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ABSTRACT

This Thesis describes the syntheses and spectroscopic characterization of noble-gas
compounds containing Xe-N bonds in solution by multinuclear magnetic resonance (multi-
NMR} spectroscopy and in the solid state by low-temperature Raman spectroscopy.

The present work represents an extension of noble-gas chemistry, and in particular,
the synthesis of novel xenon-nitrogen bonded compounds. The key synthetic approach
involves the interaction of the Lewis acid XeF™ with an organic nitrogen Lewis base,
where the organic nitrogen base must be resistant to oxidation by the XeF® cation.
Hydrogen cyanide, alkyl nitriles, perfluorophenyl nitrile and perfluoropyridine derivatives
were investigated as potential ligands for xenon(lf). The electron lone pairs of nitriles
and perfluoropyridines have been shown to interact with the Lewis acid XeF* resulting
in the cations RC=N-XeF” (R = H, CH,, CH,F. CH,Cl, CH,, CH,FCH,, n-CH,,
CH,FCH,CH,. CH,CHFCH,, CHF.,CH,CH,, CH,CF,CH,, n-C;H,, CH,CHFCH,CH.,
(CH,),CH, (CH,),C, FCH,C(CHyH, CICH,C(CH,)H and C(F;) and R.C;F,N-XeF* (R, =
F. 2-CF.. 3-CF,, 4-CF,). These cations have been characterized in HF and/or BrF; by
'"Xe. "F. PN, ™N. "C and 'H NMR spectroscopy and in the solid state by low-
temperature Raman spectroscopy.

The hydrogen cyanide, alkyl nitriles and perfluoropheny! nitrile adducts represent
the first examples of xcnon bonded 10 nirogen that is formally sp hybridized. The

perfluoropyridine adducts are the first examples of xenon bonded to aromatic Tings.
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The thermal swabilides of RC=N-XeF AsF, salts have been examined by warming
HF solutons of RC=N (R = H, CH,, C;H,, n-C,H, and n-C,H,) and XeF"AsF, for several
hours at room temperature. The stabilities of RC=N-XeF AsF, salts with respect to alkyl
chain fluorination depend on the chain-length of the alkyl group, decreasing in the order:
n-CHyC=N > n-C;H,C=N > HC=N > CH.C=N > CH,C=N.

The decomposition products of HC=N-XcF™ have been characterized by 'H, C,
BN, N and "F NMR spectroscopy, for natural abundance, 99.3% “C-enriched
[PCIHC=N-XeF AsF, and 99.7% “N-enriched [“NJHC=N-XeF'AsF,. Among the
decomposition products that were identified were CFH, CF,, CF,NH,*, CF,=NH." and
HAFC=NH,". The NMR spectra of HC=N recorded at -15 °C in HF after warming for 7
days at room temperature indicate that one species, CHF,NH,*, was formed, which
presumably arises from the stepwise addition of HF.

The solvolytic behaviors of the adduct salis, RCEN-XeF AsF,, have also been
studied in anhydrous HF solvent. The decompositions of the nitrile adduct cations
CH,(CH,),C=N-XeF™ (n = 0 - 3) have been monitored in HF solution by multi-NMR
spectroscopy. The rate of fluorination of the alkyl chain was shown to increase with
increasing chain length, where the degree of fluorination increases at the alkyl carbons
in the order B < y < 8, with no fluorination being observed at the a-carbon. A parallel
study of the alky! nitriles RC=N (R = CH;, CH,, n-C,H, and n-C,H,) in HF showed the
fluorination products are significantly different. The reaction mechanisms of the
fluorination reactions have been proposed, i.e., the former is a radical-substitution reaction

and the latter is an addition reaction and dimerization.
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CHAPTER 1

INTRODUCTION

GENERAL BACKGROUND

The elements that comprise Group VIII (18) of the periodic table were, until 1962,
inappropriately termed the “inert gases”. The discovery of the first true compound of a
noble-gas, namely, Xe'PtFy by Bartlett' made the term “inert” immediately obsolete.
Since then, the Group VIII elements have been more justifiably called the noble-gas
elements and aside from He, Ne and Ar, form compounds with highly electronegative
elements or Iiga.rids.

It was quickly realized that KrF, and the fluorides and oxofluorides of xenon bear
remarkable similarities in their chemical and structural properties to those of the
neighboring halogen fluorides and oxofluorides. As various spectroscopic techniques such
as X-ray crystallography, vibrational specroscopy and multinuclear magnetic resonance
spectroscopy began to be applied, the structures and bonding of the compounds were
elucidated and analogies to the halogen compounds swengthened. There are several
excellent reviews available which cover most of the developments in the field of noble-
gas chemistry except those from 1984 to the present*® Those areas not previously

reviewed are briefly summarized in this Chapter in order to put the present work into



perspective.

The valence shell electron pair repulsion rules’ have proven to be a useful tool for
predicting the structures of the binary fluorides, oxides and the oxofluorides as well as
their cationic and anionic derivatives.” For compounds with coordination numbers of six
or less (including nonbonding electron pairs) this model predicts, successfully, the comrect
geometry. The geometries of compounds having coordination numbers exceeding six are
also predicted as can be seen for XeF, (AX E) in the gas phase, 2 diztorted octahedron;®?
XcFy (AXGE,). pentagonal planar;'® IOF,, TeOFZ " and IF, (AX;),” pentagonal
bipyramidal and TeF® " and IF;* (AX,), square antiprismatic.

The ability of electronegative elements to form bonds to xenon in isolable
compounds is now established for fluorine, oxygen, nitrogen and carbon. In addition to
the simple fluorides of xenon XeF,,” X¢F, ™ and XeF,” and the oxofluorides XeOF,,'
XeO,F, ' and XeOF,," a number of fluoride and oxofluoride xenon "adducts” are known.
The neuwral compounds can behave as fluoride ion donors in the presence of a strong
fluoride ion acceptor or, with the exception of XeF,, can behave as a fluoride ion acceptor
towards an appropriate fluoride ion donor. The fluoride acceptor properties of high-valent
xenon fluorides is illustrated by the recent preparation of XeF,.' The formation of
complexes as salt-like species containing well-defined cations or anions should, however,
be approached with 2 certain amount of caution. This is particularly well illustrated with
xcnon difluoride adducts which span the gamut of complexes from salt-like species such
as XeF'SbyF,,."” 10 covalent adducts like XeF,.XeOF,? In the later, the components

preserve their molecular identities and dimensions and the adduct is clearly covalent, but
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even in the former the relatively short Xe...F bridge distance (2.34 A) between the XeF*

cation and the Sb,F,,” anion, 2 weak fluoride-ion-base anion, implies considerable covalent
character (cf. van der Waals contact distance, 3.50 A).

The criteria which have been drawn upon in assuming the degrees of covalent
bonding in noble-gas compounds are based mainly on bond distances obtained from X-ray
crystal structure determinations, stretching frequencies of both terminal and bridging
fluorine bonds and "F and 'Xe¢ NMR chemical shift data. Clear correlations exist
among all of these. The NMR evidence (**Xe chemical snifts, *F chemical shifts and
'**Xe-"F coupling constants) provide an internally consistent picture of the electronic
structure of the covalent xenon compounds. Schrobilgen et al.® have shown that the
empirical plot of xenon chemical shifts versus the fluorine chemical shifts of the terminal
fluorine on Xe(II) for species containing fluorine-bridges are near linear (Figure 1.1) and
that XeF groups bonded to a ligand through oxygen constitute a separate near linear plot
with the two plots converging near XeF'. There are also smooth curves correlating
'J('®Xe-"F) values and 'F chemical shifts for all oxidation states of xenon (Figure 1.2).2
The covalent nature of the Xe-F bond is seen to increase with increasing '®Xe and
decreasing F chemical shifts and also correlates with the decrease in bond length
observed for the Xe(ll) species with increasing XeF" character, The latter trends are
further corroborated by trends in Xe-F stretching frequency, which increase with
increasing XeF* character.? However, a study of the '®Xe resonance is of particular value
from the stand point of some structural considerations, especially when only one fluorine

directly bonded to xenon is present. Thus, based on their multiplicities and relative
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intensities, the observed splittings arising from 'J(*®Xe-'*F) can be used to confirm the

structures of species such as XeQ,F,, XeF,, XeOF,, (FXe),F" and (FXe),SO,F".

(A) XENON FLUORIDE ADDUCTS

The compounds XeF, and XeF, form stable complexes with a number of fluoride-
ion acceptors having compositions 2XeF, . MF;, X¢F,.MF; and XeF,.2MF; (n = 2 or 6).?
Both salt and fluorine-bridged formulations have been suggested to explain the bonding
in these adducts. However, it is clear that xenon difluoride-metal pentafluoride adducts
have vibrational spectra which can be interpreted on the basis of the ionic formulations
XeF'MF,, XeF"'MF, and Xe,F;"MF,. There is, however, a considerable amount of
covalent interaction between the cation and anion by means of Xe..F-M bridges.®* It
has also been cestablished that the degree of ionic character in the adducts is dep;endent
upon the Lewis acid properties of the pentafluoride.

The pseudo-octahedral XeF,™ cation (C,,) is amply confirmed in the solid phase.
In fact, XeF;" has been established in 2 number of adducts through detailed single crystal
structure determinations on, namely, XeF,"RuF, . XeF,"PtF, ¥ and (XeF,"),PdF; ¥
as well as less comprehensive data on XeF,'BF,,” XeFy"AuF # and XeF,'UF,.*

The XeF,," ion consists of two XeF;* groups joined by a common fluoride ion
(fluorine bridge). The XcF, adducts which contain the Xe,F,," cation are: 2XeF,.RuF;,
2XeF, IFF? 2XeF PiF, > 2XeF, AuF;*%  2XeF, PF,»** 2XeF, AsF, >3

2XcF,.SbF.* 4XeF,.PdF,* and (Xe,F,,").NiFs".* The ionic description (XeF,)'F(XeF,)*
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thus appears to provide a fairly good description of the species, although a certain
measure of covalency in terms of (XeF;")XeF, should be introduced as suggested by
departure of the Xe-F-Xe angle (169.2°) from linearity. The interatomic bridging
distances are 2.21 and 2.26 A, respectively.

The corresponding chemistry of XeF, is considerably more sparse. The only
adducts which have been isolated ai room temperature are XeF,.SbF,,**** XeF,.2SbF,. "%
XeF,.BiF; and XeF,.2BiF,* As a result, it has been concluded the XeF, is a much
weaker fluoride-ion donor and that fluoride ion donor abilities among the binary xcnon
fluorides decrease in the order XeF, > XeF, >> XeF,” However, the relative order of
fluoride ion donor abilities of XeF, and XeF, has been disputed. Using as criteria: (a) the
average length of the Xe...F bridge, which decreases in the series [FiXe]"...F, [F,Xe]"...F
and [FXe]"..F, (b) the directionality of the secondary bridge bonds, which form in
directions which avoid both the bonding pairs and the presumed location of nonbonding
pairs in the xenon valence shell of the cations, and (¢) the number of bridge bonds, which
increases with decreasing swength of the bridge bonds, the fluoride ion acceptor abilities

of the cations increase in the order XeF,* < XeF,* < XeF".*

(B) COVALENT DERIVATIVES OF XENON(IDN IN WHICH XENON IS BONDED

TO A SECOND ROW ELEMENT OTHER THAN FLUORINE

(i) Xenon-Oxveen Bonded Compounds

The ligand groups which form xenon-oxygen bonds are -OSQ,F,* -OTeF,,*"*

-OPOF,*"% .0SeF,,*% -0CI0,* -OCOCF,*** .0SO,CF,,* -ONO, * and -OIOF,.*
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Each of these groups exists in the form of a moderate to strong monoprotic acid (i.c.,
HOSO,F, HOTeF,, HOIOF,) and, in addition, 'thc effective group electronegadvites of
these groups are very high and, in some cases, approach that of fluorine itself. Table 1.1
summarizes all the known neutral covalent oxygen ligand-group derivatives of xenon and
their physical properties. From inspection of Table 1.1 it is evident that the -OTeF; group
is second only to oxygen and fluorine in its ability to stabilize the +4 and +6 oxidation
states of xenon.

The thermal stability of ligand-group derivatives of xenon vary, but in any case,
are less stable than those of their corresponding binary fluorides or oxofluorides. This
fact is clearly illustrated by comparing the decomposition temperatures for XeF, (330 °C)
and Xe(OTeFy); (72 °C). The vast difference presumably arises from the fact that the
peroxide FyTeO-OTeF; is formed much more readily than F, (equations (1.1) and (1.2))

as well as the relative bond strengths, i.e., Xe-O < Xe-F.

Q
XeF, —20-600°C _ yeF, +F, (L1
72 °C
Xe(OTeF,), ————> Xe(OTeF;), + F,TeO-OTeF, (1.2)

Furthermore, the thermal stabilities of xenon(II) derivatives increase in the order -OSO,F
< -OSc¢F; < -OTeF,, and are consistent with the decreasing stabilities of the corresponding
peroxides.  This trend is exemplified by the -OCIO, and -OCOCF, derivatives of
xenon(ll). Whereas Xe(OClQ,), decomposes above -20 °C and Xe(OCOCEF,), detonates

above -20 °C, the corresponding decomposition products, CLO; and CF,0CO-OCOCF,,



" Table 1.1

Known Oxygen Ligand-Group Derivatives of Xenon and Their Physical Properties

a

b

Oxidation
State Compound Form Remarks

I FXcOTeF, Pale-yellow liquid mp.=-24C, bp.53°C
FXcOSC.F White solid m.p. = 36.6 'C Yellow-green
Xe(OTeF,), White solid m.p.= 35.37°C
Xe(OSO,F), Yellow solid mp.=43435C
FXcOPOF/Xc(OPOF; )}, Pale-yellow solids decomposes a1 Toom lemperature
FXcOCI0, White solid mp.=1657C
Xc(0CI0,), Pale-yellow solid decomposes above -20 C
FXcOCOCF/Xe¢(OCOCF,),  Pale-yellow solids explode above -20°C
FXcOSO.CF, Yellow solid at 0 °C decomposes slowly at 0 °C
FXcOSeF, Pale-yellow liquid mp.=-13°C
Xc(OScF,). Yellow solid mp.= 69°C
FXcONQ/Xc(NO,), * [Red-brown solids] decompose rapidly at RT
FXcOIOF, Light yellow liquid 2a RT mp.=-5-0'C
Xe(OIOF,), Pale-yellow solid at RT decompose at RT under vacuum

v Xe(OTeFy), Palc-yellow solid m.p. = 72 'C with decomposilion

VI OXc(OTeF,), White solid m.p = 56°C
0.Xe(OTcF,); White solid decomposes above 0 °C
[(Xc(OTcF,)) " Red/violet solid at -40 °C m.p.=-10C

Evidence for FXeONO, is based on decomposition products only.*

Ref.

(47)
(45)
(48)
(35)
(55)
(46)
(45)
(50)
(46)
(56)
(56)
(59)
(60)

(60)

s1)

(52)

(54)
(52)

Evidence for Xe(OTeF;), is based on decomposition products™® and preliminary

X-ray analysis.*
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arc stable up to their boiling points, (CLO; b.p. = 82 °C.* CF,CO-OCOCF, b.p. = 40

°C") if not shocked.

(i) Xenon-Nitrogen Bonded Compounds

Mecinert and Riidiger™ studied the reaction of XeF, in CH;C=N with 2,2"-bipyridine
to form a 1:2 complex which was characterized by infrared spectroscopy, however, no
convincing physical evidence has been given in support of the formation of Xe-N bonded
spccies,

Compounds containing xenon-nitrogen bonds have been reported relatively recently
and include neutral species FXeN(SO,F),, %% Xe[N(SO,F),1.** and Xe[N(SO,CF,),].*
and the cations XeN(SO,F)," ® and F{XeN(SO,F),],".5%¢"

Under very carefully controlled conditions, HN(SO,F), and XeF, react to form
FXeN(SO,F), (equation (1.3)). |

CF,CL,0°C

XeF; + HN(SO,F), ————> FXeN(SO,F), + HF (1.3)
4 days

An X-ray single crystal study has shown that the solid consists of FXeN(SO,F),
molecules™ of molecular point symmetry C, in which the xefion atom of the Xe-F group
is bonded to the nitrogen (illustrated in Figure 1.3). This structure gives the first
definitive proof for the existence of a stable xenon-nitrogen bond.* Using the bond
order-bond length relationship of Pauling for the calculation of terminal Xe-F order, the

Ne-F bond of FXeN(SO,F), has a bond order of 0.59 compared to % for XeF, making the
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Figure 1.3 X-ray crystal structure of FXeN(SO,F),.**
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Xe-F bond of FXeN(SO,F), the most XcF,-like bond encountered thus far. As has been
proposcd for other xenon(Il) compounds, the bonding description of FXeN(SO,F), can be

represcnted as a resonance hybrid of valence bond Structures I and I1. This result for the

Xc-F bond order implies that valence bond Structure I only has a 59 : 41 dominance over

o F o' r o F
g/ |4 g/
A Y A
CIC. <> F—Xe N g <> F—x:':N/ g <—> F"x,_."-—N/ g
(!.);\\F (')\;: Cl)\F
S - -
1 Il

vilence bond Structure 1. The Xe-F streiching mode in the Raman spectrum of the solid
at 506 cm? is the lowest value of v(XeF), observed thus far for an F-Xe-Y® type
structure which is less than those observed in FXeOSO.F (528 cm*)® and FXeOTeF,
(520 cm™).® In view of the very small shift from the value of the XeF stretching
frequency in XeF, (497 cm™), the increase in the amount of Xe-F* character relative to
that of XeF, must be very small (if XeF, is represented as F-Xe'F <—> FXeF"). A
similar conclusion can be drawn from "F and '®Xe data. The similarity of FXeN(SO,F),
and XeF, chemical shifts relative to those in other xenon.(II) compounds is a clear
indication that the bonding in the F-Xe-N moiety is similar to that in XeF, itself.

The compound, Xe[N(SO.F).]., was formed under similar conditions used to form

FXeN(SO,F).. but a 2:1 ratio of HN(SO,F), to XeF, was used instead (equation (1.4)).%



CE,Cl,
XeF, + 2 HN(SO.F), — > Xe[N(SO.F).}, +2 HF (1.4)
0°C

The white solid, Xe[N(SO,F),],. melts near room temperature with rapid decomposition

according to equation (1.5).

Xe[N(SO,F),l, ——> Xe + [N(SO,F),], (1.5)

A ligand wransfer reagent has also been used in the preparation of an Xe-N bonded
derivative. DesMarteau and Foropoulos® have shown that by reacting the silylimide
precursor Me,SiN(SO,CF,).. prepared according to equation (1.6), with XeF, (equation
(1.7)) the Xe-N bonded product Xe[N(SO,CF,;).], is obtained in high yield. In addition,
the formation of HF, which is a major problem in acid displacement reactions of the type

illustrated by equations (1.3 and 1.4) is eliminated by this approach.

-196 to0 22 °C
Me,SiH + (CF,S0,),NH > Me,SiN(SO.CF,), + H, (1.6)

2210 10°C
2 Me,SiN(SO,CF;), + XeF, ———> XeIN(SO,CF;),], + 2 Mc,SiF - (1.7)
CF.Cl,

Equation (1.7) represents the only method where a metathesis reaction, apart from HF
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mctathesis (acid displacement) has been used to prepare a xenon-nitrogen derivative.
The first xenon-nitrogen adduct with a Lewis acid reported possessed the
stoichiometry 2FXeN(SO,F),.AsFs and was postulated to have the ionic formulation

F[XeN(SO,F).1,"AsF,. %% It was prepared according to equations (1.8) and (1.9).

78 °C

FXeN(SO,F), + AsF, > XeN(SO,F),"AsF, (1.8)
5 x A 23°C R
2 XeN(SO,F)," AsFy ———=—> F[XeN(SO,F).],"AsF; + AsF; (1.9)

The F[XeN(SO,F).]” cation was postulated to be fluorine bridged and irs pale
yellow AsFg salt appears to be stable at room temperature. The yellow solid,
XeN(SO,F),"AsFy), is unstable at room temperature, whereas the XeN(SO,F),"Sb,F,¢ salt
can be isolated from SbF; solvent according to equation (1.10).

FIXeN(SOF);],"AsFy + 3 SbF; 2155 2 XeN(SO,F),*SbyF,c + AsF;  (1.10)

0°C

An X-ray single crystal study has shown that the XeN(SO,F),"Sb;F,¢ cation® (Figure 1.4)
is structurally similar to the neutral compound, FXeN(SO,F),. The xenon of the
XeN(SO;F)," cation is weakly covalently bonded to a fluorine by means of a fluorine-
bridge interaction between the cation and the anion.

The Raman spectra of the XeN(SO,F),*AsF, and F[XeN(SO,F),]),*AsF, adducts
showed an absence of an Xe-F strerching mode indicating the absence of terminal Xe-F

bonds. The bridging Xe...F stretches are also observed for the two adducts at much lower
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Figure 14  X-ray crystal structure of XeN(SO,F),"Sh,F.%
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jower frequencics than the stretching  frequencies for the corresponding more covalent
Xc-F bond in FXeN(SO,F), (506 cm™). The v, (SO) and v,,,., (SO) streiches are shifted
to 1233 and 1492 cm' in XeN(SO,F),’AsF,, and 1228 and 1490 cm’ in
F[XeN(SO,F),],"AsF,, respectively, and are higher than those in the neutral molecules,
suggesting cation formation. No signal was obtained in the F NMR spectra for the

bridging fluorine, but this could be due to exchange broadening.

(i11) Xenon-Carbon Bonded Compounds

There are several indications that xenon-carbon bonds are strong enough so that
organic xenon compounds should be detectable under normal conditions. If, for example,
CH,"'I is allowed to undergo B-decay in a mass spectrometer, the resulting CH,*'Xe* ion
remains intact for about 70% of the cases, in contrast to the decay of CH,-*T, in which
the CH,-"He* cation decomposes nearly 100% before detection.” Carlson and White”'
stated that this result must be due to the inherent greater stability of the CH,-'Xe” ion.
Similar radiotracer experiments with aromatic iodine compounds indicate an even greater

rar

stability of aromatic xenon compounds.””™ The possibility of formation of (Ph''Xe)* by

reaction (1.11) was investigated; with route (2) being the most probable.

Ph"*'XeClO, + Ph*
@ -
Ph,"MICIO, ——> [Ph,"'XeClO,]" (L11)
(b)

> Ph™'XeClO, + Ph°
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Phenylxenonium ions were generated in C;H, and CHC, solutions of Ph**'] and in
Ph™'I on the surfaces of crystals (80-100 mesh) of KCIO,. KBPh,. KBF.. K,SO,. KNO,
and KCL. In the fist two systems no bound xenon was observed. In the third system
free xenon was released upon dissolution of the crystals in 0.1 N HCIO,. Addition of the
reducing reagent, Ph"'l, led to the liberation of additional xenon. The fixing of xenon
on the ionic crystals KCIO,, KBF., K,S0,, KNO, and KCl suggests stabilization of the
PhXe" jon with a suitable anion is possible. The xenon compound in hydrochloric acid
medium is stable, and only decomposes when dissolved in the more basic medium, water.
Based on the yields of chemically bound xenon, the stabilizing capacity of the anions
increases in the order ClO;” > BPh, > BF, > $O.* > NO, > CI.

In addition, several research groups have reported the formation of Xe-alkyl ions
in mass spectromeuric experiments.”” Beauchamp and Holtz™ estimated the Xe-C bond
strength in XeCH," from ion cyclowron resonance studies to be 43 *+ 8 kcal mol' 7

according to equations (1.12) and (1.13).

Xe + CH,FH" > XeCH," + HF (1.12)

Xe + CH,CIH* —X—> XeCH,* + HCI (1.13)

While xenon reacts with protonated methyl fluoride, it does not react with protonated
methyl chloride. Therefore, the methyl cation affinity (MCA) of xenon has to be larger
than that of HF (MCA = 36 kcal) and smaller than that of HCl {MCA = 51 kcal).

The value of the xenon-carbon bond strength may be compared with the mean bond
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cnergy for XeF, of 32 kcal mol™,”™ while the gaseous Xe-F~ cation has a bond energy of

about 48 kcal mol.*8
In addition, a study has been made of the interaction of xenon and methane in

the tonization chamber of a mass spectrometer” according to the reactions (1.14)-(1.17).

Xe + CH, > XeCH,* + ¢ (1.14)

Xe* + CH, >XeH"+ CH, (1.15)
Xe* + CH, > XeCH," + H (1.16)
Xe* + CH; > XeCH,” + H, (1.17)

The ions, XeC” and XeCH?, are also formed, but by unknown reactions. In reaction
(1.14), Xe" represents a Xe atom excited to an energy of about 0.5 volt below the
ionization energy of Xe. This reaction is similar to that observed for the formation of

dimers of the rare gas ions, (equation (1.18)), viz

Xe + Xe

> Xe' + € (1.18)

lonization efticiency curves were determined for Xe,” and XeCH," and were found to
exhibit a sharp maximum about 2 volts above the onset of ionization. This is compatible
with the formation of these ions from an excited neutral reactant, that is, the ionization

efficiency curve is an excitation function. Rate constants were determined for the
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formation of XeH", XeCH;" and XeCH,* and the values are 3.8 x 10", 2.2 x 10™ and

4.5 x 10" em® mol™ s”, respectively. Relative rate constants for the formation of Xe.*
and XeCH," were also obtained, which leads to the conclusion that Xe" reacts with Xe
nine times more rapidly than it does with CH,. No net charge exchange between xenon
and methane was observed, but no reason can be advanced for this somewhat unexpected
behavior.,

Bartlett er al.* have discussed the intermediate formation of Xe(CF;), during the
decomposition of xenon bis-trifluoromethylsulfonate at 23 °C. Because Xe(OSO,CF,),
decomposes to hexafluoroethane, FXe(OSO.CF,), and carbon temrafluoride, it was
suggested that the decomposition of CF,SO," radical does not play an important role.
They proposed the first reaction step could be SO, elimination and the formation of an
unstable Xe-C bonded trifluoromethyl intermediate according to equations (1.19) and

(1.20). Much the same kind of argument has been made for the decomposition of xenon

trifluoroacetate at 23 °C **** according to equations (1.21) - (1.24).

Xe(OSO,CF,;), — > Xe(CF,), + 2 SO, ——> Xe + CF, (1.19)
FXe(OSO,CF,) > FXeCF, + SO, > Xe + CF, (1.20)
Xe[OC(O)CF,], —> Xe(CF;), + 2 CO, (1.21)
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2 FXcOC(O)CF,

> 2 FXeCF; + 2 CO, (1.23)

2 FXcCF, > Xe + XeF, + CF, (1.24)

Lagow and co-workers™ have obtained, from the interaction of XeF, with plasma
generated CF, free radicals, a colorless waxy solid which their claim is Xe(CF,),. The
waxy material is more volatile than XeF, and decomposes with a half-life of 30 min at

room temperature according to equation (1.25)
Xe(CF;), —> XeF, + CF, (1.25)

A similar plasma reaction between elemental xenon and CF, gave no indication of a
xenon-carbon species.®

The main hindrance to a clear identification of this material is its low solubility in
any of the solvents tried thus far. A Fourier transform F NMR spectrum was obtained
very rapidly during the process of decomposition in methylene chloride at -85 °C in an
FEP tube.™ The trace of this spectrum has never been published and is reported by Prof.
D.D. DesMarteau of Clemson University, who has seen it, to be very unconvincing,®
This F NMR spectrum is reported to show a peak at § = -9.6- ppm relative to CFCl, with
two side bands indicative of '*®Xe-"F spin-spin coupling.® The alleged '**Xe-'°F two-
bond coupling constant observed for this material, 1940 Hz, seems to be too large for a

two-bond '*Xe-"F coupling. This is smaller than the one-bond coupling of 5550 Hz in
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XeF, and is considerably larger than the three-bond coupling of 18 Hz in FXe-N(SO.F)..
The *C NMR spectrum has also been reported at a meeting by Lagow, and it s also not
very convincing.® The infrared spectrum was also obtined which has a number of
features in common with the spectrum of Hg(CF,),. Unfortunately, the infrared spectrum
is reported for the 800 - 1400 cm™ range, which is far from the region expected for the
Xe-C stretching vibration (300 - 400 cm™). A complete vibrationa! analysis has not yet
been possible owing to decomposition resulting from the laser Raman excitation source.

A difluorocarbene elimination mechanism was proposed for the decomposition of

Xe(CF;,),,* but this does not appear to be feasible on thermodynamic grounds:®
3

2CF,——>2C+3F, -AH°(CF,) = +224.8 kcal mole! * (1.27)
2C+2F,—>2CF, 2AHP(CF,) = -87.5 keal mole? = (1.28)
Xe + F, —> XeF, AHP(XeF,)= -28.2 kcal mole™ * (1.29)
Xe(CF;), —> XeF, + 2CF, AH® = +109.6 kcal mole™ (1.30)

Even if one neglects the energy required 1o break the Xe-C l?ond, the reaction would be
highly endothermic. While the existence of Xe-alkyl ions in the gas phase is well
established,”™ ™ ¥ no definitive Xe-C fragment has been observed in the mass spectrum
of this compound.”

