the CF,C(OXeF)NH," cation is
coincident with an FEP band at 292 cm*!, This is indicated by the increased intensity of this band

relative to the most intense FEP band at 734 cm’.
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Figure 38  Raman spectrum of microcrystalline CF;C(OH)NH,*AsF, (-165 °C)
recorded in an FEP sample tube using 514.5-nm excitation. Asterisks (%)
denote FEP sample twbe lines. A dagger (i) denotes an artifact

characteristic of the instrument.
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The bands attributed 1o (NH,) (670 cm’l), TQVH,) (806 cm') and Y(NH,) (1197 cm™?) are also
similar to those observed in the Raman spectra of CF;C(O)NH, and CF;C(OXeF)NH, " AsFg". A
band attributable to 5(NH,) was not obscrved, and is likely the result of the inherent low Raman
intensity of this band.!”*

The band at 1276 cm™ has been tentatively assigned to S(OH) of the protonated carbonyl
group. Infrared spectra of the related salis CH,C(OH)NH,"X™ (X = SbCl, NO,, C1),16
[CH;C(OH)NH,*",X* (X = SnClg, PiCl)*® and CH,C(OH)N(CH3),*X™ (X = Cl, Br, 1,
SbClg)'6 exhibit bands at 1333-1368 and 1040-1192 cm!, respectively, which are assigned to
5(OH). Bands attributable 10 y(OH) and v(OH), which, like S(NH,), usually have very low Raman
intensitics,) ™ and were 100 weak to be obscrved.

Seven bands ha