Confirmation of the synthesis of Xe(CF;), has not been reported and, in general,
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the community of fluorine chemists does not accept the work of Lagow er ai.™ as having
established the existence of the first Xe-C bond.

One of the most promising ligands for Xe-C formation appears to be, -C(SO.F),
and -C(SO,CF,);. Thus far HC(SO,F); and the halogen derivatives: FC(SO,F),,
CIC(SO,F),, BrC(SO;F),, IC(SO,F); ® and HC(SO,CF,),, CIC(SO.CF,);, BrC(SQ,CF,),
and the anion C(SO,CF,), ® have been synthesized. The acid, HC(SO.F),, is a strong
monoprotic acid and its strength has been estimated by means of Raman spectroscopy to
lie between those of concentrated HNO; and HOSO,F;® however, the reaction between
HC(SO,F), and XeF, did not yield the desired product FXe-C(SO,F), when attempted by
Schrobilgen * and Seppelt,”™ yielding xenon gas and FC(SO,F), according to equation
(1.31).

-20 °C

HC(SO,F), + XeF, ———> Xe + HF + FC(SO,F), (1.31)
CFCl,

Most recently, two independent German groups™* prepared the first example
of 1 stable compound containing a xenon-carbon bond, CFXe*C,F.BF;’, by nucleophilic
displacement of fluorine from XeF, using B(C,F,), as an aryl-transfer reagent {equation
1.32).

CH,C=N
> |C4F,Xe*|[B(CF,),F] + BEX (1.32)

XeF, + B(C,F)),

(X = CH,C=N, F)

It is presumed that both BF,” and CH,C=N-BF, are formed in a dismutation reaction of



the mixed intermediate, B(C.Fs),,F, according to equation (1.33).

3B(CFs)sF, — > (3-x)B(CF,), + xBF, (x = 1,2) (1.33)

The crystal structure of the CFXe™ (C,F;),BF,.CH,C=N (Figure 1.5) shows the Xe-C
disance [2.092(8) A)® is comparmable to the I-C distance in CJFJ(O,CCE,),
[2.072(4) A).* Coordination of CH,C=N 1o the C,F,Xe"* cation serves to lower the
effective positive charge at xenon by coordination of the nitrogen of CH,C=N, giving an
Xe...N contact (2.681 A) that is significantly shorter than the sum of the van der Waals
radii for Xe and N (3.6 A) and substantially longer than the Xe-N distances in Xe-

N(SOF);" (2.02(1) A)® and FXe-N(SO,F), (2.200(3) A).*

(© COVALENT DERIVATIVES OF XENON(II) BONDED TO OTHER MAIN-

GROUP ELEMENTS

In addition to the well-established examples of xenon-fluorine, xenon-oxygen,
xenon-nitrogen and xenon-carbon bonds, one example of a stable xenon-chlorine bond is
known, namely Csy(Xe0,CL),CL* In addition XeC, as well as XeBr, have been detected
by Mossbauer spectroscopy as products of the B-decay of their "I analogs according to

equation (1.34).

BIX, > 1¥XeX, + B (1.34)

where X = Cl or Br
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Figure 1.5  Structural unit, determined by X-ray crystallography, for the

CFsXe" cation coordinated to CH,C=N."*
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Xenon dichloride has also been trapped in a matrix of solid Xe after Xe/Cl, mixures had
been passed through a microwave discharge, but these halides are 100 unstable to be
chemically characterized.™

The first significant evidence suggesting the existence of xenon dichloride was
provided by Meiner,” who produced mass spectrometric data which suggested that he
had isolated a xenon chloride, possibly XeCl,. Using techniques similar 1o thosc of
Meinert, Nelson and Pimentel®™ passed xenon/chlorine mixtures through a microwave
discharge and then condensed them onto a cesium iodide optical window at 20 K. They
observed an infrared spectrum which they auributed to XeCl,. They confirmed their
hypothesis by calcularing the harmonic frequencies assuming a linear symmetric XeCl,
molecule. The asymmetric stretching force constant is about half that -~ eF, and KrF,,
which reflect the anticipated weakness of the Xe-Cl bond relative to the Xe-F bond.*

Andrews and Howard® studied the noble-gas halides using laser photolysis of
matrix-isolated halogens in the inert gas matrix, and they succeeded in photoproducing
XeCl, and XeCIF.

There is also strong evidence to support the existence of a xenon-xenon bond in
the radical cation Xe," in solution.’™ When XeF'Sb,F,," is dissolved in excess SbF, it
reacts and turns dark green on reduction with a large number of materials, namely, H,0,
Pb, Hg,'® PbO, As,Q,, Si0,, SO,, PF, and CO.'™ On the otht;r hand, it may be generated
by oxidation of xenon gas with O,"Sb,F,,” (again dissolved in SbF,).' The best mode
of preparation is the reduction of XeF*Sb,F,,” (in SbF,) with elemental xenon,' since this

1s a clean and reversible reaction. The existence of the Xe,” ion in a solution of SbF; has
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been supported by ESR, Raman, and UV-visible spectroscopic methods. The most

powerful probe is the ESR spectrum of a frozen solution in SbF,, which showed the
expected hyperfine structure. Natural xenon contains 26.44% ®Xe (I = %), 21.18% *'Xe
(I =3%5) and 52.38% as other isotopes with (I = 0). Since the hyperfine constants arise
from "*Xe and '*'Xe coupling, a complicated spectrum having g. (2.304), g, (1.885), A
@Xe (220 g), and A ™'Xe (600 g) was obtained. The experimental spectrum and the
computed spectrum agreed based on the assumption of a dixenon radical cation, Xe5".
Furthermore, the fine structure disappeared when isotopically pure *¢Xe (I = 0) was
used.'™ The high scattering power of the large xenon atoms results in a strong Raman
band at 123 cm™ which shows some resonance Raman enhancement when excited at
514.5 nm.'"  This value is close to that obtained for the isoelectonic species I;.!%
Indeed, Xe,® has a UV-visible absorptions at 335 and 720 nm which is quite similar to
that of I3:'" both are dark green. These spectroscopic details interestingly have been
predicted by ab initio calculations.'®™'™  This species represents the only example of a

xenon-xenon bond and is presumed to form in the reaction (1.35)1®

3 Xe + 3 XeF'Sb,F, '+ 2 SbF; ——> 2 Xe5*Sh;F,;" XeF'Sb.F, (1.35)

(D) XENON-BORON BONDED COMPOUNDS

The covalent xenon(ll) derivative FXeBF, ' has also been reported. A reaction

between xenon and O,BF, has been observed to liberate oxysen and fluorine at
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an equimolar mixture of Xe and BF,. On the basis of analytical and vibrational
spectroscopic dara, it was believed that the structure of the solid was FXe-BF,. However,
no convincing physical evidence has yet been given in support of the proposed Xe-B
bonded structure. Rather, it is now known that O," salts oxidize xenon gas to XeF* '
and it is possible that the white solid product was XeF'BF, formed according to equation

(1.36)

Xe + 2 O,'BF;

> XeF'BF, + BF, + 2 0, (1.36)

(E) COVALENT DERIVATIVES OF KRYPTON

The synthesis of krypton derivatives containing highly electronegative ligand
groups is considerably more difficult than those of the analogous xenon derivatives.
Krypton difluoride cannot be prepared by direct fluorination of krypton gas at high
pressures and temperatures as is the case for the fluorides of xenon. The high ionization
potential of krypton (322.8 keal mol™) and anticipated thermal instability of krypton
compounds, requires the use of low temperature high-energy methods.'™'®  Krypton
difluoride can be prepared by electric glow discharge of Kr/F, mixtures at liquid oxygen
temperatures (-183 °C),'™ photolysis of Kr/F, mixtures at liqui-d nitrogen temperature''®'*2
or by the use of hot-wire techniques.'”

Krypton difluoride has an estimated half-life of four hours in the vapor state at

4

room temperature, but can be maintained indefinitely at dry-ice temperature.'" The mean
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room temperature, but can be maintained indefinitely at dry-ice temperature.'* The mean
thermochemical bond energy is approximately 14.5 kcal mol? '** which, in fact, is the
lowest bond energy of any fluoride. Krypton difluoride serves as a low-temperature
source of F ” atoms. Thus, the extraordinary low temperature fluorinating ability of KrF,
is not unexpected. For example, the krypton difluoride derivatives, KrF*AsF,
Kr,F;*AsF, and Kr,F;"SbF are capable of oxidizing BrF; to BrF,","”* a feat which the
strong fluorinating agent PtF,, is unable to achieve even in the presence of UV-light.'"*
Krypton difluoride oxidizes Au metal in HF to the Au(VI) species KrF* AuF, from which
is derived, upon pyrolysis, AuF,.*

No krypton oxides or higher oxidation state krypton fluorides are known at this
time. An early report that KrF, was formed by electric discharge of mixtures of Kr and
F, is erroneous’™ and was later shown to be KrF,.'™!"

There are several spectroscopic studies which indicate the possibility of forming
krypton-carbon and krypton-nitrogen bonds. For example, CH,*Br has been allowed to
undergo B-decay, but only about 0.4% of the parent ior, CH,Kr*, was observed to remain
intact by mass spectrometry,''® as was ahticipated from the rather high recoil energy. The
most abundant ion observed was CH,*, 89%."® Hertel and Koski''® studied the reaction
of Kr* with methane over an energy range 2-200 eV. An ion peak was observed at mass
98, corresponding to KrCH," (equation (1.37)), but only trace amounts of KrCH,* were

observed, and was similar to those seen in Xe* with CH, reaction.”

Kr* + CH, > KrCH,* + (2H, H,) (1.37)
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In similar mass spectrometric studies of ionic reactions in krypton-methane mixtures, '™
the ion-molecule reaction products KrH', KrC', KrCH,* and KrCH," were obscrved.
Charge exchange reactions between rare gas fons and methane were observed with Kr*
producing CH," and CH,*. The ion-molecule reaction rates are of the order of 1072 1o
10" mL molecule’s”, while their charge exchange reaction rates are of the order of 10
to 10° mL molecule’s™. The ion peaks were observed at different masses corresponding
to the krypton cations listed in Table 1.2.

In addition, mass spectrometric studies have been made for mixtures of krypton
with N, or CO. The ions Kr,", KrN,", KrCO*, N.* and C,0,* were observed in these
mixtures as a result of reactions with excited krypton atoms. The addition of Kr to CO
promotes the formadon of C,0," through reactions initiated by excited states of Kr. The

rate constant for reaction (1.38) was determined at a repeller field strength of 50 V/cm,

KrCO* + CO =—— C,0,"+Kr k=3x 10" mL mol" s’ (1.38)

Other combinations of krypton with N, and CO show no such promotional effect on the
formation of N,;* or C,O,". Ratios of the rate constants for the formation of KrN,* and
Kr," in krypton-nitrogen mixtures and for the formation of KrCO® and Kr," in the
krypton-carbon monoxide system were also determined. At -high pressures of N, or CO
alone the formation of N;* or C,0," is observed, and the reaction is a himolecular
chemionization involving highly excited N, or CO. At sufficiently high electron energics,

the following ions are formed in binary mixtures of N, or CO with krypton: KrC*, KrN",
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Table 1.2

Ion Pcaks Obscrved by Mass Spectrometery for a Mixture of Equal Parts of Krypton and

Mecthane®
Relative

Mass Ion Intensity
84 “Kr*, PKrH" 1,850
85 ¥KrH* 225
96 ®KrCH,", ¥KrCH,", ®KrCH*, ¥KrC 7
97 ®KrCH,*, ®KrCH,", ¥ * 16
98 ®KrCH,", ®KrCH,*, ¥KrCH,", *KrCH" 31
99 ®KrCH,", ¥KrCH,", *KrCH* 57
100 ¥ *, ¥KrCH* 5
101 %KrCH,* 24
168 #Kr.*, ¥Kr*Kr* 5

a From ref. (120); ionization chamber pressure, 120 x 10° Torr; electron voltage,

70 volts and field strength of 12.5 volts/cm.
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C 0% CO;" and N;". The Ny~ and KrN" ions are formed by the reaction of excited

nitrogen molecule ions with Kr and/or N,, and the relative rates of these reactions were
determined.

Ion cyclotron resonance trapped ion techniques™' have been used to examine ion-
molecule reactions in CH,F-Kr mixtures. Protonated CH,F, formed by the reaction of
CH;F" with CH,F, reacts with Kr by methyl cation transfer to yield CH,Kr*. Correlations
of proton affinity with methyl cation affinity predict a CH,*-Kr bond energy of 47 kcal
mol™. Methyl cation exchange equilibria involving N, and Kr yield a value of 47.7 £ 2.5
kcal mol" for the Kr-C bond strength. The arguments presented imply that the Kr-C bond
has substantial covalent character rather than being a simple electrostatic complex.

Schrobilgen'™'® has recently obtained the first examples of krypton bonded to
nitrogen. Prior to this report only Kr-F bonded species were known, namely KrF,, KrF*
and Kr,F;". The cations HC=N-KrF* and ReC=N-KrF" were prepared as their AsF, salts
by the low-temperature reaction of HC=NH"AsF, or R,C=N-AsF, with KrF, in HF or
BrF, solvents and were characterized by low-temperature Raman spectroscopy and 'H,
C, ¥N and "F NMR spectroscopy.

In view of the established existence of Kr-F and Kr-N bonds, a Kr-O bond should
exist. It should be easier to attach an oxygen group to krypton than nitrogen because
oxygen is more electronegative. The reaction of KrF, with 1.3(")Tcl~‘5)3 in CIO,F at -100
°C for 16 hours followed by a further 3 hours at -78 °C has been investigated,”™ but
preliminary attempts failed to produce evidence for a krypton product. Similar results

have been obtained in this laboratory for the reaction of KrF, with B(OTeF;), in SO,CIF
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at -78 °C for several minutes.”* Formation of F,TeOOTeF; and the reductive elimination
of krypton gas does, however, imply the intermediacy of an -OTeF; derivative of
krypton(II), namely Kr(OTeF;).. In addition, the fact that neither TeF, nor O, was formed
in this reaction (which would be expected if KrF, oxidatively fluorinated the -OTeF;
group) supports the formation of a Kr(OTeF;), intermediate. The OSeF,,%>* -OIOF, '
and -OSO,F '™ ligands are reported to behave similarly when allowed 10 react with KrF,.

More recently Schrobilgen and Sanders'” have repeated these experiments at lower
temperatures and have reported the first example of a species containing a krypton-oxygen
bond, Kr(OTeF;),. by the reaction of KrF, with the natural abundance and "O-enriched

B(OTeFy), at -0 °C to -112 °C in SO,CIF solvent.

(F) GENERAL SYNTHETIC APPROACHES TO THE FORMATION OF BONDS

TO NOBLE-GAS CENTERS

One synthetic approach which has proven most useful for the preparation of
xenon(ll) dertvatives involves the direct interaction of XeF, with the corresponding ligand
group’s protonic acid leading to HF displacement. An example of an HF displacement

reaction, genceralized for any ligand-group acid RH, is given by equation (1.39).
XcF, + n RH == F, X¢R, + n HF (1.39)

The key factors in equation (1.39) are the volatility of HF at low temperature [v.p.
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HF (-45 °C) = 40 mm Hg],"* which is pumped off forcing the reaction to completion; the

acid strength of RH and the high bond energy of HF (135.1 = 0.3 kcal mole™"). The later

inethod has been explored successfully in the preparation of -OTeF, ™% -QOScF, % -

OSO,F,**-0Cl0,,*® -OPOF,,*" -OC(0)CF,,*** -N(SO,F),** derivatives of xenon(lI).
A consideration of the preceding list of ligands, which form covalent derivatives

with xenon, shows that the following set of criteria are met:

@ The ligand forms a moderate to strong monoprotic acid.

(i)  The ligand has a high effective group electronegativity.

(iii)  The least electronegative element(s) of the ligand is in its highest oxidation state,
e.g., Te(VI) of the -OTeF; group.

(iv)  The ligand exists as a stable anion and, as such, is capable of withstanding the

high electron affinity of the noble-gas in its positive formal oxidation states.

If one considers the likelihood that a given ligand will form a stable adduct with
xenon, the ligand should, in general, satisfy the above criteria. The -OTeF; group
presently has the most extensive noble-gas chemistry outside of fluorine '** and serves
to illustrate the above criteria. The boron derivative, B(OTeF,),, was first prepared in

1973 by Sladky ez al."™® according to equation (1.40).

BCl, + 3 HOTeF,

> B(OTeF,), + 3 HCI (1.40)

Since then this reagent has proven to offer the most convenient route to the formation
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of -OTcF; derivatives of xenon and, in fact, represents the only method for preparing
xenon(IV)*+*2 and xenon(VI) -OTeF; derivatives.®* When 2 xenon fluoride or oxide
fluoride is allowed to react at low temperature with a stoichiometric amount of the ligand
transfer reagent, B(OTeF,),, in an inert solvent, the corresponding -OTeF; derivative is
generated quantitatively with elimination of BF, gas. Equaton (1.41) illustrates the

general preparative method using XeF, as an example.'*

0°C

XeF, + % B(OTeE,), > Xe(OTeFs), + % BF, (1.41)

CFCl,

(G) PURPOSE AND GENERAL SYNTHETIC STRATEGIES UNDERPINNING THE

PRFSENT WORK

The overall purpose of the present work is to extend the chemistry of the noble
gases and, more specifically, to form novel covalent bonds between xenon and an element
other than fluorine and oxygen, namely nirogen. In choosing a strategy for Xe-N bond
formation, the investigation of the interactions of the Lewis acid cation, XeF", with
neutral nitrogen Lewis bases was undertaken. The majority of the bases selecied for the
study are oxidatively resistant to the XeF™ cation. Appropriate bases have been selected
by ¢stimating the electron affinity of the XeF” cation (EA = 10.9 ¢V; Figure 1.6) and the
first ionization potential of the neutral Lewis base ligands which should exceed the EA
of XcF* and lic above 10 - 11 eV. Table 1.3 lists some possible ligands which might

form Xc-N bonds and their experimentally determined first ionization potentials. In view
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BE (XeF")
Xe "+ F — XeF
8
IP (Xe)
v
Xe+F ¢ XeF*
- BE (XeF ")

EA (XeF') =IP (Xe) + BE (XeF) - BE (XeF )
IP (Xe) =12.10eV®

BE (XeF") = 2.10 eV =203 V'™ (gas phase)
BE (X¢F %) = 0.86 eVi*°

EA (XeF") = 10.90 eV

Figure 1.6  Estimation of the electron affinity of the XeF* cation.



Compound
CF,C=N
N=C-C=N
HC=N
trans-N,F,
CH,FC=N
CHCLC=N
CH,CIC=N
CE,N=C
N=SF,
CIC=N
CHF.C=N
CD,C=N
CH,C=N
N.F,
BrC=N
CH,C=N
N=SF
n-C;H,C=N
ND,
s-CF;N,
(CH,),CHC=N
ND.H
N=C-C=C-C=N

Table 1.3

1st Tonization Potential

13.90
13.80 £ 0.02
13.80
13.10£ 0.1
13.00 £ 0.1
12.90 £ 0.3
12.20+ 0.1
12.60

12.50
12.49 + 0.04
12.40
12.235 % 0.005
12.194 £ 0.005
12.04 0.1
11.95 + 0.08
11.85

11.82

11.67

11.52

1150

11.49

11.47 + 0.02
11.40 £ 0.2

Ionization Potentials of Some Organic and Inorganic Nitogen Bases (eV)

Ref.

(131)
(132)
(133)
(134)
(135)
(135)
(135)
(131)
(136)
(137)
(135)
(134)
(138)
(139)
(137)
(132)
(136)
(140)
(141)
(142)
(140)
(141)
(143)
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Continued...



Table 1.3 (continued)

Compound 1st Tonization Potential Ref.

N=C-C=C-C=C-C=N 1140+ 0.2 (143)
S(C=N), 11.32 (144)
CH,N=C 11.32 (131)
CH,C=C-H 11.24 (132)
(CH;),CC=N 11.11 (140)
IC=N 10.98 £ 0.05 (137)
8-B,F;N, 10.79 (142)
H,NC=N 10.76 (145)
NH, 10.34 £ 0.07 (146)
CFN 10.085 * 0.05 (142)
s-CH,N, 10.07 £ 0.05 (147)
CsFH 10.00 (148)

CF;- 9.25 (149)
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of the aforementioned characteristics of the Lewis acid, nitriles and perfluoropyridine
derivatives were also investigated as potential ligands for xenon(Il).

The basicity of nitrogen bases is a function of the hybridization of the nitrogen
atom, with the clectronegativity of the nitrogen atom increasing as the s-character of the
hybridized valence orbital increases. Hence the basicity of the lone pair decreases with
increasing s-character. Table 1.4 lists the variation of electronegativity with formal
hybridization for some first row elements. Figure 1.7 illustrates how the
clectronegativities of carbon, nitrogen and oxygen vary as a function of s-character.’®
In general, the first IP of a nimile will be greater than that of a pyridine. From the
elcctronegativity and ligand IP considerations alone, one predicts that a nitrogen atom
having more s-character (sp-hybridization, e.g., hydrogen cyanide, HC=N, and alkyl
nitriles, RC=N) to be more likely to form Xe-N adduct bonds that are stable to intemal
redox reactions. It is not necessary that the least electronegative element of the ligand
be in its highest oxidation state nor that the elecronegative ligating atom be bonded to
a stronyg electron withdrawing group. In fact, the ligand may contain an electron donating
group such as an alkyl group or hydrogen. In the case of perfluoropyridines (N,,.-
hybridization), the formation of Xe-N bonded adducts wou 1 represent the first examples

in which the noble-gas element could act as an aromatic substituent.
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Table 1.4

The Variation of Electronegativity versus Hybridization for Some Second Row Elements®

sp Sp sp

Yos 25 33.3 50
oxygen 4.93 554 —
nitrogen 3.68 3.94 4.67
carbon 2.48 294 3.29

a From ref. (150).
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Figure 1.7 Elecrronegativities of carbon, nirogen and oxygen as a function of s-

character. From ref. (150).



CHAPTER 2

EXPERIMENTAL SECTION

(A) VACUUM TECHNIQUES

(1) Vacuum Svstems and Inert Atmosphere Svstems

Nearly all of the compounds used in the coursc of this work are moisture sensitive,
thus requiring that they be handled under anhydrous conditions in vacuum systems or in
an inert atmosphere (oxygen-free, nitrogen atrmosphere) drybox. Drybox moisture levels
were routinely <0.1 ppm in a Vacuum Atmospheres Model DLX drybox, which was
equipped with a moisture monitor. For manipulations involving volatile rcagents or
products, or for the transfer of solvents, a general purpose vacuum line constructed largely
from nickel and 316 suinless steel Autoclave Ergineers Inc. valves and fittings (Figure
2.1) was used. Two other lines were constructed out of Pyrex; one of them incorporated
grease-free 6 mm Young FEP-barrel stopcocks (Figure 2.2), and was used for drying
reaction vessels and NMR wbes, and for the transfer of volatile nitrles and
perfluoropyridines. The remaining glass line was outfitted with Pyrex vacuum stopcocks
and a calibrated bulb (54.51 mL) and housed inside a fumehood. This line was used for

preparations and reactions involving the use of anhydrous HC=N and H''C=N.

41
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Pressures in the metal vacuum lines were measured using two Aschcroft
"Duraguage™ mode! 8438 Bourdon stainless steel tube gauges reading 0 to 30 1b.in®
absolute. Pressures in the glass vacuum lines were measured using mercury manometers.

Vacuum on glass lines was attained by using Edwards E2MS8 direct drive vacuum
pumps. Two pumps were incorporated on the metal line; one, a roughing pump (Edwards
E2MS8), was used for initial evacuation of the apparatus and removal of volatile
fluorinated compounds by pumping through a soda lime trap. The second pump
(precision Model 75 two stage rotary oil pump) provided the vacuum source (ca. <10
Torr) for the manifold. In order to protect the pumps on the metal line, all volatile
fluorinated compounds were disposed of by pumping, by means of the roughing pump,
through a soda lime trap consisting of a copper tube (ca. 60 cm long x 15 cm dia.)
packed with soda lime absorbent (Fisher Scientific, 4-8 mesh) followed by a liquid

nitrogen cold trap to remove H,O, CO, and other unreactive condensible volariles.

(i) Preparative Apparatus and Sample Vessels

All synthetic procedures were performed in apparatus constucted from either
nickel, glass, Kel-F or FEP. Sample preparations were carried out in tubes fashioned
from lengths of FEP tubing (Chemplast Inc. or Fluorocarbon Co.) and attached to Kel-F
valves encased in aluminum housings. All vessels were seasoned with liquid HF and then
pumped on the vacuum line for 1-2 days prior to use. For bulk preparations, (> 2 g), %"

o.d. FEP tubes were used which were heat-sealed at one end and heat-flared (45° SAE)
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at the other end. For small scale preparations (< 2 g), 14" 0.d. FEP tubes were used which
were heat sealed at one end and flared (45° SAE) at the other end.

Nuclear magnetic resonance (N_MR) spectra were recorded in FEP tubes (9 mm
0.d.). The 9 mm o.d. FEP NMR tubes were fabricated from lengths of %" (9.5 mm) o.d.
FEP tubing by reducing their diameter to 9 mm o.d. in a heated brass cylindrical fo:m
with mechanical pressure. One end of the tube was heat-sealed by pushing it into the end
ot a thin-walled 10 mm o.d. glass NMR tube p.eviously heated in 2 Bunsen flame. The
other end wus heat-flared (45° SAE) for attachment 1o a Kel-F valve. The 4 mm o.d.
FEP tubing had one end heat-sealed by pushing the tube into the end of a heated « L
walied 5 mrp o.d. glass NMR tube and the other end heat-flared (45° SAE) for attachment
10 2 Kel-F valve. The sample tubes used for recording NMR spectra were heat sealed
using either an oxygen torch for the glass tubes or a small diameter nichrome wire
resistance furnace for the FEP tubes. All vacuum mansfers were carried out through
Teflon, FEP and/or Kel-F adaptors. All tubing was connected using 4" Teflon unions
(Swagelok) and Teflon compression fittings (back and front ferrules, Hoke Controls). The

fluoroplastic valves and connectors have been described in greater detil elsewhere.™

(B) PREPARATION AND PURIFICATION OF STARTING MATERIALS

(1) HFE and BrF, Solvents

All solvents were transferred on a metal vacuum line through all fluoroplastic

connections.
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Anhydrous hydrogen fluoride, HF, (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 to HF and O, gas. Afier the specified time period, anhydrous HF was
vacuum distilled into a dry Kel-F storage vessel equipped with a Kel-F valve and stored
at room temperature until used.

Bromine pentafluoride, BrF; (Ozark Mahoning) was purified as described earlier,'™

and stored over dry KF in a %" Kel-F storage tube equipped with a Kel-F valve.

(11)  Purification of Fluorine

Fluorine, 98% containing ca. 0.2% HF (Air Products and Chemicals, Inc.) was used
during the course of this work. Hydrogen fluoride was effectively removed, prior o
usage, by passing the fluorine through a Matheson model 68-1008 hydrogen fluoride trap.
The trap consisted of 2 brass cylinder packed with porous sodium fluoride pellets and
surrounded by an insulated coil of nichrome resistance wire. The activity of sodium
fluoride was maintained by periodic heating at 250 to 300 °C, while purging with dry

nitrogen gas.

(iit)  Xenon Gas
Xenon gas, 99% (Linde) was used directly from the cylinder on a metal vacuum

line.
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(iv)  Prcparation of XcF,

The method used for the preparation of xenon difluoride XeF, was similar to that
used by Malm and Chernick™ for the preparation of XcF,. Two parts xenon and one part
fluorine were allowed to react in a nickel can (249 mL) at 400 °C for 7 hours. In a
typical preparation, xenon (0.354 mol) and fluorine (0.177 mol) were condensed into 2
nickel reaction can (826 mL; 4" walls) at -196 °C. The can and contents were then
allowed to warm to room temperature. At room temperature, the total pressure in the can
was ca. 34.4 atm. An electric furnace. preheated to 400 °C, was placed around the nickel
can and maintained there for 7 hours. The initial pressure in the can at 400 °C, assuming
no reuction, was ca. 78.5 wm.  After the specified time period. the furnace was removed
and the can and the contents immediately "quenched” in cold water. The c¢an and
contents were then further cooled to -196 °C; at this temperature any unreacted fluorine
was pumped off. The can and contents were then warmed to -78 °C and excess Xenon
was condensed into a nickel storage vessel at ~196 °C. The XeF, was collected by
pumping the contents of the nicke! reaction can, warmed to 50 °C, through a " o.d. FEP
U-tube cooled to -78 °C. The purity of the product was checked by recording the Raman
spectrum in the range 430-600 cm™. Xenon difluoride has a strong line at 496 cm’’,
whercas the most likely impurity, XeF,. has two strong lines at 502 and 543 cm™. The
maximum amount of XeF, found in any of the preparations was generally estimated to
be less than 0.5%. Thne product was stored under an atmosphere of dry nitrogen in an
FEP storage vessel at room tem: crature.  All XeF, transfers were made as a solid in an

inert atmosphere drybox.



(v) Prcparation of Arsenic(V) Fluoride. AsF;

Arsenic(V) fluoride was prepared according to the reactions (2.1) and (2.2)

As,0; + 3 CaF, + 3 H,SO, —> 2 AsF, + 3 CaSO, + 3 H,0 @.1)

AsF, + F,(excess) > AsF; 2.2)

Arsenic(IIl) fluoride, AsF,, was prepared according to the method of Hoffman;'!
and purified by distillation at atmospheric pressure in an all-glass system using a column
packed with glass helices. The product was stored over sodium fluoride (previously dried
under low pressure and high temperature, 200 ~ 300 °C) for at least 24 hours prior 10 use.

Arsenic(lll) fluoride (75.000 g, 568.54 mmol) and fluorine (731 mmol) were
condensed into a nickel reaction can (1976 mL; %" walls) at -196 °C. The can and
contents were then allowed to warm to room temperature. An electric fumace, preheated
to 200 °C, was placed around the nickel can and maintained there for 24 hours. After the
specified time period, the furnace was renioved and the can and the conteats cooled to
room temperature. The can and the contents were then further cooled 1o -196 °C; at this
temperiture excess fluorine was pumped off through a soda lime tap. The can and
contents were then warmed 1o -90 °C (dry ice). Arsenic pentafluoride was collected by
condensing the contents of the nickel reaction can into a nickel storage vessel at -196 °C;
at this temperature no HF impurity was expected to transfer. The nickel storage can and
contents were stored at room temperature until used. Arsenic pentafluoride was used

without further purification.
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(vi) Preparation of XeF,"AsF,” and XeF*AsF,

The salts, Xc,F;"AsF, and XeF AsF,. were prepared according 10 the reactions

(2.3) and (2.4) in HF solvent.

2 XeF, + AsF, > Xeat5 AsF, (2.3)
XeF,; + AsF; > XeF AsF, (2.4

In a typical preparation 0.8150 g (4.796 mmol) of AsF, was distilled onto
1.6267 g (9.608 mmol) XeF, at -196 °C in HF (10 mL) solvent. The mixtur: was
wirmed to room temperature to dissolve all the XcF; and then cooled to -78 °C (dry ice-
acctone bath) and the HF removed under vacuum to yield Xe,F,"AsF,",

Using a method similar to that used to prepare Xe.F; AsF,, XeF AsF, was
prepared by condensing, 11.2352 g (66.123 mmol) of AsF; onto 11.1944 g (66.123 mmol)
XeF, at -196 °C in HF solvent (10 mL). The procedure was then exactly the same as for
the isolation of Xe,F;"AsF,.

The purities of the products were checked by recording their Raman spectra in the
range 0 to 950 cm™. The products were stored under an atmosphere of dry nitrogen in
FEP storage vessels at room temperature.  All transfers of XeF AsF, and Xe,F,"AsF,

were made in the drybox.

(vii) Preparation of Hvdroeen Cvanide. HC=N and H"’C=N

Hydrogen cyanide. HC=N, was prepared according to the method of King and

152

Nixon ™ (equation 2.5), that is to say, by dropwise addition of H,O to an equimolar
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3 KCN + 3 H,0 + P,0, ——> 3 K,PO, + 3 HC=N (2.5)

mixture of KCN (Merck) or KPCN (Merck) and P,O,, (British Drug House), vessel A
(Figure 2.4). The reaction vessels for the preparation of HC=N and H”C=N are depicted
in Figures 2.3 and 2.4, respectively. The HC=N gas evolved was collected in a glass U-
tube at -196 °C, and finaily ransferred to vessel B for drying over P,O,,. The purity of
the product was checked by recording the IR spectrum of 108 mm Hg, HC=N, which
gave the same frequencies as previously reported in the literature.”® In addition, 'H and
C NMR spectroscopy of the neat liquid confirmed that less than 1% impurities were

present in the HC=N.

(viii) Purification of Nimiles and Perfluoropvridines

CH,C=N (Aldrich), CH,FC=N (Aldrich), CH,CIC=N (Aldrich), C,;H,C=N (Aldrich),
n-CH,C=N  (Aldrich), (CH;),CHC=N (Aldrich), (CH,),CC=N (Aldrich),
CICH,C(CH,)HC=N (Aldrich). n-CH,C=N (Aldrich) and ™C and N enriched
acetonitrile, PCH,C2N, PCH,"’C=N, CH,C="N and CH,"’C=N (MSD Isotopes), were
dried by periodic shaking with anhydrous CaH, over a period of several days prior to use
and were stored over anhydrous CaH, in 10 mlL glass storage.bulbs equipped with grease
frec 4 mm Young FEP and glass valves until used.

Pentafluoropyridine,. C,FsN  (Aldrich), aand  2,3,5,6-tetrafluoro-4-
trifluoromethylpyridine.  4-CF,C,F.N  (Ishihara, Tokyo), 3,4,5,6-tetrafluoro-2-

trifluoromethylpyridine, 2-CF,CF,N (Ishihara, Tokyo), were dried by periodic shaking
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with CaH, powder over a period of several days prior 10 use and were stored over CaH,
in glass storage bulbs equipped with 4 mm glass/FEP Young stopcocks (previously
described) until used. The puritics of these compounds were verified by “F NMR
spectroscopy. In case of 2,3,5,6-tetrafluoro-4-rifluoromethylpyridine, 4-CF,C,F,N, some
minor imp-rrities were discovered in the *F NMR spectrum, which were less than | mole
percent, and in case of 3,4.5.6-tetrafluoro-2-trifluoromethylpyridine, 2-CF,C,F.N, the
commercial sampie was found to consist of a mixture of perflucropyridines. The "F
NMR spectrum of the latter sample is given in (Figure 2.5) and shows that the fluorinated
components consist of (A) 2-CF,CF.N, 50%: (B) C,F,N., 20%: (C) 3-CF,C,F.N, 18% : (D)

4-CF,C,F.N. 10% and 3-CF,-4-CF,C,F,N, 2%.

(ix)  Preparation of C.F.NH*AsF and R,.C.F.NH"AsF, (R, = 2-CF,. 3-CF, and 4-CF)

The perfluoropyridinium salts, R.C;F,NH AsF, (R, = F, 2-CF,. 3-CF, and 4-CF,),

were prepared according to equations (2.6) and (2.7)

R, CFN + (x + 1) HF

> R,C,F.NH'F(HF), (2.6)

R.C,F.NH'F(HF), + AsF; > R,C,F.NH"AsF, + x LiF (2.7)

In a typical reaction, 2.8931 g (17.026 mmol) of AsF, was condensed in cight

additions from a glass measuring bulb having a volume of 400.05 mL into an FEP vesscl
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containing a solution of 2.3441 g (13.866 mmol) C,F,N in § mL of anhydrous FF (cooled
to -196 °C), and the sample warmed to -20 °C with mixing and then bricfly to room
temperature. A white precipitate formed after a few minutes upon cooling 10 0 °C. The
sample was then pumped on at -40 °C until all the HF and excess AsF, had bcen
removed. The yield was 4.9536 g (99.98%). The ™F NMR spectra confirmed the
structure of C,F;NH"AsF," in HF solvent (8("'F),qe: -100.2 ppm, 8("F),...: -158.6 ppm.
8("F)pues: -108.6 ppm) and BrF; solvent (8("°F)op: -96.0 ppm. 8(“F), . -154.1 ppm.
S("Fpuest -102.4 ppm). The white salt was stored in a drybox at room temperature until
used.

In a typical preparation, 2.3355 g (13.742 mmol) of AsF, was condensed in cight
additions into an FEP vessel containing a solution of 2.2778 g (10.399 mmol) 4-CF,C,F,N
in 8 mL of anhydrou, HF (cooled to -196 °C), and the sample was warmed to 20 °C.
‘Upon cooling to 0 °C, a pale yellow precipitate formed after a few minutes. The sumpl.c.
was then pumped on at -40 °C until all the HF and AsF; had been removed. The “F
NMR spectrum confirmed the structure of 4-CF,C,F.NH"AsF, in HF solvent (B("Fey:;
-00.7 ppm, &("Flypo -98.5 ppm, 8(*F)per -136.1 ppm). The yicld was 4.2530 g
(100.00%). The pale yellow salt was stored in a drybox at room temperature until used.

In a typical preparation, 2.0150 g (11.801 mmol) of AsFs was condensed in cight
additions into an FEP vessel containing a solution of 2.3134 g (11.845 mmol) 2-CF,C,F,N
in 8 mL anhydrous HF (cooled to -196 °C). The procedure was then exactly the same
as for the preparation of the CFsNHAsF,. The "F NMR spectrum showed the same

distribution of perfluoropyridinium cations as observed for the perfluoropyridines in
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Figure 2.5.

(C) PREPARATION OF XENON-NITROGEN BONDED CATIONS

Xenon-nitrogen bonded adduct cations were prepared by combining stoichiometric
amounts of XeFAsFy or Xe,F,’AsF, with hydrogen cyanide, alkylnitriles,
pentafluorophenylnitrile,  perfluoropyridines or by adding XeF, to protonated
perfluoropyridine hexafluoroarsenates in HF or BrF; at -196 °C in the drybox and
warming from -50 to -10 °C 1o effect reaction and dissolution in HF or BrF; solvents.
The xenon-nitrogen cations were characterized in solution by **Xe, *F, “N, ¥N, "C and

"l NMR spectroscopy and in the solid state by Raman spectroscopy at -196 °C.

(1) Preparation of HC=N-XeF AsF, . [PCJHC=N-XeF*AsF,” and ['"*N]HC=N-XeF’AsF,’

Two additions of 0.04879 g (1.8073 mmol) of anhydrous HC=N gas were made
by condensing onto 0.4747 g (1.612 mmol) of XeF AsF, or 0.03843 g (1.038 mmol) of
anhydrous HC=N gas was distilled onto 0.4722 g (0.9286 mmol) Xe,F,"AsF, inca. 4 mL
of HF solvent. Each addition has been done by condensing the anhydrous FC=N gas
from a 54.51 mL calibrated bulb (C) (Figure 2.6) at 2 knawn low-pressure (the total
HC=N pressure did not exceed 100 - 120 mm Hg) at 25 °C to minimize dimer
formation."™  After every addition at -196 °C, the reaction mixture was warmed to -10
°C 1o dissolve the starting materials, and then frozen again to -196 °C. The excess HC=N

in the main glass manifold was recovered by condensation into vesse! (E) at -196 °C.



Figure 2.6
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[ dimmE e rrIntrrseny

Apparatus used for the preparation of HC=N-XeF AsF,; (A) manometer,
(B) liquid HC=N storage vessel, (C) calibrated bulb, 54.51 mL, (D) Kel-F
valve connected to FEP reaction vessel, (E) vessel used to recover cxcess

HC=N from main glass manifold.
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After the additions were completed, the reaction mixture was warmed 10 -20 °C to effect

dissolution and complete the reaction (cquations (2 8) and (2.9). Figure 2.6 shows the

HC=N + XcF AsFy ———> HC=N-XeF AsF, (2.8)

HC=N + Xe,Fy' AsF, ——————> HC=N-XeF AsF,’ (2.9)

apparatus used 10 transfer HC=N and HPC=N onto a XeF AsF,/HF or Xe,F,"AsE, /HF
mixuure. The product, HC=N-XeF AsF,;, was insoluble at -30 °C. however, by increasing
the temperature gradually to -10 °C, it dissolved. Upon grudual cooling again, shiny
white needle-shaped crystals were formed. The mixture was again cooled to -30 °C and
HIF was removed under vacuun. In the case of Xe,F;"AsF,, the product was pumped on
for several additional hours at 0 °C to remove XeF,, yielding a white product.

Another method also used for the preparation of natural abundance samples of the
HC=N-XcF AsF, salt was used for the preparation of the enriched samples, H>C=N-
NeF AsF, and HC=""N-XeFAsF,. This entailed dissolving dry enriched potassium
cyanide 1n anhydrous HF and co-distilling the enriched hydrogen cyanide and the HF
solvent onto XeF'AsF,” salt according to equations (2.10) and (2.3). In a rtypical

preparation. (0.1498 g (2.996 mmol) of K"*CN was dissolved in HF solvent. The resulting

| HF
K"'C=N/KC="N + (x + )HF

> KHF,.xHF + HYC=N/HC=UN  (2.10)
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H''C=N and HF solvent were then vacuum distilled into a second 9 mm FEP tube leaving
behind a residue of KHF,xHF. The H’C=N and HF solvent were finally condensed into
a third 9 mm FEP tube contoining 0.5480 g (1.616 mmol) of XeF AsF, at -196 °C. After
the addition was completed, the mixture was warmed to -20 °C 1o effect dissolution and
complete the reaction. The product. HWC=N-XeF AsF,", was completely soluble at -10
°C and by cooling gradually again. shiny needle-shaped crystals were formed. The
product was isolated at -30 °C by removal of the HF under vacuum.

The N enriched salt. HC="*N-XceF AsF, . was prepared according to the reactions
(2.10) and (28). In a typical preparation, 0.1482 g (2.242 mmol} of KC"N and
0.4114 g (1.213 mmol) XeF AsF, were used. The method was identical to that used for
the preparation of the HC=NXeF AsF, salt.

The Raman spectra were recorded for the isolated natural abundance and the
enriched samples of HCeNXeF AsF, salts. These samples were then transferred, at low
temperature inside the dry box, into 10 mm or 5 mm thin walled glass wbes and BrF,
solvent was vacuum distilled into cach tube on the metal vacuum line, The tubes were

heat sealed and used for '*Xe, “F, "N, N, "'C and 'H NMR spectroscopy.

(1i)  Preparation of RC=N-XeF AsF,”

The appropriate amount of each nitrile was vacuum distilled at -196 °C onto
XeF AsF, or Xc,Fy"AsF, dissolved in anhydrous HF. The mixture was then warmed
to -30 to -20 °C to effect dissolution and complete reaction.  Figure 2.7 shows the

apparatus used for the vacuum transfer of HF onto XeF AsF, or Xe¢,F;"AsF, salis.



Figure 2.7

VACUUM 60

Apparatus for the vacuum transfer of anhydrous.HF used in the preparation
of RC=N-XcF AsF," salts; (A) 256 mL Kel-F HF container equipped with
a Kcl-F valve, (B) FEP Y-connector, (C) FEP reaction tube equipped with

a Kel-F valve,
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Figure 2.8 shows the apparatus used to distill cach nitrile onto XeF*AsFE,” or Xe FyAsF,
in HF. Table 2.1 lists the amounts of XeF AsF,” (or Xe,F;"AsF,) and cach nitrile used
in the preparation of each NMR and Raman sample. Several RC=N-XceF AsF, (R = CH,.
CH.F, CH.CL C,H,. (CH,),CH and (CH,),C) salts were isolated at -30 °C and the HF

removed under vacuum, vielding white products.

(iti)  Preparation of CFN-XeF AsF,”

To 0.1549 g (0915 mmol) of XeF, was added 0.3221 g (0.897 mmol) of
CFsNH"AsF, at -196 °C in a drybox. Bromine pentafluoride was then vacuum distilled
onto the mixture. (ca. 3 mL) at -196 °C. The mixture was then warmed to -30 1o -25 °C
to effect dissolution of the reactants. The BrF; in the resulting yellow solution was
removed under vacuum at -30 1o -20 °C 10 give a light vellow powder which ¢pon funther

pumping became white when all the solvent had been removed (Figure 2.9).

(iv)  Preparation of 4-CF.C.F.N-XeF“AsF,” and 2-CF,C.F.N-XcF AsE,

The synthetic procedures were exactly the same as for the preparation of the
CFsN-X¢F AsF, salt.  The following quantities of the reagents were used: (03374 ¢
({3.825 mmol) of 4-CF,C,F,NH AsF,” was added to 0.1397 g {0.8825 mmol) of Xk, and
0.3409 g (0.832 mmol) of 2-CF,C,F.NH"AsF,” was added 1o 0.1510 g (0.893 mmol) of
XeF, at -196 °C. The procedure was carried out with the reaction vessel inside a cold
trup precooled to -196 °C. The Raman spectrum of 4-CF,C. F,N-XeF AsF,” showed signs

of decomposition after pumping off the solvent under vacuum at -30 °C. The ™F and *"X¢
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t

Figure 2.8 Glass vacuum distillation apparatus for the preparation of RC=N-
XeF'AsF; salts; (A) nitrile storage container, {B) Y-glass connection, (C)

FEP reaction twbe equipped with a Kel-F valve.



Quantities of Nitriles and XcF AsF,

Samples in Anhydrous HF solvent

Table 2.1

o
Y]

(Xe,r5"AsF,) Used to Prepare NMR and Raman

CHFCH,C N Xk

CHCHCH.C. N Xeb

CHFCH,CH,C -N Xeb
CH,CHEFCH.C N.XcF
CHE,CHCILC N Xel

CHOHCHCHC N Xel

CHFCHCICHC N Xel
CHCHFCHCHC N Xeb

CICHCICHOHC N XeF
FCH,C(CHJHC N Xel-

{CH,},CHC N XcF

Nitrile Amount of Amount X¢F AsF, Conditions  RC=N-X¢F
Nitrile, g" {Xe,Fy"AsF, ], ¢
CH,CcN 0.0302(0.979y 10.4967](0.977) 10 °C CH,C=N-NcF-
0.01090.267)" 0.0909(0.2638)
0.6709(1.727y 0.5848(1.723)
C.H,CeN 0.0583(1.065 ¢ 10.5323)1.067) -10°C CH,C-N-XcF
0.0230(0.4 183 0.1569(0.463)
0.0928(1.6585)" 0.5700(1.680)
25 °C, 2h
CH,FCaN 0.0539(0 930y |0.3715](0.927) 10°C CHFCLN XeF
0.1099(1.862) 0.6312(1.868)
CH.CICaN 006390836 ) 0.2822(0.822) -10°C CH,CIC. N-XeF
0.10587(1.400)" 0.4742(1.39%)
n-CH.CxN 0.0703(1.018f 0.3406(1.,004) -15 <C
0.0190.2735* 0.0923(0.272)
25°C, 2h
n CHC=N 0.0791(0.952F 0.3212(0.947) -5 °C
0.0227(0,273 (L.0919(0.271)
25 ¢
CICH,C(CH,)HCN (L2 0.R96) 0.2997((1.%%3) 10 °C
0.01610.156) 0.052:5(0).153)
{CH,),CHC=N 0.033 200,639 F 0.2162(0.637) 10 °C
0.0743(1.363) 0.3620(1.362)
{CH,),CC=N 005770691 F 0.2255(1).666) -10°C (CH,),CCuN-XeF*
01170013095 0.47501.400)
C,F,C=N 1.1276(0.661 [0.35041(0.659) 10~ 20°C LN XeF

Continued ...



Table 2.1 (continued)

a The amount of Xe,F,"AsF, is given in brackets [ ].
b The amount in mmol is given in parentheses ( ).

c A 9 mm o.d. FEP tube.

d A 4 mm o.d. FEP tube.

A 4" o.d. FEP tube for solid Raman sample; HF solvent was removed under

[¢]

vacuum for 2 hours at -35 °C.
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J

Figure 2.9  Bromine pentafluoride distillation apparatus used for the preparation of
ReCFN-XeF AsF salts; (A) %" 0.d. Kel-F storage vessel containing BrF
over KF, (B) Kel-F Y-connector, (C) 4" o.d. FEP NMR tube connected 10

a Kel-F valve,
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and '**Xe¢ NMR spectra of 2-CF,C,F.N-XcF AsF, showed that the reaction was actually

a mixuwre of four Xe-N bonded cations, C;F,N-XeF~, 2-CF,C,F,N-XeF", 3-CF,C,;F,N-

XeF', 4-CF,C,F,N-XcF" cations in the rutio 2.1 : 5.1 : 1.8 : 1.0.

(D) REACTION OF HYDROGEN CYANIDE. HC=N. WITH ANHYDROUS HF

In 2 typical preparation, 0.0412 g (1.526 mmol) of HC=N gas was distilled onto
~ ! mL of HF solvent. The addition was accomplished by condensing anhydrous HC=N
gas from a 54.51 mL calibrated bulb at known low-pressure into the reaction vessel
cooled to -196 °C. The sample was sealed and warmed to room temperature for 26
hours. The "F, C, N, 'H NMR spectra showed the product of the reaction of HC=N

in HF is a single species, namely, the CHF,NH," cation (equation 2.11),

HF

HCN + 3 HF —2C 5 CHENH,” FHF),’ 2.11)

(E) REACTIONS OF ALKYLNITRILES. RC=N. WITH ANHYDROUS HF

Anhydrous HF solvenmt (3 mL) was vacuum distilled onto samples of the
alkyInitriles, CH,CsN, 0.6450 g (15.712 mmol), QHSCEN, 0.3002 g (5.450 mmol),
n-CH,C=N, 0.6331 g (9.161 mmol) and n-C;H,C=N, 0.5543 g (6.669 mmol), in 9 mm
FEP tubes and the reaction mixtures were warmed at room temperature.  The mixteres

were held for 7 days . room temperature. All the samples gave yellow colored solutions
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except the acetonitrile sample which remained colorless. The F NMR spectra showed
four diffcrent signals. After warming the reaction samples for 6 - 12 hours. the "F NMR
spectra only showed the same signals with different intensities, indicating that the four
"F signals resulted from four different fluorinated spacics in HF solvent. Repetition of
these reactions was followed by warming 7 days at room temperature, and pumping off
the HF solvent at -30 °C for 2 hours. The samples were then warmed to room temperature
and pumped for a further three days. All the samples formed colorless viscous liquids.
Some attempts have been made to crystallize the products as solids by redissolving the
products in dimethylether, DMF, H,0. acctone or CH,Cl. without success. The viscous
liquid products were very hygroscopic and formed white precipitates in H,O. The
acetonitrile sample was the only onc which could be isolated as a solid product from
CH,Cl,. The final products have been characterized by redissolving the samples in HF
solvent in 9 mm or 4 mm FEP tubes and recording their “F, C "N, "N and 'H NMR

spectra.

(F) NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

(i) Instrumentation

All NMR spectra were recorded unlocked (field drift < 0.1 Hz ') with the use
of Bruker AC-200 (4.6975 T), WM-250 (5.8719 T) ;;nd AM-500 (11.7440 T)
speciroineters equipped with Aspect 2000 or 3000 computers.

Spectra were recorded on natural abundance, C (99.0%, 99.2% and 99.7%) and

“N (99.0% and 99.5%) cnriched samples in heat sealed 9 mm o.d. or 4 mm o.d. FEP
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NMR wbes (HF and B:F, solvciis) or in 5 mm precision Pyrex tubes (BrF; solvent;
Wilmad Glass Co.) as described below. The FEP sample tubes were placed inside
precision 10 mm o.d. or 5 mm o.d. glass NMR tubes before being placed in the probe.

The Xe, ¥N, ®N, and VC spectra were recorded at 5.8719 T in 9 mm FEP
sumple tubes (HF and BrF; solvent) on the same 10 mm probe (broad-banded over the
frequency range 23 - 103 MHz) tuncd to 69.563 (***Xe), 18.075 (*N), 25.347 ("*N) or
62.915 ("’C) MHz, respectively. All 'H and C spectra recorded at 11.744 T in 4 mm
FEP sample tubes in HF solvent were obtained using a switchable 5-mm 'H/"*C probe and
the standard 'H and C parameters. Proton spectra (200.133 MHz) were recorded at
4.6975 T in HF solvent in 4 mm FEP sample tubes and in BrF; solvent in medium or thin
wall 5 mm o.d. precision glass sample tubes. Fluorine-19 spectra (235.361 MHz) were
obtained on a 5 mm dual 'H/'°F probe.

Xenon-129 NMR spectra of natural abundance HC=N-XeF AsF, samples were
recorded for spectral widths of 25 and 100 kHz with acquisition times of 0.164 and
0.082 s (17,000 and 150,000 scans), respectively, and a data point resolution of 6.10
Hz/pt. The "™Xe NMR spectra of PC- and "N-enriched samples were recorded for
spectral widths of 50 and 25 kHz (50,000 and 1200 - 2500 scans), respectively, with
acquisition times of 0.328 and 0.655 s and data point reselutions of 3.05 and 1.53 Hz/pt.,
respectively. Fluorine-19 NMR spectra were recorded for spectral widihs of 50 and 100
kHz with acquisition times of 0.082 and 0.164 s and data point resolutions of 3.05 and
0.10 Hz/pt. (3500 and 7500 scans), respectively. Nitrogen-15 and -14 relaxation times

(T)) were detennined by the standurd inversion-recovery method; the resulting data were
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processed with standard Bruker software. The 'H-2D {OSY experiments were run using
521 increments in ¢, and 1024 data poir - . in £,. Quadrature detection was used, FIDs were
multiplicd by an exponential function prior to the Fourier transformations. The sweep
width was 1,623 Hz in 1, and 811 Hz in 7, and the relaxation delay was 2 s. Eight scans
were collected for each FID.

Pulse widths corresponding to bulk magnetization tip angles of ~90 ° were 22
("Xe), 2 (°F), 49 (*N), 35 (*N), 7 (*C) and 0.5 ps ('H). No relaxation delays were
applied except in the case of °N, where a relaxation delay of 10 or 30 s was applicd.
Line broadening parameters used in exponential multiplication of the free induction
decays were set equal to or less than their respective data point resolutions.  All line
shape functions were Lorentzian with the exception of the 'H and “C spectra and the
'*Xe NMR spectrum of [CJHC=N-XeFAsF, in these cases Gaussian line shapes were
applied for resolution cnhanccn;cnt.

The respective nuclei were referenced externally to neat samples of XeOF, ¢'*"X¢),
CFCl, (¥F), CH,NO, (N and “N) and (CH,),Si ("*C and 'H) ar 24 °C using the WM-250
or AC-200 spectrometers and at 30 °C using the AM-500 spectrometer. 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 probe. They were generally warmed
only enough 1o liquify and solubilize the contents and were then quickly placed in the

precooled probe. Prior to data accumulation, the tubes were allowed to equilibrate in the
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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,

Al spectra were obtained on natural abundance compounds except '°C and N
spectra: these spectra were obtained for samples prepared from 99.2% YC enriched
H"C=N and 99.5% "N enriched HC="N, 99.7% C enriched *CH,C=N, 99.0% “C
enriched CH,’C=N, 99.7% "C enriched "CH,"*C=N and 99.0% *N enriched CH,C="N.
Xenon-129 spectra were obtained in 400-1000 scans at a spectral width of 50 kHz or 100
kHz. Fluorine-19 spectra were obtained in 64-1600 scans at a spectral width of 100 kHz.
Nitrogen-14 spectra were obtained in 2000-44000 scans at a spectral width of 10 kHz.
Nitrogen-15 spectra were obtained in 10000-20000 scans at a spectral width of 15 kHz
in HF solvent, while in Bri; solvent they were obtained in 20000 scans at a spectral of
width 10 kHz. Carbon-13 spectra were obtained in 500-20000 scans at a spectral widths
of 5. 15. 18 or 30 kHz in HF solvent, while in BrF; solvent they were obtained in 8 scans
at & spectral width of 1 kHz. Proton spectra were obtained in 16-2000 scans at a spectral
width of 4 or 7 kHz in HF solvent and 17690 scans at a spectral width of 29 kHz in BrF;
solvent.  The data point resolutions were '#Xe (6.1 Hz/pt), *F (1.2, 2.2, 2.5, or 6.1
Hz/pt). "N (2.4 or 4.9 Hz/pr), N (1.526 or 3.052 Hz/pt). "*C (0.825, 1.9 or 2.4 Hz/pt)

and "H (0.182, 0.368 or 0.4 Hz/pt).

(i) NMR Sample Preparation

All sample tubes were interchangeable, and were used for either Raman or NMR
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work. Tubes for usc with systems that attack glass were made from 9 mm o.d.. 0.9 mm
wall or 4 mm o.d., 0.6 mm wall FEP twbing (Chemplast Inc. or Fluorocarbon Co.).
Samples which did not attack glass surfaces were prepared in 5 mm o.d. thin wall
precision polished glass NMR tbes (Wilmad) glassblown onto lengths of 4" o.d. glass
tubing.

Low volatility solids such as XeF,. XeF AsF,. X&,F; AsF,, R.C,F,NH"AsF, (R,
=F, 2-CF,, 3-CF, and 4-CF;) were conveniently transferred into prewcighed sample tubes
in a dry box. The solvents HF or BrF; were transferred under vacuum on a metal vacuum
linc through all fluoroplastic connections. Hydrogen cyanide was condensed from its
storage vessel onto preweighed samples of solid XeF AsF, or Xe;Fy"AsF, at -196 °C in
HF solvent and allowed to warm to -50 to -30 °C to cffect reaction.  Nitriles and
perfluoropyridines were distilled directly from their storage vessels into preweighed
sample tubes through a glass and fluoroplastic system.

Glass sample tubes were flame-sealed under vacuum by immersing the sample in
liquid nitrogen. FEP sample tubes wcre sealed by immersing in liquid nitrogen,
evacuating and allowing the tube to collapse by heating with 2 small cylindrical clectrical
tube furnace near the top of the sample tube. FEP tubes were inserted into thin-walled

gluss NMR tubes which were then placed in the NMR probe.

(G) LOW-TEMPERATURE RAMAN SPECTROSCOPY

£)) Instrumentation

A Coherent Model Innova 90 argon ion laser giving up to 3.5 W of power at 5145
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A was used 1o excite the Raman spectra. The spectrometer was a Spex Industries Model
14018 double monochromator equipped with 1800 grooves/mm Holographic gratings. Slit
widths depended on the scattering efficiency of the sample but were typically sct between
100-150 um. The scanning rate typically used was 0.5 cm™'s”. The typical power range
uscd was between 0.5 and 1.5 W. All quoted Raman shifts are believed to be accurate
to at least £ 2 cm™. Cylindrical FEP sample tubes (4" o.d.. 0.7 mm wall) were mounted
artically. The angle between the laser beam and sample tube was 45° and Raman
scatiered radiation was observed at 45° to the laser beam or 90° to the sample tubes.
Low-temperature spectra were recorded by mounting the sample vertically in an
unsilvered Pyrex glass Dewar filled with liquid nitrogen (Figure 2.10). All spectra were
obtained directly in 4" o.d. FEP reaction vessels.

Raman spectra were obtained exclusively in FEP sample tubes. The spectrum of
the FEP sample twbe was nearly always observed and in observing all the samples
at -196 °C the intensities of the FEP lines relative to each other remtined constant. Their
prominence in the overall specrum, however, depended on the cfficiency of the sample
as a Raman scatterer and where the laser beam was focused. At -196 °C, these lines and
their relative intensities in the range 100-2200 cm™ are: 117(2), 206(1), 295(24), 310(6),
382(19). 386(22), 579(7). 598(2). 736(100), 752(10), 1121(2), 1218(3), 1308(4) and
1383(10) em. Furthermore, liquid N, gave a strong line at 2325 cm™. In the present
work, lines arising from FEP have been subtracted out of the spectra reported in the

Tables but not in the Figures.
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UNSTLVERED DEWAR

- LASER BEAM

Figure 2.10  Unsilvered glass Dewar used for recording Raman spectra at low

lemperature.
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(ii) Raman Sample Preparation

All Raman sample tubes used for Raman work were made from 4" o.d.. 0.7 mm
wall FEP tubing. The *i” o.d. FEP Raman tubing had one end that was heat scaled by
pushing it into the end of a hot piece of 7 mm i.d. glass tubing that had been previously
stretched to approximately 0.5 mm on one end (left open) using an oxygen torch, and the
othe: cnd was heat flared (45° SAE) for attachment to a Kel-F valve. All the Ramn

samples were pressurized to ~2 aim. by dry N, gas and stored at -78 °C until used.



CHAPTER 3

FLUORO(HYDROGEN CYANIDEYXENON(II HEXAFLUOROARSENATE

HC=N-XeF AsF

INTRODUCTION

While many examples of xenon bonded to oxygen or fluorine and of xenon bonded
to other highly electronegative inorganic ligands through oxygen were synthesized
immediately following the discovery of noble-gas reactivity,’ over a decade had elapsed
before an example with a ligating atom other than oxygen and fluorine, namely nitrogen,
was synthesized™® and two decades before the Xe-N bond in FXeN(SO.F), was
definitively characterized in the solid state by X-ray crystallography and in solution by
multinuclear magnetic resonance spectroscopy.”  Other imidodisulfurylfluoride
xenon-nitrogen bonded species have since been definitively characterized using primarily
NMR SPCCTrOSCOPY, namely, Xe[N(SO,F),],,=* F[XeN(SO,F),),*.5%
XeN(SO.F).AsF, @ and XeN(SO,F),"Sb;F¢ ® and the lamter salt has also been
characterized by single crystal X-ray diffraction. The compound, Xe[N(SO,CF,).., ® has
also been prepared and characterized and is the most thermally stable of the imido

derivatives of xenon.

75
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ecently, a significant extension of noble-gas chemistry, and in particular
compounds containing noble-gas nitrogen bonds, has been achieved by taking advantage
of the Lewis acid propemies of noble-gas cations.!™ In view of the propensity of the
XeF" cation to form strong fluorine bridges 1o counter anions in the solid state,’ the XeF”
cation may be regarded as having a significant Lewis acid stength. Based on
photoionization studies, HC=N is one of the most oxidatively resistant ligands among the
perfluoronyridines and nitriles that have been investigated in the course of the work
described in this Thesis (first adiabatic ionizatiun potental, 13.80 eV'™). The estimated
electron affinity of XeF" (10.9 eV'*%) suggested that HC=N would be resistant to oxidative
attack by the XeF™ cation and that the HC=N-XeF™ cation might have sufficient thermal
stability to permit its spectroscopic characterization in solution and in the solid state. The
reaction of XeF™ with HC=N and the subsequent isolation and characterization of HC=N-
XeF AsF, have been reported in our previous communication' based on the present
work. A subsequent report based on this Thesis reported that a large number of
oxidatively resistant Lewis nitrogen bases can interact with XeF” to form Lewis acid-base
cations with XeF". Included among these bases are alkyl nitriles and
pentafiuorophenylnitrile,'®  perfluoroalkyl nitriles,”®  perfluoropyridines’™  and
s-trifluorotriazine.® This Chapter provides a detailed account of the synthesis and
structural characterization of the HC=N-XeF' cation by low-temperature Raman
spectroscopy in the solid state and in solution by 'H, °C, "N, F and '®Xe NMR
spectroscopy. More recently the krypton(Il) analog, HC=N-KrF™ ' and R C=N-KrF" (R,

= CF,, CF;, n-C;F;)™ have also been synthesized and characterized in this laboratory,



representing the first examples of krypton-nitrogen bonds.

The present Chapter outlining the synthesis of HC=N-XcF AsF, ™ and the
previously reported synthesis of HC=N-KrF*AsF, '® have been complemented by a recent
theoretical investigation of HC=N-NgF (Ng = Kr, Xe) at the SCF level by determination
of the propertics of the atoms and bonds in these molecules using the theory of atoms in

molecules.!™

RESULTS AND DISCUSSION

(A) PREPARATION AND ISOLATION OF HC=N-XeF AsF,

The reactions of XeFAsF, and Xe,F;"AsF,” with HC=N were carried out according

to cquations (3.1) and (3.2) by combining stoichiometric amounts of the reactants in

anhvdrous HF and warming to -20 to -10 °C to effect reaction and dissolution.

XeF'AsF, + HC=N —— > HC=N-XeF AsFy (3.1)

Xe,F*AsE, + HC=N ————> HC=N-XeF-AsFy + XeF, (3.2)

The compound, HC=N-XeF*AsF,", was isolated as a colorless microcrystalline solid upon

removal of HF solvent under vacuum at -30 °C and was stable for up to 6 hrs. at 0 °C.
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After HF removal at -30 °C following reaction (3.2), XeF, was observed in the Raman

spectrum of the solid sample prior to pumping off XeF, at 0 °C ( v,(X,"), 495 cm’).
Solutions of HC=N-XeF AsF," in HF at ambient temperature were shown to slowly
decompose over a period of 14 hours. The solvolytic behavior of HC=N-XeF AsF, in
anhydrous HF at room temperature has been compared with that of HC=N in Chapter 4.
The reactions were also conducted in SO,CIF solvent at 0 °C, but owing to the low
solubility of the reactants and product in this solvent, the reactions did not go to

completion.

(B) CHARACTERIZATION OF HC=N-XeF AsF, BY '™Xe. "F. "N. “N. "C AND

'H NMR SPECTROSCOPY

Every element in the HC=N-XeF" cation possesses at least one nuclide which is
suitable for observation by NMR spectroscopy, namely, the spin-% nuclei 'H, *C, PN,
17Xe and 'F, and the spin-1 nucleus “N. Multinuclear magnetic resonance spectra were
recorded for HC=N-XeF AsF¢ in HF and BrF; solvents for all six nuclei using natural
abundance and "*C and **N enriched compounds. All possible nuclear spin-spin couplings
have been observed (Structure 3.1 and Table 3.1), establishing the solution structure of
the HC=N-XeF™ cation. In the course of the present NMR study, the couplings,
J(PXe-"N), 21(**Xe-""C) and *J('®Xe-"H) were observed, representing the first examples

of scalar couplings between these nuclides.
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Table 3.1

NMR Chemical Shifts and Spin-Spin Coupling Constants for the HC=N-XeF* Cation

Chemical Shifts (ppm)* Coupling Constants, Hz

3('*Xe) -1552 (-1570) 0 Xe-"F) 6161 (6176)

SCUF) -198.7 (-193.1) (" Xe-HN) 332

S(*N) -235.1 JTXe-PN) 471 (483)

SNy -234.5 (230.2)* EN-10) 22

8('Cy 104.1 J("'C-H) 308

3('H) 4.70 (6.01) 3("™Xe-"C) 84
J(PN-"F) 239 (23.9)
2J(°N-'H) (13.0)
3J(F-"°C) 18

I(TXe'H) 247 (26.8)

“J(F-'H) 2.6 (2.7)
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Samples were referenced externally at 24 °C with respect to the near liquid
references: XeOF, ('Xe), CFCl, (*°F), CH,NO, (*N and “N), (CH,),Si ("°C and
'H). A positive chemical shift denotes a resonance occurring to high frequency
of the reference compound. The values in parentheses have been measured in
BrF; solvent

All F spectra displayed a broad scddle-shaped feawre at ca. -68 ppm arising
from the partially quadrupole collapsed *J("*As-'F) of the octahedral AsF, anion.
Obtained from a 99.5% "N enriched sampls of HC=N-XeF AsF.

The sample was prepared and run at -50 °C in BrF; solvent by redissolving a solid
sample of 99.5% "N-enriched HC=N-XeF AsF, thar had been prepared in HF
solvent.

Obtained form a2 99.2% "C enriched sample of HC=N-XeF AsF;.

The sample was prepared and run at -50 °C in BrF, solvent by redissolving a solid
sample of natural abundance HC=N-XeF AsF, that had been prepared in HF

solvent,
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In prior studies of the imidodisulfurylfivoride derivatives of xenon(ll), the low
symmetry and resulting large electric field gradient (efg) at the **N nucleus in the trigonal
planar -N(SO.F), group necessitated *N enrichment in order 1o observe xenon-nitrogen
scalar couplings and nitrogen chemical shifts in FXeN(SO,F),> XeN(SO.F).".”
Xe|N(SO:F),l * and F|XeN(SO,F).].* ** cations in SbF,. BrF and SO,CIF solvents. in
contrast, the axial symmetry of the HC=N-XeF cation and resulting low ¢fg at the N
nucleus, low viscosity of the HF solvent at -10 °C and small quadrupole moment of “N
serve to minimize quadrupole relaxation of the '®Xe-"N and “N-"C couplings (see
Nature of Bonding in HC=N-XeF"), allowing ready observation of the directly bonded
"Xe-"N and “N-""C scalar couplings. However. in the higher viscosity solvent, BrF,
(-58 °C). the Xe-*N and ¥N-"C couplings are quadrupole collapsed into single lines.
Because they are generally obscured owing to quadrupolar relaxation caused by the N
nucleus, *N enrichment was required for the observation of scalar couplings bevween
nitrogen and non-directly bonded nuclei when the magnitudes of the couplings were
small.

The **Xe NMR spectrum of natural abundance HC=N-XeF” consists of a doublet
arising from 'J(**Xe-"F) in the Xe(Il} region of the spectrum and is centered at -1570
ppm in BrF, solvent at -50 °C; 'J("**Xe-"°F), 6176 Hz. The doublet (I Xe-"F). 6161
Hz) is centered at -1552 ppm in HF at -10 °C and each doublet branch is further split into
partially quadrupole collapsed 1:1:1 wriplets arising from the one-bond scalar coupling
J('*Xe-"N), 332 Hz. The magnitude of 'J("™Xe-"F) is comparable to directly bonded

12X e-"F couplings of other xenon(I1) compounds.™ ' Failure 0 observe '3('Xe-"N)
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in BrF, at -50 °C is attributed to the increased viscosity of BrF; relative to HF, leading
to a longer molecular correlation time in the former solvent and quadrupole collapse of
the '**Xc¢-"N scalar coupling. Carbon-13 enrichment (99.2%) led to further splitting into
a doublet (84 Hz) on each peak in the *Xe NMR spectrum, and is assigned to
*J("™Xe-PC), representing the first reported example of a scalar coupling between *C and
""Xe (Figure 3.1).

Nitrogen-15 enrichment (99.5%) of the HC=N-XeF™ cation was necessary because
2J(“N-"H) and *J(*F-"N) could not be observed in natural abundance HC=N-XeF* AsF;.
In addition to observing *J("*N-'H) and J(**F-"*N) in their respective °F, *N and 'H NMR
spectra (vide infra). a well resolved doublet of doublets on each doublet (‘J(*¥*Xe-"F))
branch in the ""Xe NMR spectrum of the "N-eariched cation was observed in both
HF (-10 °C) and BrF, (-50 °C) solvents (Figure 3.2). The fine structure is assigned to
'J('™Xe-*N) (471 Hz in HF; 483 Hz in BrF,) and J('®Xe-'H) (24.7 Hz in HF; 26.8 Hz
in BrF,): the '**Xe-'H coupling was confirmed by a 'H broad band decoupling experiment
in the "“Xe¢ spectrum (Figure 3.3). Because of the smaller size of *J('**Xe-'H),
quadrupolar line broadening by N precludes observation of the latter coupling in the
™Xe¢ NMR spectrum of the natural abundance cation. The magnitudes of 'J(**Xe-"*N)
in the absence of quadrupole relaxation have been calculated for comparison with their
observed values in HF solvent from the measured values of 'J(*Xe-"*N) using equation
(3.3): 334 Hz (EBrF; solvent at -50 °C) and 336 Hz (HF solvent at -10 °C; cf., 332 Hz,
measured value) and show the effect of residual quadrupolar relaxation on the

measurement of 'J('Xe-"N) is negligible.
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Y°N)
Y°N)

3(FXe-"N) = (T Xe-PN)

(3.3)

The "F NMR spectra for natural abundance and 99.2% “C-enriched HC=N-
XeF*AsF, in HF solvent at -10 °C and for 99.5% '*N-enriched HC=N-XeF*AsF, in BrF;
solvent at -50 °C (Figure 3.4) consist of single "F environments with accompanying
satellites that are attributed to 'J(*®Xe-"F). Under high resolution and in the absence of
quadrupolar line broadening arising from “N, *J('F-'H), 2.6 (HF), 2.7 (BrFy); *J("F-"C),
24.7 (HF). 26.8 (BrF,) and *J(*F-"N), 23.9 Hz were observed in the N enriched
compounds (Table 3.1). A broad, saddle- haped feature (3159 Hz linewidth} also occurs
at -68 ppm in these specta and arises from the partially quadrupole collapsed 'J(*As-"F)
coupling in the AsF, anion.

The "N and "N NMR spectra have been recorded for natural abundance and 99.5%
"N-¢nriched HC=N-XeF AsF;, respectively. The "N NMR spectrum recorded in HF
solvent at -10 °C consisted of a single line at -235.1 ppm with '®Xe satellites ('J(***Xe-
MN)). The "N NMR spectrum of a 99.5% enriched sample was also recorded under the
same conditions in HF at -10 °C (-234.5 ppm) and in BrF, at -50 °C (-230.2 ppm) (Figure
3.5). The splitting pastern in the N spectrum consisted of a doublet of doublets arising
from “J("N-"F). 23.9 (HF, BrF,) and 3J(**N-'H), 13.0 Hz (BrF;) (also observed in the 'H
and "F NMR spectra) and were accompanied by '®Xe satellites (‘J(@Xe-"N)).

The '"H NMR resonance of natural abundance HC=N-XeF AsFg in BrF; solvent

at -38 °C oceurred at 6.01 ppm and consisted of a doublet with '®Xe satellites,
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J(""Xe-'H). 2.7 Hz. The doublet is assigned to “J(*F-'H), but the two-bond “N-'H

coupling was not observed due to quadrupole relaxation by “N. However, *J(**F-'H) and
2J("*N-"H) were both observed in the '"H NMR spectrum for a 99.5% N enriched sample
in BrF;, solvent at -50 °C (Figure 3.6). The 'H resonance in HF at -10 °C has also been
observed for a natural abundance sample and consisted of a single line at 4.70 ppm with
#Xe satellites (J(FXe-"H)).

The C NMR resonance of HC=N-XeF® (Figure 3.7) for 2 99.2% '*C enriched
sample in HF solvent at -10 °C occurred at 104.1 ppm and consisted of a doublet
(J(PC-"H)) of partially quadrupole collapsed 1:1:1 wiplets ("J(™N-"C), 22 Hz) with '¥Xe
satellites (J(**Xe-">C)) on each doublet branch.

Intense signals assigned to the HC=NH" cation were also observed in the 'H and
’C NMR spectra and are attributed to equilibrium (3.4). The relative concentrations
[HC=NH"']/[HC=N-XeF*] measured in the 'H NMR spectrum of an HF solution having
an initial [HC=N-XeF AsF,] of 2.18 M at -10 °C was 4 : 1. The proton chemical shift,
S('H), 7.43 ppm and J("*N-'H), 18.6 Hz for the proton on carbon of a "N-cnriched
sample are in excellent agreement with the previously reported values for HC=NH" in the
FSO,H-SbF,-SO, solvent system.™ In contrast to the previous work in FSO,H-SbF;-SO,,
the proton on nitrogen environment and 'J(**N-"H) were not obscrved, and is presumably
the result of proton exchange with HF solvent. Additional NMR parameters for the
HC=NH"* cation are reported here for the first time: 8('°C), 97.1 ppm; 'J("*C-'H), 324.6;
1J("*C-"N), 40.7 and 'J(*C-""N), 59.5 ﬁz; however, neither the N nor N spectra of the

HC.=NH" cation could be observed, even after a relaxation delay of 30 s was applied in
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the N spectrum. A previous determination of 8(°N) in FSO,H-SbF,-SO, solvent by the
INDOR method gave a value of 119.4 ppm relative to external aqueous NH." '
(chemical shift relative to neat external CH,NO, is -240.3 ppm calculated from a 8(*°N)
value of -359.7 ppm for aqueous NH,*CI' relative to CH;NO, ).

Although significant equilibrium amounts of HC=NH" are observed in the '*C and
'H NMR spectra, XeF, is not observed in the F and '®Xe NMR spectra even in the
presence of an equimolar amour:t of XeF, as in reaction (3.2). The apparent absence of
XcF, in the NMR spectra is presumed to result from chemical exchange involving trace

amounts of XeF" and Xe,F.* as exchange intermediates arising from equilibria (3.4) -
23 = =] cq

(3.7) and Xe¢F,.

HC=N-XeF" + HF HC=NH" + XeF, (3.4)
HC=N-XeF = HC=N + XeF’ (3.5)
XeF + 2HF XeF, + HF (3.6)
XeF 4+ XeF, === XeF; . (3.7)

The ""Xe NMR spectra of HC=N-XeF AsF, and CH,C=N-XeF AsF, in HF at -10 °C
have been reported previously' and clearly show that the *Xe linewidth of HC=N-

XeF AsF,” (84 Hz, center line of the triplet) compared to that of CH;C=N-XeF AsF, (40
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Hz. center line of the triplet) is significantly larger. This observation is consistent with
the anticipated lower base strength of HC=N towards XeF relative to that of CH,C=N.
resulting in a greater degree of dissociation for HC=EN-XeF* (equilibrium (3.5)) and
ensuing chemical exchange by means of equilibria (3.4), (3.6) and (3.7).

In the course of this study it has also been shown that XeF, displaces HF in its
reaction with HC=NH'AsF, in HF or BrF; solvents according to the reverse of
equilibrium (3.4). The '™Xe NMR spectrum was recorded for the molar ratio
XeF/HC=NH"AsF, = 2.47 at -15 °C in HF solvent (initial {XeF,| = 0.230 M), and gave
the relative equilibium concentrations [XeF,J/[HC=N-X¢F'| = 0.81. While the XcF,
1:2:1 triplet (<1555 ppm: 'J("®Xe-"F). 553C Hz) could be observed under these
conditions. it was significantly exchange broadened (linewidth, 2590 Hz) relative to that
of HC=N-XeF" (1555 ppm; 'J(***Xe-"F), 6156 Hz; 'J("**Xe-"*N). 330 Hz; linewidth, 110
Hz), indicating that XeF, was undergoing slow chemical exchange, presumably via
equilibria (3.5) - (3.7). Because HC=N-XeF AsF, has a low solubility in HF at
temperatures approaching -30 °C, an equilibrium mixture of HC=NH"AsF, and XekF; was
also studied in BrF, solvent at -50 °C for the molar ratio XeF/HC=NH'AsF, = 2.17,
giving [ XeF,l[/[HC=N-XeF'| = 0.72 at equilibrium (initial [XeF,| = 0.314 M). In contrast,
the XeF, triplet (-1666 ppm: 'J('*'Xc-""F). 5629 Hz) was significantly sharper (linewidth,
250 Hz). which is consistent with a lower degree of dissociation of HC=N-XeF according
to cquilibrium (3.5) (-1573 ppm; 'J("¥*Xe-"N) wuas quadrupole collapsed at low

temperatures in BrEg: linewidth, 470 Hz).
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(C)y CHARACTERIZATION OF HC=N-XeFAsF,. BY LOW-TEMPERATURE

RAMAN SPECTROSCGPY

The low-temperature (-196 °C) Raman spectra of the crystalline product, isolated
from the reaction of natural abundance, *N- and C-enriched HC=N with XeF AsF, in
anhydrous HF solvent are shown in Figures 3.8 and 3.9 and the observed frequencies,
along with their assignments, are listed in Table 3.2. The C (99.2%) and N (99.5%)
enriched salts were prepared in order to aid in the assignments of the v(XeN) stretching
and 8(HC=N), S(CNXe) and &(NXeF) bending frequencies. The isotopic shifts are given
by the ratios AACYNYACN) and AACPCYA(C), as described in reference (162) and
are defined and listed in Table 3.2.

The Raman spectra are consistent with the formation of HC=N-XeF AsF in the
solid state. The lincar HC=N-XeF cation is expected to give rise t0 3N - 5 = 10 normal |
modes belonging to the irreducible representations 4 £° + 3 1 under the point symmetry
C_.. All ten modes are predicted 1o be Raman and infrared active, and consist of four
stretching modes, v(X7). V(H-C): viy(E7), V(C-N): vy(E7), v(Xe-F) and v,(Z7), v(Xe-N) and
three doubly degenerate bending modes v(IT), S(HCN); v (IT), 8(CNXe) and v,(TD),
S(NXcF). Therefore, seven bands are expected in the Raman and infrared spectra of the
HC=N-X¢F cation. In addition, the octahedral AsF, anion is expected to give rise to
three Raman-active vibrational bands under O, symmetry, v,(a,), V(e and vi(ty).
However, 28 bands as opposed to the predicted 13 from a consideration of free ion

svinetries are observed in the Raman spectrum of HC=N-XeF AsF, (Table 3.2). The
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Figure 3.9  Raman spectra of natural abundance, 99.2% *C-enriched and 99.5% '*N-
enriched HC=N-XcF AsF,, recorded ar -196 °C; {a) 3200 - 2100 cm'
region and (b) 400 - 100 cm™ region. Asterisks (*} denote. FEP sample

tube lines.
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Table 3.2 Raman Frequencies and Assignments for HC=N-XeF AsF,, ["*"NJHC=N-

XeF AsF and [*CJHC=N-XeF AsF,” and Related Compounds

Froquency (em ')

AN ATy
HCN®  XcFAsF, * HCaN.XeF [PNJHCmN-XeFr  ["'CHHCaN-NeF

AsFy AsF, AsF, AV AV(TTC AUN) AC) Asignment
kX1 312190 3139.303) 3121.0¢3) 2.6 209 Q0016 00133 v () W Cily
2097 2162.1(18) APUIT) 2130829 -331 -313 Q038 00287 V(X ), ¥CN)

2160.0(21) 2126.9(37) 128.7(63) =331 2313 00304 -0.028%

72 . v (11), MUICN)
61251) 569.4%3) 565.4497) $569.497) 0.0 0.0 D.00N) 0000 (), viXel)
6] G(80) 551.2(100) 561.2t100) 2612{100) 0.0 Q.0 0.00} 0.000
GOS{100)

602(8)
37 sh il -Nely
325(58)
- . 3%.3M ?
3R 330.5(1) 330.6(3) =31 =11 -0.024 0024 V(1) viXeN)
327.9i%) 323,203 32295 - S0 007 00M
280.5{1%) 296,311 279.701%) a6 .12 -0.032 0,008 v (1), BUINXe)
210,56} 265,306} 269.9(6) =52 -0.7 -0.038 0.0
16H ) SE--Xek)
1635
16 7)
1S9
1SN
142(3)

1513 151.212) 17780 00 L3 0.0 -0.037 W, T, B XeN)

1630 5h 1630 163.3sh 1A} -17 (V1) 001

157.60 1586.9(5) 156.2(7) 6.7 s AN 401K

130w 13106(9) 132.111) UK 2N RIS 0037

IR 117.1013) 117.0023) NG -10 A1ngs 017

Continued..,
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Table 3.2 (continued)

Frequency (em')* Assignment
AFt XeF AsF* HCaN-XeFAsF, Q, (AsF,) C, (AsF,)
700 135(20) viylty,) ——r—— A"
73%(5) \
723013 207) \ Al
693(11) A
689 641(56) 680(49) v,(a,,) —————— A’
573 583(12) vi(e,) —meem———— A’
STI(5) T A
465(3) v{As~F)
184 2210 319(<1). 415(1) V(1) A
406(1) § A
401(2) A"
375 38&14) 397)). 392(<1) Viylty) ———— A’
378(5) 372(15). 370(10) % A"
A"
252 244(1) vl ————— AT
% A-
A
THY) 111Gk, 770D Lattice modes
71(1). 65(6), 62(8),
53(5), 42}, 43()

a Raman spectra of all of the HC=N-XeF AsFy salts were recorded with FEP
sample tubes at -196 °C using 514.5 nm excitation. Lines due to FEP have been
deleted trom the spectr. Values in parentheses denote intensities; sh denotes a
shoulder. Data given are for the spectra depicted in Figures 3.8 and 3.9.

Continued...
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Table 3.2 (continued)

b Reference (163).

c Recorded at -196 °C; this work.

d  AV(¥BN) = v(*N) - v(*N); &v(*¥"*C) = v("C) - v(*C).

e The estimated precision of each value is 0.4 cm™.

f AR(*PN) = A(ON) - A(N); AL(TPC) = M"C) - M(PC) ; where A = 4m°c™V,
¢ is the velocity of light and v the observed frequency (in cm™).

g Reference (164).
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disparity between the number of observed bands and the number predicted from a

consideration of the free species is atiributed to vibrational coupling within the unit cell
and/or reduction of the free ion symmetries due to site symmetry effects. The removal
of all degeneracies by lowering of the cation and anion site symmetries to C,, or lower
would result in 25 Raman-active bands, however, in the absence of a crystallographic
space group for HC=N-XeF AsF), it has not been possible in the ensuing discussion to
determine their site symmetries and thereby account for the additional splitungs and
assign their symmetry species in a rigorous manner.

Vibrational assignments were aided by comparison with the vibrational frequencies
of HC=N,' FXe-N(SO,F),.* XeF AsF,,' Xe,F,*AsF, ' and M"AsF,,'** where M is
an alkali metal and by recent theoretical calculations of the harmonic frequencies of the
HC=N-KrF" cation.** """ The three fundamental stretching modes v(Xe-F), v(C-N) and
v(C-H) are readily assigned by comparison with the Raman spectra of HC=N in the gas
phase and XeF AsF,, which are also listed in Table 3.2. As the Xe-F and C-N stretching
modes belong to the totally symmetric representation, Z°, their splittings can only be
attributed to coupling of vibrational modes within the unit cell. The C-H stretching mode
is also presumed to be factor-group split, but owing to its broadness, the anticipated
splitting could not be resolved.

The most intense bands at 561(100) and 569(93) cm™ are assigned to the Xe-F
stretching frequency of the HC=N-XeF™ cation and is characteristic of the terminal Xe-F
bond in xenon(ll) species of the type L-Xe-F (see Table 3.3). The Xe-F stwetching

frequency can be used to assess the covalent natre ¢f the Xe-F bond. The XeF" cation
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Table 3.3

Comparison of Xe-F Stretching Frequencies, Chemical Shifts and Coupling Constants in

F-Xe-L Derivatives

NMR Parameters®

XcF/Xcl®

Bond Lengths v(Xe-B)  J(TXe R §(XKe)M S(UE*

Species® A em’! Hz ppm Fpm T.°C Ref.
XcF..FSbF,.* 1LE2312.3403) 619 7230 872 -290.2 23 MITITLITR,
NeF. FAsE," LETHEZ.212(5) 610 6892 369 a7 122,165,166,173,174
(FXLF' 1.90(32.14(3) 593 6740 =105 -2520 Lird 202716511
CF,CalN-XcF 6397 -1337 2104 63 123
C,F,CaN-XcF 6337 -1294 2129 63 Pa]

A-CoF Cad-Xe™ 6330 -1294 2132 -3 1
HCuN-XcF (1.9031(2.521) 564 6131 -1569 .198.4" -58 156
CH,CaN-XcF* 560 6020 -1708 -1855 -10 156
$-CFNGN-XcF 548 5932 -1862 -145.6 50 123
5509 -1308 1549 5
10,50-XcF 1.90(82.155(3) 528 5830 1656 ] 207717175
cisftrans-
F,OI0-XcF 527 550y 1823 1617 0 60
5910 1720 170,44 0
CFN-XeF 528 5926 1922 1396 30 17
4-CFCF N-XeF* 523 5963 A3 146 S0 157
F,TcO-XeF* 520 2051 1510 26 176177
(FOLS)N-XeF 1.967(3)/2.2003) 506 5556 1077 -126.0 S8 6467
5664 2009 1260 -40
XeF; 1977 496 5621 -168§ 1833 =52 65,158,117k
(1.584)

Continued...
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Table 3.3 {(continued)

[+

s

b=a

Unless otherwise indicated, all cations have AsF as the counterion.

Bond lengths obtained from theoretical calculations are indicated in parentheses.
Spectra were obtained in BrF. solvent unless otherwise indicated.

The NMR parameters of XeF group, in particular §(*Xe), are very sensitive to
solvent and temperature conditions; it is therefore important to make comparisons
in the same solvent medium at the same or nearly the same temperature.
Referenced with respect to the neat liquids XeOF, (***Xe) and CFCl, (°F) at 24
°C: a positive sign denotes the chemical shift of the resonance in question occurs
to higher frequency of (is more deshielded than) the resonance of the reference
substance,

Table entries refer to the terminal fluorine on the xenon atom.

Recorded in SbFs solvent.

3(*°F) measured in anhydrous HF solvent at -10 °C.

NMR parameters measured in HF solvent.

5{"F) measured in SO,CIF solvent at -40 °C.

NMR parameters measured in SO,CIF solvent.

NMR paramgcters measured in SO,CIF solvent at -50-°C.
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has been shown to be weakly coordinated to the anion by means of a fluorine bridge. and
the Xe-F stretch has been shown to correlate with the degree of covalent character in the
Xe—-F bridge bond, decreasing with increasing base strength of the anion.'™
Consequently, the Xe-F stretching frequency is expected 10 increase as the xenon-nitrogen
bond becomes more ionic and the terminal Xe-F bond becomes miore covaient. A
comparison of the Xe-F swetching frequency of HC=N-XeF™ with other Xe-N bonded
species, XeF™ and Xe,F;" allows one to assess the relative covalency of the Xe-N bond
in the HC=N-XeF" cation. The stretching frequencies of the terminal XeF bond for
F-Xe-L type derivatives are listed in Table 3.3 along with their Xe-F and Xe-L bond
lengths when known. The HC=N-XeF" cation has the most ionic xenon-nitrogen bond
when compared to previously reported Xe-N bonded compounds for which vibrational
data are available and is also in accord with our NMR findings (see above and Table 3.3)
and theoretical calculations at the SCF level (see Nature of the Bonding in HC=N-XeF*).
The latter calculations show that the reaction of the gas phase XeF™ ion with F to yield
the difluoride results in an increase in the calculated Xe-F bond length of 0.1 A, while
the reaction of XeF" with HC=N causes the same bond length (calculated) to increase on
average by only 0.016 A.*® Similar conclusions have been reached based on the high-
frequency position of the Kr-F stretching frequency of HC=N-KrF AsF,” 'Z and theoretical
calculations for the HC=N-KrF* cation. 3846717

The v,(£*) C-H stretching vibration is assigned to a broad, weak band at 3142(2)
cm’ and occurs at a significantly lower frequency than in gascous HC=N, ie., 3311

cm’,'® and is consistent with coordination of the nitrogen lone pair to an electron pair
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acceptor. Two sharp lines at 2160(41) and 2162(18) cm are assigned to the factor-group

split v,(£*) C=N stretching mode and occur 63 cm™ 1o higher frequency than the C=N
stretch of gasecous HC=N. The shift to higher frequency upon coordination to XeF™ is
consistent with cation formation and with HC=N acting as a G-electron pair donor to
XcF'. The C-H and C=N stretching frequencies ziso exhibit the expected sensitivities to
3C and "N substitution (Table 3.2). The calculated changes in C-H and C=N bond
lengths parallel the observed shifts in the stretching frequencies in the HC=N-XeF AsF,
salt (see Nawre of the Bonding in HC=N-XeF*).'**

The assignments of the low-frequency cation bands arising from v(Xe-N), §(CNXe)
and 3(FXeN) were aided by N and “'C isotopic enrichment. The relative order of the
corresponding calculated frequencies for HC=N-KrF*,'¥*”° which are uniformly lower
than in the xenon analog, are consistent with the order arrived at for HC=N-KrF', e,
v(Xe-N) > 8(CNXe) > &(FXeN).

The v4(£7) Xe-N stretching vibration of the HC=N-XeF" cation is assigned to the
weak, low-frequency lines 328(4) and 335(2) cm™ where the splitting is again auributed
to vibrationa! coupling within the crystallographic unit cell. The assignment of the Xe-N
stretch has been confirmed using N and *C enrichment and results in relative shifts
ALSNYA(HN), -0.027 and -0.024, for the two bands in the spectrum of [“NJHC=N-
XeF*AsF,. and AL(YRC)/A(C), -0.030 and -0.024 for [PCJHC=N-XeF'AsF, (Figure
3.9). The similarity between the “N/**N and "C/"C isotopic shifts is expected from 2
consideration of the form of the normal coordinate corresponding to v4(Z*). In the case

of a heavy atom like Xe, the N and C displacements are expected to essentially equal to
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one another and in the same but opposite sense to the small Xe displacement (cf. the
actual form of the displacements in the normal coordinate corresponding to v,(E), the C-
X strerch in XC=N, where X = Cl, Br or [ '®). The Xe-N frequency of the HC=N-
XeF AsFy salt occurs at lower frequency than those of FXeN(SO,F), (422 em™)® and
Xe[N(SOF)). (386 - 413 cm™).¥ This is atributed to the greater covalent character of
the Xe-N bonds in the imidodisulfurylfluoride derivatives, whereas the Xe-N bond of the
HC=N-XcF" cation is among the most ionic Xe-N bonded species presently known (the
Xe-N bonds in n-C,F,C=N-XeF", C,F,C=N-XeF" and CF,C=N-XcF" appear to be weaker
based on a comparison of their *Xe and F chemical shifts, however, the vibrational
spectra of these cations have not been recorded'™). This is corroborated by the high-
frequency position of the Xe-F stretch, which is among the highest of any F-Xe-L type
species known where L is not bonded to the XeF group through fluorine.

The formally doubly degenerate bending mode v (IT), S(HCN) was not observed;
this band is very weak in the Raman spectrum of gaseous HC=N.'® Although the
frequency of the weak band at 707(2) cm™ is similar to S(HCN) of gaseous HC=N (712
cm’), it was found to be insensitive to either *C or “N isotopic substitution and was
accordingly assigned to an anion mode (vide infra). The assignments of the remaining
doubly degenerate bending modes have been made with the -aid of their relative *C/°C
and “N/“N isotopic shift data. The presence of more than a single band for the 3(CNXe)
and 8(FXeN) bending modes is ascribed to factor-group splitting and/or removal of the
degeneracy by a cation site symmetry lower than C,..

The bending mode, v,(IT), 3(CNXe) is assigned to lines at 271(6), and 281(14) cm’!
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and exhibits the anticipated low-frequency shifts in the Raman spectra of [’C]JHC=N-

XeFAsF, and [PNJHC=N-XeF*AsF,, ie., AA(**N)/A(*N), -0.038 and -0.032 and
AL(TPCA(2C), -0.005 and -0.008 (Figure 3.9). The “N/“N dependence is large, and
is in fact similar to v,(X’), the Xe-N stretching mode. The displacement of nitrogen from
the molecular axis is expected to be large when bonded to a heavy atom while that of
carbon is expected to be considerably less than the nitrogen displacement and in the
opposite sense (cf. displacements for the normal modes in XC=N'"). The relatively small
2C/"*C isotopic dependence for this mode is also supported by this qualitative description
and is consistent with a smaller carbon displacement.

The bending mode v,(IT), S(FXeN) is expected at lower frequencies than 6(CNXe),
and is assigned to the moderately intense bands at 118(20) and 135(10), 158(6) and
181(3) cm" by comparison with XeF"AsF, ' and Xe,F;*AsF,'* where 8(FXe---F) are
155 (average) and 161 cm’! (average), respectively, and FXe-N(SO,F),,* where §(FXeN)
is 200 cm (average). The FXeN bend of HC=N-XeF" is expected to be significantly
lower than that of FXe-N(SO.F),. These modes also exhibit **N/'*N and ">C/**C isotopic
dependences (Table 3.2 and Figure 3.9); however, no simple explanation for the relative
magnitudes of each shift for each component of this doubly degenerate bend is presently
available.

Although the AsF, anion is not expected to be fluorine bridged to the HC=N-XeF*
cation, the AsF, anion exhibits 14 bands compared to the three Raman-active bands that
are expected under O, symmetry. Because the totally symmetric mode of AsFy, v,(a,),

is not split. additional Raman-active bands are largely auributed to site symmeny
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lowering (15 Raman-active bands are expected for a site symmetry of C,, or lower),
although vibrational coupling in the unit cell may also contribute to the number of
observed bands. The modes have been assigned under C, symmetry by analogy with
XeF AsF, (Table 3.2) in which the O, symmetry of the anion is reduced to C, or lower
symmetry b&f formation of a fluorine bridge to the anion. The vibrational frequencies for
AsFg under O, symmetry have also been listed for comparison.

Lines occurring below 112 cm! exhibit no measurable shifts upon '’C or PN

substitution and have been assigned to lattice modes.

{D) NATURE OF THE BONDING IN HC=N-XeF”

Previous NMR studies of xenon(ll) derivatives containing XeF groups bonded to
oxygen or fluorine have shown that the NMR parameters measured in the 'F and ™Xe
spectra can generally be used to assess relative covalent characters of the Xe-O, Xe---F
bridge and Xe-F terminal bonds** ' In general, as the ionic character of the Xe-L
(L = ligand atom) bond increases, the covalent character of the terminal Xe-F bond
increases, increasing the formal charge on xenon. Thesé trends are paralleled by
decreases in 8(*¥Xe) and increases in both 'J(***Xe-"F) and 8(*°F) for the terminal XeF
group. Table 3.3 provides the 8('*Xe) and 8(°F) chemical shifts and 'J(**Xe-"F) for a
number of xenon(Il) compounds containing terminal Xe-F bonds for comparison with

HC=N-XcF", showing that the Xe-F bond of HC=N-XeF™ is second only to R.C=N-XeF”
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(R, = CF;, CF,, n-CF,), Xe,F," and XeF" in covalent character. Excluding fluorine

bridging to xenon and the R C=N-X¢F" cations,'? the Xe-N bond of HC=N-XeF” is then
among the weakest xenon-ligand bonds observed thus far. The XeF* character of the XeF
group in HC=N-XcF" is supporied by theoretical calculations of the efgs at the Xe nuclei
in XeF" and HC=N-XcF",'® which are found to differ by only 7%, in agreement with the
experimental observation that the quadrupolar splitting in the Xe Méssbauer spectra of
HC=N-XeF* (40.2 £ 0.3 mm s™) is the same, within experimental error, as that obtained
for the salt XeF AsF, (40.5 £ 0.1 mm s).'®

The observation of a well resolved '*Xe-"N coupling in HF is the combined result
of the low viscosity of HF, the axial symmetry and accompanying low efg at the “N

™ The axial symmetry of the cation results in an asymmetry parameter 1= 0 so

nucleus.
that the efg at the N nucleus is dominated by q,,, the efg component along the C_ axis
of the cation. Consequently, the effect of the efg on quadrupolar relaxation of *N will
only depend on q,, and the molecular correlation time, T.. Coordination of XeF" to the
nitrogen sp lone pair of HC=N is expected to reduce q,, significantly in the adduct cation,
leading to a longer spin lattice relaxation time relative to the free base, further enhancing
the possibility of observing 'J('*Xe-"N) in the low viscosity solvent, HF. The principal
components of the efg tensor (+2 is in the direcion H — N) at the nitrogen nuclei in
HC=N and HC=N-XeF" have been calculated and the corresponding reduction in efg in
going from HC=N to HC=N-XeF" is 48%, in accord with our observation of 'J(***Xe-"N)

and 'J(*N-""C) for HC=N-XeF* in HF solvent. The axial component of the efg tensor at

the nitrogen nucleus is also halved upon the formation of HC=N-KrF".
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The difference in the magnitudes of the reduced coupling constants *K(Xe-N) in
HC=N-XcF* (1.389 x 10® NA®m™) and FXeN(SO.F); (0.949 x 10¥ NAm ™)™ may
be discussed using a previous assessment of the nature of bonding 1o xenon in solution
for FXeN(SO,F),. The Xe-N bond of FXeN(SO,F), is regarded as a o-bond having sp*
hybrid character. In high-resolution NMR spectroscopy spin-spin coupling involving
heavy nuclides is generally dominated by the Fermi contact mechanism.* For Xe-N spin-
spin couplings dominated by the Fermi contact mechanism, one-bond coupling constants
can be discussed on the basis of the formalism developed by Pople and Santry.”™ In
discussions of xenon-nitrogen scalar couplings in xenon(Il) imidodisulfurylfluoride

compounds,'®

the s-electron density at the xenon nucleus was assumed constant and a
change in the hybridization at nitrogen accounted for changes in xenon-nitrogen spin-spin
coupling. The dependence of xenon-nitrogen spin-spin coupling on nitrogen s-character
in the xenon-nitrogen bond may also be invoked to account for the substantially larger
'K(Xe-N) value observed for HC=N-XeF* than for xenon bonded to the trigonal planar
nitrogen in FXeN(SO,F),. A comparison of 'K(Xe-N) for HCaN-XeF with that of the
trigonal planar sp® hybridized nitrogen atom in FXeN(SO,F), allows assessment of the
relative degrees of hybridization of the nitrogen orbitals used in ¢-bonding to xenon. The
ratio, |'"K(Xe-N), W'K(Xe-N),..] = 1.46, for the HC=N-XcF cation and FXcN(SOzF)z is
in excellent agreement with the theoretical ratio, 1.50, calculated from the predicted
fractional s-characters of the formally sp- and sp*-hybridized nitrogen orbitals used in
bonding to xenon in these compounds.

The Xe-N bond of the HC=N-XeF* cation may be thought of as a classical Lewis
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acid-base donor acceptor bend. Implicit in this description of the Xe-N bond is a
considerable degree of jonic character, which appears to be 2 dominant feature of the
stability of the HC=N-X¢F® cation. This premise has been supported and further
illuminated by theoretical calculations on the HC=N-NgF* cations.**¢"'"° The ability of
NgF* (Ng = Kr, Xc) cations to act as Lewis acids was shown to be related to the presence
of holes in the valence shell charge concentrations of the Ng atoms that expose their
cores.”” The mechanism of formation of the Ng-N bonds in the adducts of NgF™ with
11C=N is similar to the formation of a hydrogen bond, i.¢., the mutual penetration of the
outer diffuse nonbonded densities of the Ng and N atoms is facilitated by their dipolar
and quadrupolar polarizations, which remove density along their axis of approach, to yield
a final density in the interatomic surface that is only slightly greater than the sum of the
unperturbed densities.  Thus, not surprisingly, the KrF™ and XeF" cations are best
described as hard acids, which form weak covalent Ng-N adduct bonds as already noted
in the context of the present NMR and Raman spectroscopic studies. The energies of
formation of these adducts are dominated by the large stabilizations of the Ng atoms that
result from the increase in the concentration of charge in their inner quantum shells. The
Ng-N bonds that result from the interaction of the closed-shell reactants NgF* and HC=N
actually lic closer to the closed shell limit than do bonds formed in the reaction of NgF*
with F. The calculated gas phase energics of the reactions between the closed-shell

species are -32.5 and -34.5 keal mol” for Ng = Kr and Xe,'* respectively, for

NgF* + HC=N ————> HC=N-NgF* (3.8)



and -209.0 and -211.9 kcal mol? for

NgF" + F ————> F-Ng-F (3.9)

The reaction of the gas phase NgF" ions with F to yield the difluorides results in
increases in the calculated Ng-F bond lengths of 0.1 A, while their reaction with HC=N
causes the same bond lengths (calculated) to increase on average by only 0.016 A.*** The
C-N bond of HC=N is calculated to shorten by ~0.005 A on forming the adduct, while
the C-H bond is calculated to lengthen by 0.008 A.'*® These predicted changes in bond
length also correlate with the observed shifts in their corresponding stretching frequencies,
v(C=N), increasing by 63 cm™ and v(C-H) decreasing by 169 cm™ for HC=N-XeF".

A simple valence bond description may also be used to satisfactorily account for
qualitative trends in bond lengths and associated spectroscopic parameters. The bonding
in XeF, and HC=N-XeF" may be represented by valence bond Structures 3.2 - 3.7, where
Structures 3.4 and 3.7 are the least important contributing structures. The XeF, molecule
has a formal bond order of ¥ and the Xe-F bond of HC=N-XeF" has a formal bond order
of % € b.o. < 1: b.o. = 1 is approached only in the most weakly coordinated case of

FXC+---F-Sb2F,0'.

F-Xe*F «<—>F *Xe-F <—>F Xe™F

3.2 33 34
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HC=N-Xe* F <—> HC=N *Xe-F <—> HC=N Xe* F

3.5 3.6 3.7

Unlike valence bond Structures 3.2 and 3.3 of XeF, the analogous structures for
HC=N-XeF", namely, Stuctures 3.5 and 3.6 do not have equal weighting owing to the
large build up of formal positive charge on the Xe atom of Structure 3.5, consequently,
Structure 3.6 dominates, resulting in an Xe-F bond having considerable covalent (XeF")

character and a weak covalent Xe-N bond.



CHAPTER 4

THE DECOMPOSITION AND SOLVOLYSIS OF HC=N-XeF"AsF,- AND HC=N IN

ANHYDROUS HF: AND THE CHARACTERIZATION OF THE CF,NH,".

FHC=NH.". CF.=NH.* AND CHF.NH," CATIONS BY MULTINUCLEAR

MAGNETIC RESONANCE SPECTROSCOPY

INTRODUCTION

It has been shown in Chapter 3 that the very weak monoprotic acid, HC=N, forms
a stable adduct with XeF" in anhydrous HF by donation of the nitrogen sp lonc pair to
the xenon valence shell to form the linear HC=N-XeF™ cation. NMR and Raman
specroscopic studies and related theoretical calculations indicate that the Xe-N bond of
the HC=N-XeF" cation is among the weakest Xe-N bonds known.

In this Chapier the thermal stability and the solvolytic behavior of HC=N-XeF AsF,
have been studied at room temperature in anhydrous HF solvent. The decomposition rate
of the HC=N-XeF* cation was sufficiently slow so that NMR spectroscopy could be used
to monitor the formation of decomposition products. The decomposition products of these
reactions have bécn characterized using natural abundance, 99.2% "’C- and 99.5% '°N-
enriched HC=N-XeF AsFy.

A parallel NMR study of the fluorination of HC=N in anhydrous HF at ambient

temperature indicates that the fluorination mechanisms and products differ significantly
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from those of the HC=N-XcF cation. 115

RESULTS AND DISCUSSION

(A) THE DECOMPOSITION OF HC=N-XeF'AsF, IN ANHYDROUS HF

The HC=N-XeF" cation is unstable in HF solvent at room temperature, slowly
dccomposing with the liberation of xenon gas. The stepwise decomposition was studied
in detail by "F, N, N, **C and 'H NMR spectroscopy of natural abundance, 99.2% >C-
and 99.5% '""N-enriched HC=N-XeF*AsF;; the NMR parameters of the decomposition
products are given in Table 4.1. Fluorine-19 NMR spectra recorded after warming
solutions of HC=N-XeF* AsF; 1o room temperature for varying periods of time, followed
by quenching the reactions at -15 °C, are depicted in Figure 4.1. Upon warming HC=N
and XcF AsF,/Xe,Fy"AsF, in anhydrous HF to room temperature, it was found that the
F-on-Xe¢ peak assigned to the HC=EN-XeF" cation gradually decreased in intensity with
time and cventually disappeared with concomitant broadening of the HF and AsF, signals
due 1o fluorine exchange.

Several new signals appeared in the high-frequency, fluorine-on-~carbon region of
the F NMR spectra: no signals atributable to fluorine-on-nitrogen were observed.
Initially. warming of HC=N-XeF AsF, in HF solvent resulted in several weak signals in

the "F NMR spectrum which are assigned to CF, (-61.6 ppm) and CF;H (-81.5 ppm;
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NMR Paramcters for the Products Resulting from the Decomposition of HC=N-XeF AsF,

in HF Solvent at Room Temperature.

Cation/Compound

Chemical Shifis (ppm)* HC=NH+ CF, CFH CFNH; CHF=NH. CF.=NH.
S3CH) 7.43(CH) 6.45 8.60 10.51
8("F) 616 -81.5 -63.9 -97.2 -30.5
3¢C) 97.1 119.1 1165 116.7 1710 156.4
S(HBN) -320.7
Coupling_ Constants (H2)

J(°F-'H) 59.3

3J(*°F-'H) 79.5 5.4 7.2

9.7

LJ(PN-'H) 67.0 76.4

JE'N-'H) 76.4 97.5

AJ(N-TH) 18.6

HN-FC) 40.7 149 18.1

BPNTC) 59.5

J(BN-""F) -18.2 1.6

(PC-H) 325 241 249

I(F-1C) 260 274 261 336 315
a Referenced extermally at 25 °C with respect o the neat liquid references CFCly (),

CH,NO,(**N and “N) and TMS (°C and 'H).
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F NMR spectra (235.361 MHz) of HC=N-XeF AsF, recorded at -15 °C
in HF solvent after warming to 25 °C for (a) 0 hr. (b) 2 hr. (c) 6 hr. (d)
9 hr and (¢) expansion of spectrum (c). The 'F resonances of the
fluorinated products are denoted as (A) CF,, (B) CF,NH;", (C) CF;H, (E)

CHF=NH," and (F) unassigned signal.
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2J(F-'H), 79.5 Hz) and strong signals at -97.2 (doublet; J(°F-'H), 59.3 Hz), -64.9 (broad

singlet) and -30.5 ppm (sharp singlet). Weak signals were also observed at -25.3 (quartet;
J, 34 Hz), -57.9, -58.4, -61.2, -62.2, -98.7 {doubler; J, 61 Hz), -99.2 (doubler; J, 59 Hz)
and -102.3 ppm (doublet; J, 60 Hz). Continued warming at room temperature showed
that the two intense °F signals at -97.2 and -30.5 ppm decreased in intensity with time
and disappeared after approximately 13 hours while all other signals in the "F NMR
spectrum intensified.

After warming the solutions for 4 hours at room temperature, the 'H NMR spectra
of HC=N-XeF"AsF, showed a sharp quartet (J('*F-'H), 79.5 Hz) at 6.45 ppm, which is
in good agreement with the reported chemical shift and coupling constants of CF,H.™
This signal diminished in intensity in the course of warming the sample for 14 hours at
room temperature along with a broad signal at 7.43 ppm, assigned to the proton on carbon
of the HC=NH" cation, and a weak signal at 5.96 ppm, assigned to the proton-on-carbon
of the HC=N-XeF" cation (cf. Chapter 3). Several proton-on-nitrogen resonances were
observed in the high-frequency region of the 'H spectrum. These consisted of a sharp
singlet at 10.42 ppm, a 1:1:1 wiplet at 10.51 ppm with spin-spin coupling arising from
“N (J(*N-'H), 67.0 Hz) which was further split into a well-resolved doublet of doublets
on each branch of the 1:1:1 triplet, a broad 1:1:1 wriplet, (J(*N-'H) 33.4 Hz) at 10.90
ppm, a doublet (65.81 Hz) at 10.44 ppm and a broad singlet at 9.93 ppm. The 'H NMR
specirum of the N-enriched HC=N-XeF AsF, at -10 °C, after warming the reaction
mixture for 10 hours at room temperature, showed a sharp singlet at 10.44 ppm and

further splitting in the signal at 10.51 ppm in the proton on nitrogen region with a doublet
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Figurc¢ 42  "C NMR (125.760 MHz) spectra of the dccomﬁosiﬁon products of 99.2%
"*C-enriched HC=N-XeF AsF; in HF solvent at -10 °C after warming the
solution for 13 hours at 25 °C; (a) {'H)-coupled abd (b) {*H)-decoupled.
The C resonances of the fluorinated products are denoted as: (A)
HC=NH", (B) HC=N-XeF, (C) CF., (D) CF,NH," (E) CF,H (F) CF,=NH,"

(G) CHIF=NH," and (H) unassigned signals.
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arising from *N (J(**N-'H), 97.5 Hz), which was further split into a well resolved doublet

of doublets, >J("*F-'H), 9.7 and 7.2 Hz) on each branch of the doublet (J(**N-"H). This
signal was assigned to CF,=NH," cation. While the other signals in the proton on nitrogen
region at 10.42 ppm and 10.90 ppm were not observed in the *N-enriched sample. The
differences in the '"H NMR spectra of the natural abundance and *N-enriched samples
may be due 1o concentration effects, as the enriched samples were generally of lower
concentration.

The"C NMR specira of 2 99.2% ‘3C-¢.:nﬂchcd sample of HC=N-XeF AsF, showed
several signals in addition to HC=NH" and HC=N-XeF™ after warming for 13 hours at
room temperature (Figure 4.2). Two doublets at 104.1 ppm ('J(¥C-'H), 308 Hz) and at
97.1 ppm (J(PC-'H) 324.6 Hz) are assigned to the HC=N-XeF" and HC=NH" cations,
respectively (cf. Chapter 3). Each branch of the HC=NH" doublet is split into a partially
quadrupole collapsed 1:1:1 triplet arising from the one-bond scalar coupling 'J(*N-"*C),
40.7 Hz. The doublet fine structure on each signal was shown to arise from 'H-"C
coupling by a {'H}-broad-band decoupling experiment (Figure 4.2 b). Three multiplets
were observed at 119.1, 116.5 and 116.7 ppm and are assigned to CF, (quintet; 'J(PC-"F),
260.5 Hz), CF,H (doublet of quartets; 'J(*°C-*’F), 241.4 Hz and 'J(°C-'H), 273.7 Hz) and
CF,NH," (quartet; 'J(*C-"*F), 261 Hz), respeciively. The signal at 171.0 ppm consisted
of a doublet of doublets arising from the one-bond scalar couplings 'J(°C-'H), 249 Hz
and 'J(C-®F), 336 Hz and is assigned to the CHF=NH," cation. A 'H broad-band
decoupling experiment resulted in a doublet, and each branch of the doublet was found

to be split into a partially quadrupole collapsed 1:1:1 triplet arising from 'J(“N-"C), 14.9
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Hz (Figurc 4.3). The enhanced resolution of 'J(*N-C) in the {'H}-decoupled spectrum
is duc to the decoupling of the small unresolved *J(°C-'H),, and *J(*C-'H),,,, couplings.
The "*C NMR spectra also showed several unresolved signals at 156.4 (doublet), 156.5
(triplet) and 158.6 (doublet) ppm. A {'H}-broad-band decoupling experiment showed the
two doublets arose from 'J("*C-'H) couplings of 199.3 and 252.3 Hz, respectively. The
triplet was not affected by decoupling, and the magnitude of the coupling indicates that
it is a one bond “F-C coupling ('J(*F-'>C), 315 Hz). The nature of the triplet was
confirmed by recording the *C NMR spectra .of solutions comprised of a 1:1 mixture of
HC=N and Xe,F,"AsF,” in HF that had been warmed at room temperature for several
hours (Figure 4.4). This mixture produced the same signals as in the case of HC=N-
XeF*, i.e., HC=NH", CF,, CF,NH,*, but the intensity of the triplet at 156.4 ppm was
considerably greater and, again, {'H}-broad-band decoupling confirmed the 2bsence of
proton  C-'H coupling and showed additional N coupling (partally quadrupole
collapsed 1:1:1 triplet; 'J(*N-"C), 18.1 Hz). The signal is auributed to the novel imido
cation, CF,=NH," (vide infra).

The "N and “N NMR spectra resulting from he reaction of natural abundance

and 99.5% “N-enriched HC=N and XeF AsF, have been monitored over a period of 10
hours at room temperature. Four intense signals were observed at -4.6 (singlet), -73.1
(singlet), -235.1 and -320.7 (quartet of quartets) ppm in the "N NMR specwum. The
signal at -235.1 ppm is assigned to the HC=N-XeF cation and is accompanied by BXe
satellites. while a signal corresponding to HC=NH"* was not observed. The N spectrum

of HC=NH", however, has been measured where 8(™Nj) is -240.3 ppm. The absence of
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°C; (a) {'"H}-coupled and (b) {'H}-decoupled using a DEPT pulse

sequence. (X) Unassigned signal.
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a **N spectrum for HC=NH" is possibly atributable to a long T, value for this species.
Reluaation delays as long as 30 s failed 1o produce any measurable intensity for HC=ENH".
The multiplet at -320.7 ppm consisted of a quartet of quartets in the *N NMR spectrum
(Figure 4.5). The {'H}-decoupled DEPT experiment showed that the large coupling arises
from coupling of N to three equivalent protons, while the smaller couplings arise from
coupling of '*N with three equivalent fluorines and consequently the resonance at -320.7
ppm is assigned to the CF,NH;" cation (vide infra). The “N NMR spectra gave a poorly
rcsolved quartet of quartets at -321.8 ppm; the line broadcning is attributed to partial
quadrupolar relaxation of 'J(**N-'H) and 2J(**N-'F) by the “N nucleus. The complete

characterizations of the CF,NH;", CF,=NH," and CHF=NH," cations are discussed below.

(B) CHARACTERIZATION OF THE CF,NH,” CATION IN HF SOLVENT BY NMR

SPECTROSCOPY

The F NMR spectra resulting from the initial warming of HC=N-XeF AsF in HF
showed an intense signal at -64.9 ppm that increased with time. The "F resonance at
-64.9 ppm was assigned to a CF, group (cf. the *°F resonances of CF,; -61.4 and CF,H;
-81.5 ppm). The broadness of this signal arses from a small two-bond coupling,
J(MF-"N). which is partially collapsed due to quadrupole relaxation of N, and
unresolved “J(F-'H) coupling. The corresponding **N-enriched sample was prepared and
showed the anticipated doublet of quanets fine structure on the CF; peak (-64.9 ppm)

which is atrribuzed to *J(*F-"N), 18.2 Hz, and *J(*°F-'H), 5.4 Hz (Figure 4.6).
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The 'H NMR spectra of solutions of natural abundance HC=N-XeF AsF, in HF

that had been warmed for 14 hours at room temperature failed to show the 'H resonance
of CF,NH,*, which is expected to occur at higher frequency than that of the neutral
species, CF,NH,, (§('H), 6.73 ppm) and was assumed to be coincident with the broad HF
solvent peak occurring at 8.18 ppm. The 'H NMR spectrum of a 99.5% '*N-enriched
HC=N-XeF AsF, sample that had been warmed for 10 hours at room temperature was
recorded at -10 °C. The spectrum is readily assigned to the CF,NH," cation and showed
a strong doublet of quartets centered at 8.60 ppm which straddled the HF solvent peak
(Figure 4.7). The doublet arises from 'J(**N-'H), 76.42 Hz and the quartet fine structure
ariscs from *J(F-'H), 5.4 Hz. The 'H-"F coupling constant observed in the 'H NMR
spectrum is in good agreement with the quartet coupling observed at -64.9 ppm in the F
NMR spectrum (5.4 Hz).

The N NMR spectra of solutions of 99.5% "*N-enriched HC=N-XeF*AsF, that
had.bccn warmed for 14 hours at room temperature showed a strong signal at -320.7 ppm
which was split into a quartet of quartets due to spin-spin coupling with the three
equivalent protons and the threc equivalent fluorines of CFNH,*, 'J(*°N-'H), 76.42 Hz
and *J(*°F-'°N), 18.2 Hz (Figure 4.52). Proton decoupling collapsed the large quartet
splitting to give a single quartet in the N spectrum arising from *J(F-"N), 18.2 Hz
(Figure 4.5b).

The *C NMR spectra of CF,;NH," derived from natwral abundance HC=N-XeF”
showed a slightly broadened quartet at 116.7 ppm (cf. 8("°C) of CF,; 119.1 ppm and

CF,H, 116.5 ppm). The line broadening relative to that of CF,, also present in the
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sample, is attributed to the quadrupole collapsed scalar coupling J(*N-C).

Based on the NMR findings, the CF,NH," cation represents one of the major
products resulting from the decomposition of HC=N-XeF'AsF( in HF solvent. Prior to
this work Sundermeyer er al.'® synthesized this cation as CF,NH,*CI' by two different
routes, the wansforration of the CF;NCI, into the amine hydrochloride {equation (4.1))

and by cleavage of r-butyl trifluoromethylcarbamate (equation (4.2)).

-100 °C

CF,NCL + 3 HCl —> CF,NH,"CI' + 2 Cl, (4.1)

-25°C

CF,NH(C=0)-0-1-C;H, +HCl > CF,NH,*Cl' + CO, + CIC(CH,); (4.2)

However, the characterization of the CF;NH;" cation was not reported, whereas the
corresponding neutral wifluoromethylamine, CF,NH,, was prepared from CF;NH,;"Cl" by
the action of a base (quinoline, pyridine, ethylamine or trimethylamine) and fully
characterized by mass spectrometry, infrared, Raman and 'H and "F NMR spectroscopy.
Trifluoromethylamine, CF,NH,, was shown to be stable bclo“; -21 °C and was considered
to be a very weak base due to the high electronegativity of the CF; group. Consequently,
no attempt was made to isolate the neutral species, CF;NH,, in the present work.
However, it would seem that the decomposition of HC=N-XeF AsF, in HF could form

the basis for a general synthetic route to CF,NH,.
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(C) CHARACTERIZATION OF THE CF,=NH." CATION IN HF SOLVENT BY

NMR SPECTROSCOPY

The F NMR spectra showed that 8('°F) of the CF,=NH," cation (-30.5 ppm) is
more deshielded than the average of the °F chemical shifts reported for the neutral imine
CF.=NH (8(F).,, -32.6 ppm; 8(F) a0 -59.2 ppm). The 'H (Figure 4.8) and "“F (Figure
4.9) NMR spectra of CF,=NH," belong t0 an AA’XX’ spin system where *J('"H-'H) = 0
Hz and °J(*°F-'""F) is indeterminant. Each signal is split into a doublet of doublets arising
from *J(**F-'H),, and *J("F-'H),,,.- The two couplings are 9.7 and 7.2 Hz, but it is not
possible to definitively assign them to cis- or trans- *J(*°F-'H).

The neutral imine, CF,=NH, has recently been synthesized by Biirger and
Pawelke'™ by dissolving CF,NH, at -78 °C in neat N(C,H,), followed by warming the
soludon to -20 to -10 °C in vacuo. The gaseous product, CF,=NH, (stable below -13 °C)
was identified by the *F NMR in CFCI; solution and by infrared spectroscopy in the gas

phase.

(D) CHARACTERIZATION OF THE CFH=NH.® CATION IN HF SOLVENT BY

NMR SPECTROSCOPY.

The '°F NMR spectra resulting from warming HC=N-XeF AsF, for 3 hours in HF
showed a relatively intense doublet at -97.3 ppm; *J(¥F-'H) 59.3 Hz. This signal

diminished and disappeared within 9 hours at room temperature. The peak is assigned
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N N

Figure 4.9

: -40
8’9F (ppm from CFCl,)

F NMR (235.361 MHz) spectra of CF.=NH," resulting from warming a
soluticr of HC=N-XeF AsF, in HF solvemt for 10 hours at roon
temperature; (2) 99.5% '*N-enriched HC=N-XeF AsF, and (b) 99.2% "’C-

enriched HC=N-XeF AsF,.
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to the intermediate, CHF=NH,", which reacts further to form CF,NH,*, CF, and CF;H (sec

Table 4.1 and Scheme 4.1).

The PC resonance of CHF=NH," is assigned to a doublet of doublets occurring at

171.0 ppm. A [*H)}-broad-band decoupling experiment showed that one of these doublets
is the result of the one-bond proton-carbon coupling 'J(**C-'H), 249.1 Hz; while the other
doublet results from the one bond fluorine-carbon coupling 'J(**F-"C), 336 Hz. The 'H-
decoupled spectrum consisted of a partally quadrupole collapsed 1:1:1 wiplet on each
branch of a doublet arising from J(*N-"C), 14.9 Hz (Figure 4.3).

The N and N resonance of CHF=NH," could not be observed even when a
relaxation delay of 30 s was applied in N NMR experiment. Failure to observe the N
resonance is attributed to the low symmetry about nitrogen resulting in rapid quadrupolar
relaxation and severe broadening of its N resonance.

The 'H NMR resonance was not observed for the proton-on-carbon of CHF=NH,*.
The CH signal of a related species, CHF=N(CH,),", has been reported at 7.67 ppm in SO,
solvent.”™ In the case of the CHF=NH," cation, the ‘H resonance of the CH group
presumably could not be observed because it was hidden by the broad HF solvent peak
at 8,18 ppm. Although, several proton on nitrogen signals were observed in the 'H NMR
spectra of the natural abundance and '*N-enriched samples, it-was not possible to identify

the proton on nitrogen signal of CHF=NH,".
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(E) COMPARISON OF THE SOLVOLYTIC BEHAVIORS OF HC=N-Xc¢F'AsF,

AND HC=N IN ANHYDROUS HF

As noted in the previous discussion, HC=N-XeF" initially undergoes solvolysis
according to equilibria (4.3) - (4.6) to give equilibrium concentrations of XeF, and

HC=NH" (cf. Chapter 3). That XeF., rather than HF, is the dominant fluorinating agent

HC=N-XeF" + HF ===—== HC=NH" + X¢F, 4.3)
HC=N-XeF* ==——~ HC=N + XeF @4
XcF + 2HF s=——== XeF, + H.F’ (4.5)
XeF" + XeF, ==—————= Xe,F;” (4.6)

towards HC=ENH" generated in equilibrium (4.3) has been verified in a parallel study by
monitoring the rcaction of HC=N in HF over a period of 7 days.

Although the precise natures of the mechanistic processes leading to the observed
fuorination products are not clear, a reasonable reaction sequence can be proposed
(Scheme  4.1).  The init .| warming of HF solutions formally containing HC=N-
XcF*AsF, (derived by the reaction of stoichiometric amounts of XeF AsF, and HC=N)
and HC=N-XeF AsF, and XeF, (derived by the rcaction of stoichiometric amounts of

Xe,F,"AsF, and HC=N) gave rise 1o equilibrin (4.3) - (4.6), which have been investigated
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in Chapter 3 by 'F, 1°C, '®Xe and 'H NMR spectroscopy. Unlike the HF solvolysis of

HC=N, there was no detectable amount of CHF,NH;* formed during HC=N-XeF*
decomposition. The absence of the CHF,NH," cation is accounted for by assuming rapid
electrophilic fluorination of CHF,NH," by XeF, (see equilibria (4.4) and (4.5)) according
to Scheme 4.1 to give the tifluoromethylammonium cation, CF;NH,", which is observed
as one of the major products (Figure 4.4). In contrast, the neutral amine, CF,NH,, is
thermally unstable, decomposing at 25 °C to form FC=N and HF.'"® Alternatively, XeF,
may electrophilicly fluorinate the carbon of the proposed intermediate imine cation,
HFC=NH,", in Scheme 4.1 to give F,C=NH," followed by HF addition to the double bond
of the later cation to form CF,NH,". The formation of F,C=NH," was also monitored by
NMR spectroscopy in HF solutions initially containing HC=N-XeF AsF, and in systems
containing an excess of XeF,, i.e.,, XeF*AsEy + HC=N (Figure 4.4 and Table 4.1).
Subsequent electrophilic fluorination of CF,NH," by XeF, at the carbon or nitrogen gave
rise to CF,. The final nitrogen-containing product(s) has not been idcntir;lcd, although the
"N and N NMR signals at -73.1 ppm can be assigned to N,, and are in good agreement
with the reported chemical shift of dinitrogen.'® Interestingly. the anticipated cations,
NH," and NH,F" were absent in the 'H, “N, N and YF MMR spectra. As the
decomposition proceeds, exchange broadening of both the HF and AsF, resonances is
observed in the '"F NMR spectra. The exchange broadening presumably arises from AsF;
formation which is accompanied by Xe gas evolution.

The only fluorinated product formed in the HC=N/HF solvolysis reaction was the

difluoromethylammonium cation, CHF,NH,", which presumably arises from the stepwise
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addition of HF according 10 Scheme 4.2. It is presumed that the intermediate imine
cation, HFC=NH,", rapidly undergoes HF addition and is not observed. The CHF,NH,"
cation has been previously reported by Gillespie and Hulr2,'® who characterized the
cation by °F and 'H NMR spectroscopy using both natural abundance and **N-enriched
HC=N. The spectra reported by these workers were poorly resolved and the *F and 'H
chemical shifts were not reported. Consequently, the full set of NMR parameters for the
CHEF,NH," cation is given in Table 4.2 and the 'H, "N and ’F NMR spectra of the cation
recorded in HF solvent are depicted in Figure 4.10.

The "F NMR spectrum of CHF,NH,"* consists of a doublet of guartets (-105.2 ppm)
resulting from the spin-spin couplings 2J(**F-'H), 58.4 Hz and *J(**F-'H), 9.2 Hz. At high-
resolution, *J(**F-"N), 9.1 Hz was observed. This coupling is in excellent agreement with
the value of 9.8 Hz calculated from equation (4.7) using the 2._]_(”F-"N) value of 13.9 Hz
reported by Gillespie and Hulme.,'

¥*N)

(°F-*N) = Y(FBN) ——— (4.7)
N

The 'H NMR spectrum consists of two resonances; the protons-on-nitrogen occur
at 6.52 ppm and consist of a doublet of triplets of 1:1:1 uipicts arising from 'J(**N-'H),
54.9 Hz; “J(F-'H). 9.2 Hz and *J('"H-'H), 2.9 Hz and the proton on carbon appears as a
triplet of quartets at 5.75 ppm arising from 2J(*°F-'H), 58.4 Hz and J('H-'H), 2.9 Hz. The
N NMR spectrum consisted of a quast~~ -+ 725.7 ppm resulting from 'J(“N-'H), 54.9

Hz which collapses to a single line wit.. tond {'H}-decoupling.



Scheme 4.2

HC=N + (x+1)HF s===——=== HC=N"-H + F(HF),
HC=N-H < —> HC'=NH
HF
v
CHF=NH; < > HFC-NH,
HF
v

CHFNH,"



139
Table 4.2

NMR Parameters for the F,HCNH," Cation in HF Solvent*

Chemical Shifts (ppm)” Coupling Constants (Hz)
S('H)y 6.52 2J(OF-H) 58.4
S('H) 4, 5.75 *J(®F-'H) 9.2
St™F) -105.2 *J('H-'H) 2.9
3("'C) 108.1 DEN-H) 549
8("'N) -325.7 J(N-"F) 8.5

J('H-"C) 226.2
UME-BC) 2633

2J(SF-N) 9.1

All spectrit were recorded at -15 °C.
Referenced externally at 25 °C with respect to the neat liquid references: CFCl,

¢F). CHNOL("N and "N) and TMS (V*C and 'H).
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Figure 4.10 NMR spectra of CHF.NH;” resulting from the solvolysis of HC=N (1.0 m)
in anhydrous HF and recorded at -15 °C: (a) '"H NMR spectrum (500,138
MHz). (b) "“F NMR spectrum (235.361 MHz) and (c) N NMR spectrum

(18.076 MHz).
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No product other than CHFE.NH," was observed to form in HC=N/HF solvolysis

mixtures after 7 days at room temperature, contrasting with the earlier work, which has
reported subsequent polymerization 10 give polymers whose structures are uncertain.™
In contrast with the related alkyl nitrile/HF systems (see Chapter 6), the RCF,NH;’
cations were shown to be intermediates which dimerize in HF 1o form the

RCF,NHC(=NH,)R" cations.

(F) COMPARISON OF THE DECOMPOSITION OF HC=N-XeF” AND HC=N-KrF*

IN HF SOLVENT

In previous work on the solvolysis of HC=N-KrF™ in HF,'* the "F NMR spectrum
showed an intense signal at -64.9 ppm in HF solvent. This signal was assigned to CF..
In the present work, the '*F NMR spectrum resulting from the solvolysis of HCEN-XeF
in HF showed the same signal at -64.9 ppm, and using the ”C- and "N-enriched samples
as mentioned in the previous sectons, this resonance could be unambiguously assigned
to the CF,NH," cation. Accordingly it may be concluded that the CF,NH;" cation is
formed in both the decomposition of HC=N-XeF and of HC=N-KrF'. The formation
of the CF;NH;" cation sheds some light on the mechanisms of these reactions, suggesting
that the mode of the fluorination may bc the same in both cases (see Scheme 4.1) and
may involve a radical fluorination mechanism. However, owing to the strongly oxidizing
character of KrF, (EA of KrF"; 13.2 V') compared to that of XeF, (EA of XeF'; 10.9

eV'™), the initial fluorinated intermediates, CHF=NH," and CF,=NH,", have only been
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observed in the case of the solvolysis/ fluorinadon decomposition of the HC=N-XeF
cation in HF and could not be observed in the case of HC=N-KrF". These intermediates
are expected to bc more rapidly fluorinated in the presence of the strong fluorinating
agent KrF,, which is also in equilibrium with HC=N-KrF~ and HC=NH" (cf. equation
(4.3)).

Fluorination of the CF,NH," cation in both systems led to cleavage of the C-N
bond. The fluorination products depend greatly upon the fluorinating ability of the
difluoride, which is in equilibrfium with the present cation (equilibrium (4.3)). The
fluorination of the C-N linkage of the CF;NH," when HC=N-KrF~ decomposes in HF
leads to less complex fluorinated products that result from attack of fluorine at both
carbon and nitrogen sites to give CF;H, CF., NF, and NF.". In contrast, fluorine attacks
the carbon site in HC=N-XeF", but not the nitrogen, so that only CF,H and CF; have been
observed. The reaction mechanisms for the decomposiion of HC=N-XeF" and
HC=N-KrF* in anhydrous HF appear to be similar and result in cleavage of the C-N bond
in the CF,NH," 10 produce CF;" and NH," radicals. These radicals, in the presence of
the strong fluorinating agent, KrF.. are readily fluorinated to form CF;H, CF,, NF; and
NF,*. In contrast, XeF, is a relatively moderate fluorinating agent and the NH,** radical
cation is expected 1o be much less susceptable to fluorination by XeF,. The inability to
identify the unfluorinated nitrogen fragments resulting from the solvolysis of HC=N-XeF”
in HF may result from coupling reactions between nitrogen radicals, which are
predominant when compared to fluorine radical reactions, and/or formation of

dinitrogen.'™  However, this is very teatative since only N, has been identified and the
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other unfluorinated nitrogen species have not been observed in their "'*N and 'H NMR

spectra.

(G) THE_CORRELATION OF N-H AND C-F s-CHARACTER WITH 'J{"N-'H)

AND 'J(™F-PC) IN TIiZ CF,NH,". CHF.NH.. CF.=NH.” AND CHF=NH.'

CATIONS

The correlation of one-bond coupling constants with formal hybridization has been
largely confined to 'J(PC-"H)""'™ and 'J(™**N-'H).”® Three different mechanisms have
been proposed for nucleir spin-spin interactions:™ the Fermi contact interaction, the
nuclear spin-electron orbital interactions and electron-nuclear dipole-dipole interactions.
Karplus and Grant’” and others' have concluded that coupling of protons with other
nuclet derives principally from the contact term.

An empirical relationship between the s-character of the N-H bond and 'J('’N-'H)
has been proposed.' This approach has been applied to calculate the s-characters of the
N-H bonds of HC=NH" and CH,C=NH" '' and several ammonium and iminium
cations.'' The formal hybridizations of the nitrogen atoms of the CFNH,*, CHF,NH,’
and CF,=NH," cations were calculated from 'J(**N-"H) using equation (4.8) and found to
be sp* for CF,NH,* and CHF,NH;" and sp® for the CF,=NH," cation, confirming their
proposed structures. Table 4.3 compares 'J(¥N-'H) and the formal hybridizations of the

nitrogen atoms.
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%s = 0.430 'J("*N-'H) - 6.0 (4.8)

The one-bond scalar couplings between carbon and fluorine are also dominated by
the contact interiction so that the s-character of the C-F bond should be linearly related
to the V'C-"F coupling constants. Equation (4.9), which has been derived from only two
points, namely, the "J(**F-"C) couplings of the sp® hybridized systems: CF,: %s character
= 25%..J = 261 Hz and the sp” hybridized systems CF,=N(CH,),", % character = 33.3%.

J =326 Ha™W

%s = 0.124 'J®F-"C) - 7.2 (4.9

Using cquation (4.9). the formal hybridizations on the carbon atoms in the
CE,NH,*, CHF.NH;", CF,=NH," and CHF=NH," cations have been calculated from their
J(*F-""C) values and arc consistent with sp’ hybridization for the CF,NH," and
CHE,NH," cations (25.1 and 25.3 %s character, respectively) and sp? hybridization for the
CF,=NH," and CHF=NH," cation (31.8 and 34.3 %s character, respectively). The
calculated s-characters on the nitrogen and carbon atoms combined with the previously
discussed NMR ass? »ments are in agreement with the proposed cations, CF,NH;",

CHF,NH,". CF,=NH," and CHF=NH,".
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Table 4.3

Correlation of 'J(*N-"H). 'J("F-"C) with %zs Characters of N-H and C-F Bonds in Some

Fluorocarbon and Protonated Nitrogen Species.

Cation 'J(*N-'H) (°F-YC) %s Character of %s Character of
N-H bond * C-F bond *

NH,* 73.2 25.5 (25)

CF.* 261 25.1 (25)

CH,NH,™ 75.6 26.5 (25)

CHF.NH," 263 25.3 (25)

CE,NH,"™ 76.4 261 26.9 (25) 25.1 (25)

CF,OF 269 26.1 (25)

(C.Hy),C=NH," 926 %04 33.7 (33.3)

CF,NCLf 272 26.4 (25)

CF,H* 274 26.7 (25)

CF.=N(CH,),’ 326 33.1 (33.3)

CF,=NH,™ 97.5 315 35.9 (33.3) 31.8 (33.3)

CHF=N(CH,)," 307 30.8 (33.3)

CHF=NH,"™ 336 34.3 (33.3)

HC=NH" 134 51.6 (50

CH,C=NH"*# 136 52.5 (50)

A Values were determined from equation (4.8) and values in parentheses were

derived from formal hybridizations.
b Values were determined from equation (4.9) and values in parentheses were
derived from formal hybridizations.
Ref. (195).
This work; recorded at -15 °C.
Ref. (199).
Ref. (187).
Rel. (161).

s = 0o L 0



CHAPTER 5

FLUORO(NITRILEYXENON(II) HEXAFLUOROARSENATES, RC=N-XeF'AsE,

(R = CH,, CH.F. CH.Cl. CH.. CH,FCH.. (CH,),CH. (CH)).C.

n-CH,. CH.FCH.CH.. CHF,CH.CH,. CH,CHFCH.. n-C.H,. CH.FCH.CH.CH..

CH,CHFCH.CH.. CH.CIC(CH,YH.CH.FC(CH,)H AND C.F.) SALTS

INTRODUCTION

The interaction of the Lewis acid XeF™ with the neutral nitrogen Lewis base,
HC=N, to form HC=N-XeF AsF, in HF solvent suggested that the formation of XeF"
adducts with the alkyl nitriles ought to be a reasonable possibility. The alkyl nitriles
sclected for study are oxidatively resistant 1o XeF™ (EA = 109 eV'™®), having first
ionizaiion potentials exceeding 10 - 11 eV (see Table 1.3).

In this Chapter the reactions of several nitriles with XeF AsF, or Xe,F;"AsE, in
anhydrous HF have been studied. A novel series of RC=N-XeF AsF, salts (R = CH,,
CH,F. CH,Cl. C.H,. CH,FCH.. n-CH,, CH,FCH,CH,. CHF,CH,CH,, CH,CiHFCH.,
n-C;H,. CH,FCH.CH,CH.. CH,CHFCH,CH,. (CH,),CH,- (CH,),C, CH,CIC(CH,)t!,
CH,FC{CH,H and C,F,) have been characterized in anhydrous HF solution by '**Xe, "°F,
“N, "N, *C and 'H NMR spectroscopy. Several of these salts (R = CH,, CH,F, CH,Cl,

C,H,. (CH,),CH and (CH,),C) have been isolated from anhydrous HF solvent and

146
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characterized in the solid state by low-temperature Raman spectroscopy.

RESULTS AND DISCUSSION

(A) PREPARATION AND ISOLATION OF RC=N-XeF AsF,

The preparations of the RC=N-XeF AsF; salts were accomplished by the reaction
of XeF"AsF¢ or Xe,F;*AsF with the appropriate nimile in HF solvent according to

equations (5.1) and (5.2).

HF
XeF AsF, + RC=N

> RC=N-XeF AsF, (5.1)

HF
Xe,F,"AsF, + RC=N

> RC=N-XeF*AsF, (5.2)

where R = CH,, CH,F, CH,C!, CH,CH,. CH.FCH, CH,CH.CH, CH,FCH,CH,
CH,CF,CH,, CHF,CH,CH,, CH,CH.CH,CH,, CH,FCH.CH,CH, CH,CF,CH,CE,.
CICH,C(CH,)H, FCH,C(CHy)H, (CH,),CH, (CH,),C, CF;. -

The reactions were carried out by combining stoichiometric amounts of the reactants in
anhydrous HF and warming the reaction mixtures from -50 to -10 °C to effect reaction

and dissolution in the solvent. The frozen solutions were routinely stored at -196 °C in
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scaled FEP NMR tubes until their NMR spectra could be run. The solid samples were
isolated by pumping off the HF solvent at -35 to -30 °C and were stored under dry

nitrogen at -78 °C until their Raman spectra could be run.

(B} CHARACTERIZATION OF RC=N-XeF AsF. BY #Xe. PF. *N. N. C AND

'H NMR SPECTROSCOPY

(1) Nitrile Adducts of XeF AsF. in Anhvdrous HF Solvent

Multnuclear magnetic resonance spectra were recorded for solutions of nitriles,
RC=N (R = CH,. FCH,. CICH,. C;H,. n-CH,, (CH,),CH, (CH,),C, CICH,C(CH,)H
n-CH, or CF)), with XeF AsF, (or Xe,F;"AsF) in anhydrous HF solvent at -50
to -10 °C. The '"™Xe and "F NMR studies have provided evidence for a novel series of
xenon-nitrogen adduct cations analogous to HC=N-XeF™ which contain Xe-N bonds. The
*Xe, F. "N, PN, ”C and 'H NMR chemical shifts and spin-spin coupling constants for
the natural abundance RC=N-XeF" cations and the enriched samples of the CH,">C=N-
XcF (99.7% "C). PCH,C=N-XeF" (99.0% "C) and CH,C=*N-XeF” (99.0% *N) cations
are listed in Tables 5.1 and 5.2.

The "F NMR spectra consisted of a single line in the fluorine-on-xenon(II) region
accompanied by *Xe satellites, corresponding to 'J(*¥Xe-"°F) arising from spin coupling
to natural abundance Xe (I = 4, 26.44% natural abundance), and a broad saddle-shaped
feature at -64.0 ppm (Av, = 1780 Hz) arising from the AsFg anion and a strong signal
from HF solvent at -198 ppm. The 'J(***Xe-'°F) couplings were confirmed by recording

the "**Xe spectra. The *Xe NMR spectra consisted of a doublet of triplets resuiting from



Table 5.1
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NM.. Chemical Shifts for RC=N-XeF* Caton in Anhydrous HF
Chemical shifts (ppm)*
Cation 5('*TXc) SC°F) SN S
Cil,CaN-XcF * 1107 -185.5 2511 24
CHCILCEN-XcF 718 -184.6 2519 13 g
X 'u,}
CHLFCH,CaN-XcF -1662 -182.8 (X —
o 35S B
CH,CH,CH.CaN-XcF* A8 -1%9.1 2497 0.7 (CH,)
lhiCH_.)mid
27 (CHICeN)
Cl,FCH,CH,C=N-XcF* -1663 -183.7 (Xcb) 2331 43 (FCIL)
2227 {CH 1% iCH.)mid
30 (CIC=N)
CH,CHFCILCaN-Xcl™ 1700 -186.1 cn -257% 11 (Gt
a2 32%(‘1: )
4.8 (Cl;(=N)
CHECILCH,CaN-Xcl 1209 (CH —
CH,CH,CHCH,CeN-Xel™ 1720 -183.2 2471 0:92 (CHy)
1.4% (CH.
1.60 (CH;)
2.66 (CH,CzN)
CH,FCH.CH.CH,CaN-XcF -1703 -184.6 (XcF) 2471 —
-— (CH
CH,CHFC.CH,CaN-Xe -1703 -185.1 (NeP) 247 1.18 (CH,)
17558 (C1) 1.97 cul(l
300 {CILCHT
270 cn,(,\,
(CH,).CHCaN-XAF 1721 -184.5 2514 14y
(CH,),CC=N-Xel" -1721 -1843 2514 135
CHACCHYHC=N-NcF 1703 -198.7 2438 -
CH,FC(CHYHCEN-NcF -1669 -187.9 (X<F) 2310 —
2353 (CK)
CHCICaN-XcF -1583 -189.3 2366 50
Chi:CaN-XcF -1541 -198.2 (XcF) 229.2 54
: 2417 (CH)
CFC=N-XcF* -1424 -201.8

Referenced externally at 24 °C with respect to neat liquid references: XeOF, (*Pxc), CFCL(YF).
CH,NO,("*N) and TMS(*’C and 'H).
(“N) = -249.6, 8(**C) = 1153 (CN), 0.6(CH,).



Table 5.2

NMR Ceupling Constants for RC=N-XeF™ Cations in Anhydrous HF

Canon

CHOON XeF®
CHCHLCAN-XeF

CHFCH,C- N-XeF

CHCHCH,C2N - XeF ¢

CHFCHCH,C: N-XeF

CHUCTTFCH,C O N-XeF" ¢

CHCHLCH,CH.CuN-XeF ™

CH,FCH,CH.CH C=N-XcF™

CHCHFCH,CH,CoN- XeF

(CHYCHC N XeF
(WCHANCCN- X
CH,CIC(CHOHC_N-XeF”
CHFCWCHOHC. N-XeF”
CHCIC=N-NeF
CHFCN XeF

CFON X

Spin-Spin Couplings (Hz)

JO™Xe-"F) 3('TXe-MN) J'H'H) JCF-'H)
6020 313
6016 312 75
6063 K35 o 46.1 (F.H)
232 gg..ﬂ.;
0.0 (F.H,)
6020 in 75 (H,H)
7.2 (H.H,}
0.0 (H..H,)
8065 32 53 (H.H) 16.1 (F,.H,)
6.7 }H,H.) 293 (F.Hy
0.0 (H.H,) 0.0 (F.Hy
H038 913 63 (H,.H, 24.6 (F.H,)
6.2 gn;uﬁ 370 fF:.Hi)
0.0 (H.H,) — (F.H,)
6023 3w 7.4 (H,.H.)
7.4 (HoH:)
73 (HyHy)
6026 31
6027 n 6.2 (H,.H.) 259 (F.H))
6.8 %H,H, 492 F:H..,):
6.1 H,.H,; 279 (F.H,
65 (FiH)
6016 300 7.1
6024 3w
6027 314 —_
6027 301 e 45.8 {F,.H,
14.9 (F..H;
6147 331
6164 333 44.0
6610

150

TK{Xc-N)*
NA‘m'x

1.256
1.292

1.333

1.288

1.308

1.279

1,288

1.288

1.246

1.37

1.378

Continued...

10~



Table 5.2 (continued)

a

The reduced coupling constants 'K(Xe-N) for RC=N-XeF” cation were calculated
as follows :
4q-

"K(Xe-N) = J(¥Xe-"N)
h v*N) (" Xe)

J(F-""C) = 19 Hz. J('"™Xe-"C) = 79 Hz. J('H-"*C) = 141 Hz recorded from 2
99.7% "C enriched sample.

J(™F-N) = 36 Hz recorded from a 99.0% "N enriched sample.

The numbering schemes used to denote J('H-'H) and J(*F-"H) are :

CH,FCH,C=N-XeF, CH,CH,CH,C=N-XeF", CH,FCH,CH,C=N-XeF* and
H b i 2 3 1 2 b

-

CH,CHFCH,C=N-XeF",
1 2 3
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the spin-spin couplings 'J(**Xe-"F) (doubler) and 'J(*®Xe-"N) (partially quadruple
collapsed 1:1:1 triplet). The '®Xe NMR spectra of natural abundance CH,C=N-XeF" and
99.7% "'C enriched CH,"”C=N-XeF" are shown in Figure 5.1. Owing to the cylindrical
symmetry of the C=N-Xe¢F moicty in these cations, low viscosity of HF solvent medium,
and low electric field gradient at the "N nucleus, quadrupole relaxation of the '“*Xe-"N
coupling is found to be minimal, giving rise to a slightly quadrupole collapsed pair of
I:1:1 triplets in the '"™Xe NMR spectrum (Figure 5.1) and '®Xe satellites in the “N
spectrum. The ™Xe NMR spectrum of the 99.0% N enriched CH,C=""N-XeF™ cation
in HF at -15 °C (Figure 5.2) showed that the 1®Xe signal (-1709 ppm) consisted of a
doublet of doublets resulting from a large one-bond coupling with fluorine (J('¥Xe-"°F),
6016 Hz) which is further split into another doublet by coupling with N (I =
J('*'Xe-"N), 439.8 Hz).

The N spectra resulting from the reaction of RC=N and XeF AsF, in anhydrous
HF solvent at -50 10 -10 °C consisted of two broad single lines, one of which was
accompanied by '**Xe satellites. The ™N resonances of both peaks were relatively narrow
(see Table 5.1) and the coupling constants, 'J(***Xe-"N), are very similar to those
measured in the Xe NMR spectra. The two N NMR resonances are assigned to the
RC=N-XeF* (Table 5.1) and RC=NH" cations which arise according to equilibria (5.3 -

5.7).

XeF'AsF, + HF == XeF, + H'AsF, (5.3)

RC=N + (x + 1) HF === RC=NHF(HF), (5.4)
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RC=NH'F(HF), + XcF, === RC=N-X¢F *F(HF), (5.9

RC=N-XcFF(HF), + H*AsF, === RC=N-XeF AsF, + (1 + x) HF (5.6)

XeFAsF, + XcF, == XeF;"AsF,; 5.1

The cauilibrium between the RC=NH® and RC=N-XeF™ cations (cquilibrium 5.5)
was also confimed by 'H, PC and *N NMR spectroscopy. In the case of a 1:1
stoichiometric ratio of RC=N and XeF AsF,, *Xe and ™F NMR spectra did not show
evidence for XeF,. This may be attributed to an equilibrium between XceF, and
XeF AsE, (equilibrium (5.7)). which results in fast chemical exchange processes on the
'*Xe and "*F NMR time scales. In the reactions of nitrile, with Xe,F,"AsF, in anhydrous
HT', equilibrium (5.5) is apparently shifted to the right, corresponding to a reduction in
“N signal intensity for RCENH". Resonances arising from XeF, could be observed in
both the "“F and "*Xe NMR spectra, Significant broadening of the HF signal in the "F
NMR spectra also occurred and is consistent with equilibria (5.3), (5.4) and (5.6). The
"N NMR parameters of the RC=N-XcF cations in anhydrous HF solvent are listed in
Tabic 5.1. Figure 5.3 shows the "N NMR spectrum of the 1:1 molar ratio of CH,C=N
: XeF*AsF," in anhydrous HF solvent at -10 °C. The '¥Xe and “N NMR spectra for the
RC=N-XcF* cations showed well resolved and only partiaily quadrupole collapsed
'J("™Xe-"N) couplings. The long T,, which is dominated by quadrupolar relaxation, is

attributed to the small linewidth factor associated with the "N nucleus,*™ the reduction
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of electric field gradient at the N nucleus upon coordination of the N,, lone pair to
xenon and low solvent viscosity. The anticipated lower electric ficld gradient in the
adduct is similar to that already discussed for HC=N-XeF™ in Chapter 3.

The N NMR spectrum resulting from the reaction of 99.0% “N enriched
CH,C="N and XcFAsF, at -15 °C resulted in a strong signal at -248.2 ppm with
accompanying '*Xe satellites, each split into a doublet due to coupling with fluorine. A
second signal was observed at -237.8 ppm, which is due to protonated acctonitrile,
CH,C=NH". Figure 5.4 depicts the "N NMR spectrum resulting from the reaction of
99.0% "N enriched CH,C=N and XeF AsF, in anhydrous HF.

The **Xe and N NMR chemical shifts of the weaker Lewis bascs CH.FC=N and
CH,CIC=N are more deshielded (Table 5.1) and the magnitudes of **Xe-"F coupling
constants are correspondingly greater for the CH,FC=N-XeF~ (6164 Hz) and CH,CIC=N-
XeF" (6147 Hz) cations, reflecting the weaker covalent characters of the Xe-N bonds in
these cation adducts (see Chapier 8).

In the case of the perfluorophenylnitrile adduct cation, C,F,C=N-XeF AsF,, the
1¥%Xe chemical shift and the '*Xe-"*F spin-spin coupling indicates that the Xe-N bond is
one of the most ionic Xe-N bonds known in this scries. Rapid decomposition occurred
at -10 °C in HF solvent, preventing a full characterization of the cation by "F and "N
NMR spectroscopy.

Assuming that the X+-N spin-spin couplings in the xenon-nitrogen compounds are
dominated by the Fermi contact term, a comparison of 'K(Xe-N) values for the RC=N-

XeF" cations with that of the wigonal planar sp2-hybridized witrogen atom in
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FXeN(SO,F), allows assessment of the relative degrees of hybridization for the nitrogen
orbitals used in bonding to xenon. The ratios of ['K(Xe-N)l,, - ['K(Xe-N)],» are 1.42-
1.53 for the cations listed in Table 5.2, in excellent agreement with the theorctical ratio,
1.50, calculated from the predicted fractional s-characters of the nitrogen orbitals used in
bonding. The reduced coupling constants 'K(Xe-N) for RC=N-XeF” cations are listed in

Table 5.2.

(i)  The "N Relaxation Times of CH,C=N-XeF and CH,C=NH" Cartions

The ¥N relaxation times of the CH,C=N-XeF™ and CH,C=NH" cations in
anhydrous HF solvent at -3 °C have been measured using the inversion recovery pulse
sequence [180°-1-90° (FID)-T,], (Figure 5.5). which resulted in the N relaxation times
T,=8% 1 msand T, = 37 £ 6 ms for the CH,C=N-Xc¢F" and CH,C=NH" cations,
respectively.

The N NMR signals are sharp but the linewidth of the CH,C=NH" cation is
smaller than that of the CH,C=N-XcF™ cation, as would be cxpected based on the

anticipated longer correlation time of the CH,C=N-XeF” cation (cquation (5.8)).

1 3Ir 21+3 eqQ 2
Av, = _3m (___) (1 - )( “ )tc 5%)
F2I-1)

where Av,, 1s the linewidth of the quadrupolar nucleus (N in this case), T, is the spin
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Figure 5.5

The T, measurements for the "N nuclei of CH;C=N-XcF* and CH,C=NH"
cations obtained using the inversion recovery puise sequence [180°-t-90°
(FID)-T,|, at -3 °C: T, = 37 = 6 ms for "N of (A) CH;C=NH" cation and
T, =8 £ 1 ms for N of (B} CH,C=N-XeF cation. Asterisks (*) denote

293¢ satellites.
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lattice relaxation tme, I is the nuclear spin quantum number 1 in the case c;f "N, is the
asymmetry parameter (1 ranges from 0 to 1; in the case of linear species it is unity), eq
is the electric field gradient and 7_ is the molecular correlation time. Using equation
(5.8). the T, values calculated for the linewidths (Av,) of CH,CaN-XeF* and ©H,C=NH"
are 41.3 and 8.6 Hz, respectively, which are in 2 good agreement with the experimental
values of 45 Hz and 10.7 Hz, respectively, indicating that the linewidths of both cations.

are indeed dominated by quadrupolar relaxation of the scalar coupling.

(i)  Fluorinated Alkvinitrile Adducts Resuiting From the Reaction of the Alkvl Nitri'e

and XeF'AsF, in HF Solvent

The F and *Xe NMR study of CICH,C(CH;)HC=N-XeF and RC=N-XcF (R
= CH,, n-CH; and »-C.H,) catons indicates not only the formation of adducts with the
XeF" cation in anhydrous HF solvent, but also replacement of the chlorine by fluorine in
CICH,C(CH,)HC=N and fluorination of the alky! group in RC=N (R = C;H,, n-C;H, and
n-C.;H,), resulting in, the formation of a new series of fluosinated nitriles and their
adducts with the XeF" cation.

The formation of the fluorinated adduct from the reaction of CICH,C(CH,)HC=N
and XeF AsF, is represented by equations (5.9.) - (5.12) and has been characterized by
Xe, ¥F and "N NMR specrroscopy (Tables 3.1 and 5.2). Ia addition to the
CICH,C(CH,)HC=N-XeF" and CICH,C(CH,)HC=NH" cations, the ’F and 'H NMR

spectra showed several decomposition products which have not been identified.
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HF
CICH,C(CH,HC=N + XeF AsF, —> CICH,C(CH,)HC=N-XeF' AsE,  (5.9)

HF
CICH.C(CH,)HC=N-XeF AsF, —>FCH,C(CH,)HC=N-X¢F AsE, +:CL(?)(3.10)

HF
CICH,C(CH,)HC=N-XeF AsF, === CICH,C(CH,)HC=NH'AsF, + XcF, (5.11)

HF
FCH,C(CH,)HC=N-XeF*AsF, === FCH,C(CH,) HC=NH"AsF, + XeF,  (5.12)

The **Xe NMR study of CICH,C(CH)HC=N with XcF AsF, at -30 °C in
anhydrous HF solvent reveals the presence of two signals at -1669 and -1703 ppm. Each
signal consisted of a doublet of 1:1:1 (partially quadrupole collapsed) triplets resulting
from the spin-spin couplings 'J(**Xe-""F) and 'J(**Xe-"N). The "F NMR study at -
30 °C showed two fluorine-on-xenon environments corresponding to two single high-ficld
peaks at -198.7 and -187.9 ppm with ™Xe satellites. The NMR spectral findings arc
consistent with the replacement of chlorine by fluorine leading to the adduct cations
CICH,C(CH,)HC=N-XeF" and FCH,C(CH,)HC=N-XeF".

The NMR spectra of solutions of stoichiometric amounts of CH,CH,CH,C=N and
XeF AsF, in anhydrous HF solvent at -30 °C are consistent with the presence of three
xenon-nirogen adduct catons having the fon'nulatior;s CH,CH,CH,C=N-XeF',
CH,FCH,CH.C=N-XeF" and CH;CHFCH,C=N-XeF*. The '®Xe NMR study reveals the
presence of three signals at -1719, -1700 and -1663 ppm, respectively, with each signal

| consisting of a doublet of 1:1:1 (pantially quadrupole collapsed) triplets resulting from the'

spin-spin couplings J(*¥Xe-"F) and 'J("™*Xe-"*N). Figure 5.6 shows the '*Xe spectrum
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of n-C,H,C=N and XeFAsF, recorded in HF solvent at-30 °C. The F NMR spectra
showed three fluorine-on-xenon(il) resonances at low frequency -189.1, -186.1 and - 187.1
ppm with '**Xe satellites which are assigned to the 2-CH,C=N-XeF", CH,FCH,CH,C=N-
XeF" and CH,;CHFCH,C=N-XeF" cations, respectively.

The ""F NMR spectra consisted of well-defined multiplets corresponding to four
fluorine-on-carbon environments with multiplets arising from 'H-""F coupling. A triplet
of triplets at -221.9 ppm is  assigned to the fluorine environment of the
FCH,CH,CH,C=N-XeF cation. This resonance overlaps with the multiplet resulting from
the FCH,CH,CH,C=NH" cation (-223.3 ppm). A multiplet at -172.2 ppm is assigned to
the fluorine environment of the CH,CHFCH,C=NH" cation and overlaps with the
multiplet arising from the CH,;CHFCH,C=N-XeF" cation. The CH,FCH,CH,C=N-XcF",
CH,FCH.CH.C=NH", CH,CHFCH,C=N-XeF" and CH,CHFCH,C=NH" cations were
confirmed by high-resolution '"H NMR spectroscopy at -30 °C, which showed all possible
"E-'H and 'H-'H spin-spin couplings. Figure 5.7 shows the '"H NMR spectrum resulting
from the reaction of #-C,H,C=N and XeF AsF; in anhydrous HF at -30 °C. The proton
environmentsofthe CH,CH,CH,C=N-XeF",CH,CH.CH,C=NH",CH,FCH,CI{,C=N-XcF’,
CH,FCH,CH,C=NH", CH;CHFCH,C=N-XeF" and CH,CHFCH,C=NH" cations can be
unambiguously assigned from their connectivities using a '"H-2D COSY NMR pulse
sequence (Figure 5.8). Interestingly, fluorinations that give rise to monofluoro
alkvlnitriles occurred at the B- and y-carbons, and not at the a-carbon. The reactivities
of the three types of hydrogen in 2-C,H,C=N are significantly different and showed the

product distributions ¢ : B : y=0: 68 : 32. This product distribution is similar to the
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Figure 5.8  'H-2D COSY spectrum (500.125 MHz) resulting from the reaction of

n-C,H,C=N and XeF"AsF{ in anhydrous HF at -30 °C.



167

photochlorination of #-C;H,C=N where the distribution ratio was 0 : 69 : 31."

Subsequent warming of the aforementioned samples at room temperature followed
by obtaining the "F NMR spectra in the fluorine-on-xenon region showed that these
adducts decompose completely after approximately 2 hours. In addition 1o the
aforementioned protonated nirriles and their XeF™ adduct cations, @ weak signal at -120.2
ppm, having the same pattern as the strong signal at -120.9 ppm, also grew in and the two
signals are assigned 1o the CHF,CH,CH,C=N-XeF" and CHF,CH,CH.C=NH" cations,
respectively.  No fluorine-on-xenon resonance was observed for the CHF,CH,CH,C=N-
Xe¢F cation and this is atmibuted to the small amount of adduct present in solution and
masking of the signal by the broad HF solvent signal (see Figures 6.1 and 6.2).

During the study of the thermal stability of the RC=N-XeF" cation in anhydrous
HF it was found that, after warming solution mixtures of CH,C=N and XeF'AsFy in
anhydrous HF for 2 hours at room temperature and recording the *F NMR spectra
at -15 °C, a second fluorine-on-xenon environment accompanied by *Xe satellites grew
in at -218.8 ppm. The resonance is in the monofluoroalkylnitrile region and is assigned
to the CH,FCH,C=N-XeF" cation. The Xe NMR spectrum for this reaction mixture
provides additional proof for the formation the CH,FCH,C=N-XeF" cation, with a new
doublet of partially quadrupole collapsed 1:1:1 wiplets arising from coupling with the
fluorine and nitrogen appearing at -1662 ppm.

Initial attempts to obtain *F and *Xe NMR spectra resulting from the reaction of

n-CH,C=N and XeF AsF, indicated that the xenon-nitrogen adduct was very unstable.
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However, ™F NMR spectra obtained at -50 °C showed a signal at -183.2 ppm and
accompanying X satellites (J(™"Xe-""F). 6023 Hz) and a signal at -199.5 ppm with
™Xe satellites ('J(7Xe-"F). 5572 Hz) that is readily assigned to XcF,, which arises as
a result of equilibrium (5.5). Upon gradually warming the reaction mixture in the probe
to -25 °C. wnree signals with **Xe satellites were observed at -183.2 ('J("™Xe-"F). 6023
Hz). -184.6 (J(**Xe-"F). 6026 Hz) and -185.1 ppm (*J(*"Xe-"F). 6027 Hz). respectively.
as well as several signals in the fluorine-on-carbon region of the spectrum. The '“Xe
NMR spectrum prior to warming at -30 °C showed one doublet of partially quadrupole
collapsed 1:1:1 triplets at -1720 ppm which is assigned to the #-C;H,C=N-XeF" cation.
Upon gradual warming of the reaction mixture to -25 °C, the intensity of this signal
decreased and another signal grew in at -1703 ppm, which is assigned to a fluorinated
nitrile-xenon fluoride cation.

In general, the F NMR spectra of C,H,C=N, n-C;H,C=N and n-C;H,C=N in
anhydrous HF solvent at -15 °C showed no fluorinated species arising from solvolysis.
In conwrast, the "F and 'H NMR spectra of C,H,C=N, n-C,;H,C=N and n-C;H,C=N with
XcF‘Ang in anhydrous HF solvent showed several fluorinated species. During this
investigation, fluorination was found to occur at the B-, ¥- and d-positions rather than at
the «- position (from the C=N group). The precise namre of the fluorinatien of
C,H,C=N, #-C,H,C=N or n-C,H,C=N by XeF AsF, is not clear, lthough onc reasonable
mechanism may be proposed. Initially, XeF, is formed according to equilibrium (6.3),
which then undergoes thermal dissociation to form F. atoms. The F; atoms abstract

hydrogen from the alkyl group of the alkylnitrile to form the stable HF molecule,
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generiting athyvinitrbe radicals. The atkylniirile radicals are then destroyed by reaction
with XeF- radical to form monofluoroalkylnitriles and xenon gas. The new fluorinated

nitriles then form Lewis acid-base adducts with the XeF™ cation.

(C) CHARACTERIZATION OF RC=N-XeFAsF, (R =CH,. CH.CI. CH.F. C.H,.

CH(CH ), AND C(CH,),} IN THE SOLID STATE BY LOW-TEMPERATURE

RAMAN SPECTROSCOPY

The low-temperature Raman spectra of the solid adduct cations RC=N-XeF” (R =
CH,. FCH.,., CICH,. C,H,. (CH,).CH, (CH,),C) have been recorded as their AsF salts in
order to confirm their structures in the solid state. The spectra are shown in Figure 5.9
and the frequencies and their tentadve assignments are listed in Tables 5.3 and 5.4. The
assignments were made by comparison with the Raman spectra of the free nitrile ligands
(RC=N"*) XeF AsF,.!* HC=N-XeF AsF, and F-Xe-N(SO,F),.* As can be seen from
the solid state Raman spectra, the RC=N-XeF AsF, salts are ionic and exhibit bands
characteristic of AsF,: however, site symmetry lowering and/or vibrational coupling
within the unit cell result in splitting into additional bands. Owing to the absence of
crystal structure data, no auempt has been made in the following discussion to account
for these solid state cffects. The cations are expected to possess C,, (for CH,C=N-XeF*
and (CH),CC=N-XeF") and C, symmetries (for FCH,C=N-XeF", CICH,C=N-XeF,
C,H,C=N-XeF" and (CH,).CHC=N-XeF"). The irreducible representations of the normal

vibrational modes expected for the RC=N-XeF™ cazions (choosing xy as the molecular
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Raman spectra of RCaN-XeF AsF, recorded at-196 °C using the 5145
nm exciting linc of an argon ion laser for excitation: (a) CH,C=N-
XeF AsF,. (b) CH;CH,C=N-XeF AsF,. (c) (CH;),CHC=N-XeF AsF, ., (d)
(CH,),CC=N-XeFAsF,, (¢) FCH,C=N-XeF AsF,., () CICH.C=N-
XeF AsF, and comparison to the Raman spectrum of HC=N-XeF AsE,.
The verical solid lines denote the v(Xe-F) and v(C=N) sinching
frequencies of XeF AsF, and the corresponding free nitriles. Asterisks (%)

denote FEP sample vessel lines.
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Table 5.4
Raman Frequencies and Assignments Under Gy, Symmetry for RC=N-XeF AsF, (R =CH,;.

(CH,),C) and the Corresponding Free Nitriles

Frequency (cm™)? Approximate

CHCN-XeF AsF, CH,C=N" (CH,),CC=N-XeF'AsF,  (CH),CC=N°  Description

3028(4), 3021¢7), 3009 3015(2) 2988 VICH,)ymm

A01-4(3) 3007(1) 2960 V(CHy)um
3000(2) 2933 v(CH,),,,m
2987(2) 2912 WCHy)
2973(1) 2893 V(CHY),

2950(19). 2945¢19} 2954 2944(2) 2878 V(CHymm
2914(1) 2878 Combination
2876(1) 2795 Combination
2727(2) 2728 V(CH,),em,

2335(143) Combination

2331(19) 2267 2233(23) 2240 v(CaN)

2321(2)

296(7) Combination
2285(22) Combination
2270(2) Combination
2231

LA31(1), 1316(<1). 1453 1465(6), 1460(5) 1366 CH, def., as.

1397(2) 1448(2), 1412(2), 1455
1402(2)

1356(5), 1351(3) 1385 CH, def.. sym.
1234(<1). 1212(7) 1245 V(C-Cz)
1203(7) 1209 v(C-C)

1035(3), 1032(2), 1041 1045(3). 1041¢4), 1032 HCH,)

1025(3), 1017(3) 947(8)

952<1) 920 v(C-C)
943(7). 935(1), 873 t(CH,)
$62(3)
T2I(1), 716(T), 760 Combinations
712(1), 705(11)

ORSLLD, 681159) 681(34) vl AsFy

Continued ...
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Table 3.4 (continued)

Frequency (cm™)*

CH,C=N-XeF'AsF, CH,C=N

(CH),CC=N-XcF AsF,

(CH,CO=N:

176

Approximate

Description

SE8(R), S¥O(23)
S68(65). SH0(100),
SS1(82). 546(8)

J08(4)
393¢4)

370(26)

36402), 357(3)
285(10), 284(12).
268(5). 235()
230(5). 225(3).

16062}, 127(3)
116(7), 97(7).
92(5). 75(5)

362

58313}, 574(9)
S565(14). 555¢100)

A31(1), 422D
301(2)
264(6). 255(2)

277(4), 273(7),
269(6)
371(8). 365(12)

235(2). 239(1).
191(3). 185(5)

169(1), 156(1),
150(1)
104(3). 9203).
83(4). 7T7(4).
63(10), 53(3),
37(3), 31(3)

W)
-
o

195

vile AsE,
viXeF)

SCCC def., symm.
W{Xe-N)

H{CCN)

@(CCT)

T(CH,)

vyt JAsF,
o(CCC)
HH{XeNC)

S(FXeN)

Lattice modes.

a Raman spectra of RCEN-XeF'AsFy (R = CH; and (CH,),C) salts were recorded

in FEP sample tubes at -196 °C using 514.5 nm excitation. FEP sample tube lines

have been deleted from the spectra. Values in parentheses denote intensitics; sh

a shoulder; & a bending mode; T a torsional mode; v a stretching mode; © a

twisting mode; r a rocking mode and tw a twisting mode. Data given are for the

spectra depicted in Figure 5.9.

b Ref. (205).

¢ Ref, (206).
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planc) are given in Table 5.5. Under C, symmetry, all modes are Raman and infrared
active. In casc of the (CH,) ,CC=N-XeF cation, forty-five vibrational modes are predicted
(11A, + 4A, + 15E) of which fiftcen modes are doubly degenerate. Twenty-six bands are
expected in the Raman spectrum of the (CH,),CC=N-XeF" cation where 4A, modes are
Raman and infrared inactive. Also, all cighteen modes of the CH,C=N-XeF cation (6A,
+ OF) arc Raman and infrared active under C,, symmetry, with six doubly degenerate
modes. Thus, twelve bands in all are expected in the Raman spectrum of the CH,;C=N-
XcF cation.

The AsF, anion possesses O, symmetry and the resulting in 15 normal modes of

vibration are classified belonging to the irreducible representations
T = A +E +2T, + Ty + Ty, (5.13)

Of these. the tripty degenerate Ty, modes are infrared active and T,, mode is infrared and
Raman inactive, while only the Ay, E; and T,, modes are Raman active, i.e, only three
Raman-active bands are expected for an AsF, anion having O, symmerry.

The Raman spectra of related compounds *® are also given in Tables 5.3 and 5.4
for comparison. The Raman spectra of the RC=N-XeF cations, the free nitriles and the
other Xe-N and Xe-F stretching and F-Xe-N bending modes of known xenon-nitrogen
compounds™ ™ have been used as guides in making spectral assignments.

The Raman spectra of the RC=N-XeF" cations show very strong bands at 540 - 580
cm’, which can be assigned to the Xe-F stretch of RC=N-XeF" and which is characteristic

of the terminal Xe-F bond in Xe(I1) compounds. The Xe-F stretching modes are readily



Number of Normal Vibrational Modes Predicted for the RC=N-XeF Cations

Table

Molecular
Cation Symmetry
CH,C=N-XeF C..
CICH,C=N-XeF" C
FCH,C=N-XeF* C,
CH,C=N-XeF C
(CH,),CHC=N-XeF" C
(CH,),CC=N-XeF C,,

\¥ /]

t

]
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3N -6 Number of
Fundamentals

18 = 6A, + 6E 12
18 = 12A" + 6A” 18
18 = 12A" + 6A” 18
27 = 17A" + 10A” 27
36 = 21A" + 15A7 36
45 = 11A, + 4A, + 15E 30
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assigned by comparison with the frequencics of known LXeF species.”™ The splittings
observed on these bands are atiributed to factor-group splitting as the XeF suerching is
a totally symmetric mode. The position of the Xe-F band is a strong indication of the
increased covalent character of these cations when compared to HC=N-XeF", which is
expected to decrease as the xenon-nitrogen bond becomes more covalent and the terminal
Xc-F bond becomes correspondingly more ionic. A comparison of the Xe-F streiching
frequencies for RCEN-XeF cations may be used to assess the relative covalencies of the
Xe-N bonds in RC=N-XeF cations. The streiching frequencies of the terminal Xe-F
bond do indeed increase in the order C,H,, 541 < (CH,),CH, 545 < (CH,),C, 555 < FCH,,
559 < H, 559 < CH,, 560 < CICH,, 577 cm”, indicating that the CICH,C=N-XeF" cation
is the most ionic xenon-nitrogen compound studied in the above series.

The Xe-N stretching frequencies of RC=N-XeF™ cations are tentatively assigned to
weak lines at the lower frequencies in the 396 - 409 cm™ region, which are in agreement
with the Xe-N stretching frequency of the previously reported xenon-nitrogen bonded
compounds, FXeN(SQ,F),  (which was observed at 422 cm™ and its assignment
confirmed by “N isotopic enrichment) and Xe[N(SO,F).].,*** which was observed at 413,
406 cm, Table 5.6 lists tentative assignments of the Xe-N swetching frequencies of
RC=N-XeF" cations along with those of previously reported xenon-nitrogen bonded
compounds. The Xe-N stretching frequencies for the RC=N-XeF AsF salts occur at
lower frequencies than those of FXeN(SO,F), and .‘?(t:[N‘(SOZF)z]2 and is artributed to the
lower covalent characters of the Xe-N bonds in the imidodisulfurylfluoride derivatives.

The FXeN and C=NXe bending frequencies are tenmtively assigned to weak bands

ar 124 - 186 and 185 - 268 cm™, respectively. Each of F-Xe-N and C=N-Xe groups are



Table 5.6
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Tentative Assignments for the Xe-N Stretching and C=N-Xe and N-Xc-F Bending Modes

of the RC=N-XeF Cations

Cation v(Xe-N) SHCNXe) ANXcF)
cm’! cm’? cm’
CH,C=N-XeF 408(4) 235(4). 268(5) 127(3). 160(2)
CICH,C=N-XeF” 397(1), 400(3) 241(D. 251D 131(2), 140(1)
406(3) 146(1)
FCH,C=N-XeF 400(2), 404(1) 247(5). 2554) 124(5)
263(CNH 171(3), 180(1)
C,H,C=N-XeF' 392(4), 400(2) 234(2), 248(<1) 172(<1), 181(2)
406(2)
(CH,),CHC=N-XeF*  396(<1), 405(2) 249(1), 253(2) 159(1), 168(<1)
261(1) 176(1), 184(1)
(CH,),CC=N-XeF" 401(2) 185(5), 191(3) 150(1), 156(1)
239(1), 245(2) 169(1)
C,FN-XeF™* 401(2), 419(4) 239(1), 245(2) 158(13), 154(sh)
FXeN(SO,F)," 422(4) 180(7), 186(13)
215(113), 220(113)
FIXeNSOELI' ¢ 423(2)
5s-C,F;N,N-XeF* d 313(D) 156(23), 159sh
Xe[N(SO;F),]* 406, 413

(a) See Chapter 7.
(b) Ref. (64).
(c) Ref. (67).

(d) Ref. (123).
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expected to contribute two types of bending vibrations: in-plane and out-of-plane for
RC=N-Xel” cations (except for CH,C=N-XcF™ and (CH;),CC=N-XeF. which have
cvlindrical symmetry, thus rendering the in-planc and out-of-plane bends doubly
degenerate). The bending modes of the FXeN group are expected at lower frequencies
than those of the XeN=C group. These bending modes are assigned to several lines in
the 124 - 186 and 1835 - 268 cm’' regions; respectively. with the splittings most probably
arising from solid state effects.

The Raman spectra of the RC=N-XeF™ cations all exhibit sharp lines at 2231 -
2341 cm atributed 10 V(C=N). The corresponding frequencies of the free nitriles™**
oceur at 2230 - 2295 cm’ in the liquid state. Upon coordination with XeF', the v(C=N)
stretching frequency shifts to higher frequency as shown in Tables 5.3 and 5.4. This is
consistent with the nitrile ligands acting as ¢-donors by donating their N electron pairs
to the XeF* cation.

Additional weak bands were also observed at 2231 - 2341 cm’ in the spectra of
the RC=N-XeF* cations. These bands may arise from the formation of equilibrium
amounts of RC=NH"AsF, according 10 equilibrium (5.5). One example has been
examined. namely, the reaction of FCH,C=N with AsF; in HF under the same reaction
conditions, and its Raman spectrum has been compared with that of FCH,C=N-XeF AsF;.
The w(C=N) stretching frequency of FCH,C=N-XeF AsF occurred at 2226(10), 2258(9)
cm’'. which is lower than v(C=N) (2266 cm™) in FCH,C=N. Thus, the weak bands
observed at 2231 -2341 cm in the RC=N-XeF cation do not appear to result from
v(C=N) of the RC=NH" cations. The bands observed at 2231 - 2341 ecm™ are ascribed

10 combination bands in which the combination band frequency interacts with a
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fundamental vibration of the C=N stretch by means of a Fermi resonance interaction.™
Fermi resonance results in two bands where one fundamental V(C=N) streteh is ordinarily
expected. The combination band. in effect. borrows intensity from the fundamental and
the two bands "repel” cach other, therefore. neither is found where it is expected. The
relative inwensities and separations of the buands depend on the separation of the two
unperturbed frequencies.  The line positions may be approximately caleulated using

equation (3.14).2”

V, =% (v, o+ V) E (v, - v (- DAL, + 1] (5.14)

where the two values of v, are the unperturbed frequencies. v, and v, arc the ebserved
frequencies and I, and I, are their respective intensities. The unperturbed frequencies of
the coupled combination and fundamental v(C=N) stretching frequencies of the
RC=N-XeF" cations are given in Table 5.7; the v(C=N) stretching frequencies of the
RC=N-XeF" cations and RC=N are given in Table 5.8. In general v(C=N) is 44 - 69 cm”!
higher than in the free nitile.

The Raman spectra of the RCEN-XeF* cations show strong similarities to the free
nitriles in the asymmetric and symmewic CH,, CH, and CH stretching regions (2727 -
3045 ¢cm) and at 1301 - 1476 and 1404 - 1437 cm'', where the CH, and CH, bending
frequencies occur. The assignments of the CH, and CH, stretching and deformations are,
however, less cerain due to the occurrence of several fundamental and
overtonc/combination vibrations in these regions and Fermi-resonance between them. "’
The assignments of the carbon-hydrogen and carbon-carbon stretching and deformation

modcs for individual RC=N-XeF™ cations in this series have been made as follows:



Tahle 3.7

The Fermi Resonance of v(C=N) With Combination/Overtone Bands in the 2231 - 2351

cm' Region of the Raman Spectra of the RC=N-XeF™ Cations

Cation Observed Bands Unperturbed Bands
(cm™) (cm™)
HC=N-XeF 2159(41). 2163(18) 2160.2, 2161.8
CH,CaN-XeF 2331(19), 2335(14) 23327, 23333
CICH,C=N-XcF 2320(16). 2332(31) 2324.1, 23279
C,H,C=N-XeF 2287(6). 2300(4) 2293.2, 2293.8
(CH,),CHC=N-XeF™  2286(10), 2293(9) 2289.3, 2289.7

(CH,),CCaN-XceF 2283(28), 2285(22) 2283.9, 2284.1
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Table 5.8

Raman Frequencies of the v(C=N) Stretching Mode in the RC=N-XeF™ Cutions and the

Corresponding Free Bases.

R RC=N RC=N-XeF' Av=v, -v, Ret*
v (em™) v,(cm’) (cm™)
H 2097 2162 65 (163)
CH, 2264 2333 69 (203)
CICH, 2256 2324 63 (202)
FCH, 2266 2341 75 (202)
CH, 2248 2294 46 (203)
(CH,),.CH 2246 2290 44 (204)
(CH,),C 2240 2284 44 (206)
a References correspond 1o the published vibrational frequencices for the free bases,

RC=N.
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CH C=N-X¢F". The assignment of CH; stretching and deformation, HCC deformation and
CC strerching vibrations are given in Table 5.4 and have been made on the basis of the
previously reported %% assignments under C,, point symmetry for the corresponding
modes of CH,C=N. On the basis of these studies,”*** there are seven fundamental bands
for the CH,C unit, four of which are doubly degenerate, namely, the v(CH;) asymmetric

stretch, 8(CH,) deformation and the (CH,) rocking and 3(C-C=N) bending modes.

XCH.C=N-XeF', (X = F. C). The assignments of the lgand modes for the

XCH,C=N-XeF cations (X = F, Cl) are given in Table 5.3 and have been made on the
basis of the previously reported™ assignments for the corresponding modes of the free
nitriles, XCH,C=N (X = F, Cl). The normal modes of vibration for the methylene groups
of the cations consist of the two stretching and the deformatdon (bending, wagging,
twisting and rocking) modes. The XCH,C=N-XeF" cations are not cylindrical and it is
reasonable to suppose that the in-plane and out-of-plane bending vibrations of the CC=N
moicty are not degenerate. The bands at 188(2), 226(3) and 230 (2) cm’! are therefore
assigned to these modes in the FCH,C=N-XeF* cation and those at 214(<1), 221(1) and
228(2) em™ 1o those of -the CICH,C=N-XeF" cation.

CH,CH.C=N-X¢F'. The assignments of the CH, and CH, swetching vibrations are
presented in Table 5.3 and have been made on the basis of the previously reported
assignments for the corresponding modes for ethylnitrile, CH,CH,C=N.**

(CH,).CHC=N-XeF'. Vibrational assignments for the free nitrile have not been published.

The C-H stretching modes can be assigned on the basis that each of the two CH; groups
will have one symmetric and two asymmetric stretching frequencies and the asymmetric

stretches will be close in frequency. but higher than the symmeric stretch. The three
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stretching modes of cach CH, couple to yield 3A” and 3A” modes. The assignments of
the CH; stretching vibrations are given in Table 5.3 and have been made on the basis of
the previously reported assignments for the corresponding modes for isobutyronitrile,™™

isopropylhalides,” isopropylisocyanate™”

and isopropylamine.”' On the basis of the
previous assignment, the single CH stretch has been assigned to the frequency at 2922
cm’. The frequencies in the region 2879 - 3030 cm’! must arise from the asymmetric and
symmetric in-piane and out-of-plane stretches. The other observed frequencies 2784(<1)
and 2782 (<1) cm™ are assigned to the overtone and combination bands of the CH,
deformation and rocking modes. There are fourteen carbon-hydrogen bends, excluding
the two torsions, which are associated with twe <_H, groups. The four CH, asymmetric
deformations are assigned to Raman bands at 1449(1), 1459(1), 1464(2) and 1468(1) cm',
and the two CH, symmetric deformations are assigned to bands at 1445(<1) and 1454(3)
cm'. The two CCH bends are assigned to the Raman lines at 1312(1) and 1374(1) cm™.
The 1104 - 1393 cm’ region contains seven bands, two of which have already been
assigned and four bands of which are expecied due to the CH; rocking motions. The
CCC stretches are also expected to occur in this region and therefore after assigning the
asymmetric CCC stretch at 973(2) em™, the remaining four lines are assigned to the four
CH, rocking modes at 1174(1), 1270(2), 1279(2) and 1393(2) cem’. The two methyl
torsions are assigned to bands at 263(1) and 270(1) cm’. The skeletal modes of the
(CH,),CH group (deformation, twist and wag) are assigned to bands at 363(2), 357(<1)
and 325(3) cm’, respectively. The Raman lines observed at 243(1) and 239(<1) cm’
have been assigned to the 8(CC=N) in-plane bending modes and those at 329(6), 339(2)

cm’! to the CC=N out-of-plane bend.
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(CH 0, CC=N-Xel. The assignments of the stretching and bending vibrations of the

(CH,),C group arc given in Table 5.4 and have been made on the basis of the previously
reported assignments for the corresponding modes of tert-butylnitrile™ There are 14
active fundamental vibrational modes associated with the (CH,),CC=N-XeF™ cation that
arise from the three CH, groups present in the cation. There are several bands in the
region of 2720 - 3015 cm™ where the five CH stretching vibrations are expected to fall.
Some of these bands may be due to overtones/combinations of the bending vibrations,
henee detailed and unambiguous assignments of these fundamentals are not possible for
the CH stretching modes. The frequencies in the region of 1402 - 1465 cm™ must arise
from the asvmmetric and symmetric deformations, and, in all, five bands are expected.
The observed bands 1402(2), 1412(2) and 1448(2) cm™ are assigned to the CH; symmetric
deformation and the bands at 1460(3) and 1465(6) cm’ are assigned to the CH,
asymmetric deformation. The remaining four bands are due to CH; rocking and torsional
vibrations. The CH, torsional vibration has been observed at 269(6), 273(7) and 277(4)
cm’. and the remaining three bands are due o CH; rocking modes and have been
observed at 1203(7), 1212(7) and 1234(<1) cm”, respectively. The skeletal modes of the
(CH,),C group have the CC stretching vibration at 1041(4) and 1045(3) cm™ and the CC;
stretching vibration at 935(1). 943(7) and 947(8) cm. Two CCC bending vibrations are
also expected at 357(3) cm”? (wagging) and 401(2) cm™ (deformation). The CC=N group
has lincar cylindrical symmetry so that the in-plane and out-of-plane bending modes are
degenerate and are assigned to bands at 264 (6), 255 (2) cm™.

The three Raman-active modes associated with the octahedral AsFg anion vy(a,),

vy(e,) and vy(t,) of the RC=N-XeF AsF; salts are further supported by a comparison with
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Raman Frequencies and Assignments for the AsF, Anion in the RC=N-XcF AsF, salts

and Related Salis

a

b

o

Sakt

CH,CaN-XcFAsF,
CICH,C=N-XcFAsF,
FCH.C=N-XcF"AsF;
CH,CH.CrN-XcFAsF,
(CH,),CHC=N-XcF-AsF,
(CH,),CC=N-XcF" AsF,
C,F;N-XcF AsF;
5-CF;NN-XcF AsF *

F[XcN(SO.F).],"AsF, ®

AsBrAsF, ©
AsCI"AsF, ¢

Ref. (123).

Ref. (69).

Ref. (212).

"’l.(al;) \"-_-(C‘) \',(1:‘)
681(59) 580{23) 370(26)
635(44) 583(8)
682(56) 584(37) 370(14)
375010)
682(48) 533(10) 368(8)
S88(11) 372(10)
634(25) 585(9) 369(5)
371(6)
685(22) 574(%) 366(3)
370(5)
681(34) 574(3) 368(12)
584(13) 371(8)
677(24) 571(4) 3753)
680(9)
684(19) 588sh 370(5)
591¢4) 375(4)
6380(18) 570(2) 374(3)
632(10) 574(20) 3793
583(2)
671(17) 568(5) 370(7)
702(1)
680 570 in
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those previously given for AsX;"AsF, (X = Cl and Br),*** F[XeN(SO.F).],;"AsF,,”
5-C,F,N,N-XcF* AsF, ' and C;F N-XeFAsF, ., which are listed in Table 5.9. This is
truc provided that the site symmerry for the AsF, anion is O, in what are deemed to be
purcly tonic RCEN-XeF AsF, salts in the solid state.

A number of unassigned Raman lines have been observed at 2200 - 2332 and 2732
- 3030 ¢cm’', which can be interpreted as overtones and/or combinations of fundamentals
associated with the organic moiety of the RC=N-XeF" cation. Lines below 116 cm™ are

attributed to lattice modes.



CHAPTER 6

THE DECOMPOSITION AND SOLVOLYTIC BEHAVIOR OF RC=N-XeF AsF -

AND RC=N IN ANHYDROUS HYDROGEN FLUORIDE

INTRODUCTION

The reactions of alkyl nitriles with XeF'AsF, lcads to the adduct cations,
RC=N-XeF AsF, which can be isolated from HF solvent at low temperature (see Chapter
5). However, some alkyl nitriles, especially, the long chain alkyl nitriles, were shown 1o
be thermally unstable and were readily fluorinated at -30 °C to form monofluoro- and
difluoro-alkyl nitriles at the B-, ¥-, and 8-carbons, but not at the a-carbon. The protonated
monofluoro- and diflucro-alkyl nitriles in turn react with XeF" according to equilibria (5.3
- 5.7).

It has been shown in Chapter 4 that the related adduct cation, HC=N-XeF, is
thermally more stable than RC=N-XeF" in HF solvent and slowly decomposes at room
temperature.

In this Chapter, the stabilities and solvolytic behaviors of the RC=N-XeF AsFy

salts have been studied by monitoring their decompositions in anhydrous HF solvent over
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a period of several hours at room temperature by NMR spectroscopy.

For a better understanding of the reaction mechanisms and to determine whether
the fluorinating agent is XeF, or HF, a parallel study of the corresponding free nitriles,
RC=N (R = CH,, CH,, n-C,H;, n-C;H,), in anhydrous HF has been undertaken. Prior to
this work, studics of the solvolysis of the alkyl nitiles in anhydrous HF was limited.
Mohr er al.*'? showed the reaction of CH,C=N and anhydrous HF forms the CH,CF,NH,"
cation. The CH,CF,NH;" cation has been inferred by back titration of the unreacted HF
with alkali metal carbonates. Based on their related, but inconclusive work on the
HC=N/HF system, Gillespie and Hulme'® suggested that the solvolyses of alkyl nitriles
in anhydrous HF may lead to the RCF,NH," cations by addition of two molecules of HF
to the C=N bond. However, no definitive characterization of these cations has been
reported.

Consequently, the room temperature solvolysis products resulting from RCEN (R
= CH,, C,H,, n-C;H, and n-C,H,) in anhydrous HF have been investigated in this Chapter
using "*F, N, N, *C and 'H NMR spectroscopy to characterize the fluorinated products.
This study indicates that the products and fluorinaton mechanisms of the decomposition
of RC=N/HF differ significantly from those resulting from the decomposition of
RC=N-Xc¢F' cations in HF. In addition, this study also attempts to determine whether the
two fluorination routes can provide useful synthetic routes to mono- and difluoro-nitriles

and to study the influence of alkyl chain length on the fluorination products.



192
RESULTS AND DISCUSSION

(A) CHARACTERIZATION OF THE DECOMPOSITION PRODUCTS OF

RC=N-XeF'AsF, IN ANHYDROUS HF_BY ™F AND 'H NMR

SPECTROSCOPY

Warming of stoichiometric mixtures of RC=N and XeF AsF, in anhydrous HF for
several hours at  room temperature followed by recording the ™F and 'H NMR spectra
at -135 °C showed that several fluorinated products were formed. It was found that aitriles
having long-chain alkyl groups were fluorinated more rapidly. In order to understand the
mechanism of fluorination, the decompositions were studied as a function of alkyl chain
length where R = CH;. C.H;. n-CH, and n-C,H,. It was noted that upon warming
solutions of RC=N-XeF" (R = CH,, C.H,) to room temperature, the F-on-Xe(1l) signals
persisted, but in the case of RC=N-XeF" (n-CH, and »-C,H,) the F-on-Xe(lIl) signal
rapidly disappeared with the evolution of Xe gas. Table 6.1 lists the decomposition
products of RC=N-XeF" cations in HF solvent and summarizes the relative thermal
stabilities of RC=N-XeF" (R = H, CH;, C,H,, n-C,H, and n-C.H,) and their decomposition
products in anhydrous HF solvent after warming the solutions for several hours at room

temperature.

(i) CH,C=N-XeF"AsF;
The YF NMR spectra showed that a significant amount of the adduct cation,

CH,C=N-XcF, exists after warming the reaction mixture for 48 hours at room temperature.



Relative Stabilitics of RC=N-XeF AsF, (R = H, CH,. C,H, and n-C,H, and #-C H,) and

Fluorinated Products Resulting From the Decomposition of RC=N-XeF AsF,  in

Anhydrous HF at 25 °C

Reaction

RC-N Conditions
HC=N -10°C
CHC=N" -10°C
CH,CH,C=N "¢ -15°C
n-CyH,CaN -30°C
n-CH,CaN* 50 °C
25C

Xe-N Bonded Warming Time*
Adduct Cation {Hours.)
HCaN-XcF 14
CH,CeN-XeF 438
C,H,CaN-XcF* 15
CH,FCH.CaN-XcF*

CH,CH.CH, CaN-XcF 2
CH,CHFCH.CaN-X¢F*
CH.FCH,CH.CaN-XcF'
CHFE.CH,CH.CeN-XcF
CH,CF.CH.CeN-Xc¢F'

n-CH,CaN-XcF* 0.2

CH,CHFCH,CH,CaN-XcF'

CH,CF.CH.CH.CaN-XcF

Decomposition

Products

HCENH', CF,H, CF,NH,",
F.C=NH,". HFC=NH.',

CF,

CH,CaNH'

CF,CaNH’

CH,CH.CaNH"

CH.FCH.CaNH"

CH,CH.CH,CaNH"

CH,CHFCH.C=NH"
CH,FCH,CH.CaNH"
CHF.CH,CH,CaNH"

CH,CF.CH.CaNH'

n-CH,CaNH"
CH,CHFCH,CH,CeNH'

CH,CF,CH.CH.CENH'

Contnued...
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Table 6.1 {continued)

a The time required for complete decomposition of RCEN-XeF”™ with the exception
of CH,C=N-XeF", where a significant amount of the adduct cation remained with
a significant amount after warming the reaction mixture for 48 hours at room
temperature.

b The F NMR spectra also showed an ABX spin-spin coupling pattern which is
unassigned.

c The CH,FCHFC=N-XeF" cation was formed after warming a solution of C,H,C=N
and XeF AsF, for two hours at room temperature.

d The fluorinated xenon-nitrogen adduct cations and the protonated nitriles result
from the fluorinadon of RC=N-XeF'AsF, (R = CH,, n-CH; or n-C;H,) in
anhydrous HF.

e The F NMR spectra showed other fluorinated species which have not been

identified (e.g., see Figures 6.1 and 6.2).
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In addition. several new F signals were observed and their intensities increased with the
time of warming. The most intense signal was observed at -70.9 ppm (singlet), while the
low-intensity signals consisted of a quartet (-63.9 ppm; J, 11.6 Hz) and an ABX pattern
(8(F),. -35.6 and 8(F),. -39.4 ppm: J(F,-X), ~0 Hz and J("®Fp-X), 14.8 Hz). The “°F
NMR spectra of 99.0% '*N-enriched CH,C=""N-XeF AsF, and 99.0% "C enriched
CH,"C=N-XeF AsF, salts in HF solvent produced the same signals with no further
splitting, while the 99.7% C-enriched PCH,C=N-XeF~AsF; salt showed further splitiing,
i.e., the signal at -70.9 ppm was split into a doublet (J(F-C), 279.7 Hz) and each line
of the ABX pattern was split into doublets in both the F, (J(*F-PC), 312.8 Hz) and F,
portions ('J("°F-"C), 308.6 Hz) of the spectrum. Based on enrichment swudies, the
predominant signal at -70.9 ppm was assigned to CF,C=NH", whereas the minor product
(ABX pattern) has not been assigned. The 'H NMR spectra also showed two singlets at
254 and 226 ppm resulting from the CH;C=NH" and CH,C=N-XeF" cators,
respectively, and an unidentified wiplet at 2.95 ppm (J, 5.4 Hz). The latter is presumably

associated with the ABX pattern in the '°F NMR spectrum.

(i) GH C=N-XcF AsFy

The “F NMR spectram showed that the solvolysis of CH;C=N-XeF'AsFy in HF
progressed more rapidly than that of CH,C=N-XeF" under similar conditons. The F-on-
Xe signal decreased in intensity and disappeared after warming the solution for 15 hours
at rocm temperature. In the initial stages of warming, two F-on-Xe signals were

observed, one of which was previously known and is readily assigned to the CH,C=N-
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XeF™ adduct cation. The other, a F-on-Xe(Il) environment, is assigned to a new
fluorinated nitrile adduct of XeF™. The new adduct was identified as CH.FCH,CaN-XcF
and was in cquiliijrium with the protonated nitrile in HF solvent. The fluorine-on-carbon
region showed two overlapping, but distinct, multiplets at -219.3 and -219.1 ppm which
are assigned to the CH,FCH, groups of the protonated nitrile and the Xe-N bonded adduct
cation, respectively. The F chemical shifts of both cations are in good agreement with
the "F chemical shifts of the related monofluoronitriles in HF solvent (Table 6.2). The
F NMR spectra also showed an intense ABX pattern at -35.8 (F,) and -40.0 (F,) ppm
(J(F\-Fp), 141.6 Hz; J(F,-X), 18.3 Hz and J(F-X), ~0 Hz). which overlapped with
another low-intensity ABX pattern at -33.3 (F,) and -36.8 (Fy) ppm (J(F,-Fy). 139.5 Hz;
J(F,-X), 18.0 Hz and J(F;-X), ~0 Hz), and four singlets of different intensities at -68.2,
-68.4, -66.2 and -66.0 ppm. Further warming of the solution for 15 hours at room
temperature resulted in resonances arising from the CH,FCH,C=NH" and CH,FCH,C=N-
XeF* cations, the two ABX patterns and an unidentified multiplet at -227.7 with
approximate relative intensities 1: 2:3 :4: 3 : 2 : 1. Throughout the warming, the two
ABX patterns persisted with the most intense pattern belonging to the dominant
fluorinated product in the mixture.

The 'H NMR spectrum was recorded at -15 °C after warming the solution for 15
hours at room temperature and showed that the CH,CH,C=N-XeF" and CH,CH,C=NH"
cations are the dominant products as well as several unidentified minor products at 4.83
ppm (J, 5.43 Hz; quartet), 4.71 ppm (J, 5.47 Hz; sextet), 4.62 ppm (J, 5.29; quartet), 3.06

ppm (J, 7.53 Bz; quartet) and 1.28 ppm (J, 7.50 Hz; triplen).
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NMR Parameters of the Decomposition Products of RC=N-XeF™ Cation in HF Solvent

Chemical Shifts (ppm)? Spin-Spin Couplings (Hz)

Cation” 8("F) 8(H) J(H-'H) J(PF-'H)
CH,C-NIT 24
CELC NH 709
CHCH,C=NIHT 1.22 (CHy), 7.6
243 (CH.:
CH,FCH.C=NH" 22188 — - 46.1 (F,.H,)
- 232 (FI.H:_)
CH,CH.CH,C=NH" 2.09 (CHy), 7.0 (H,.H.)
2,76 (CH,), 74 (H.H,)
3.52 (CH.),
CH.FCH,CH,C=NH* 2227 433 (CHy, 5.3 (H,,H) 46.1 (F)H,)
1.78 (CHJ): 6.7 (H.,Hy) 9.3 (Fi.Ho
2,69 (CH.),
CH,CHFCH CaNH* -172.1 1.12 (CH,), 6.3 (H,.H) 24.6 (F..H))
2.91 (CHF). 6.2 (Ha,H,) 47.0 (Fp.Ho)
4.70 (CHJ), — (F;.H,)
CHF,CH,CH,CaNH* 1209 — — 549 (F,H)
— — 17.9 (F,.H,))
CH,CF,CH,CaNH* 877 1.72 (CHy), 183 (F:,Hy)
3.80 (CH)), 14.2 (F.Hy)
CH,CH,CH,CH,CaNH" 0.89 (CH,), 7.4 (H,H.)
1.40 (CH.), 7.8 (H.H,)
1.61 (CH,), 72 (H,H)
247 (CH.)
CH,CHFCH,CH,CaNH" -1759 118 (CH)), 62 (H,,H,) 259 (F.Hp)
197 (CHF). 6.8 (H..H,) 492 (F,,Hy)
3.09 (CH,), 6.1 (H,,H) 279 (F,.H,)
470 (CH), 6.5 (FL,HY)
CH,CF.CH,CH,CaNH" 97.1 1.44 (CHy), 7.6 (Hy,H) 19.1 (F:,H,)
1.82 (CHJ), 18.5 (F:.Hy)
2.66 (CHJ),

Continued...
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Table 6.2 (conunued)

a Referenced externally at 24 °C with respect 1o the neat liquid references
CFCL(™F) and TMS (‘H).
b The numbering scheme used to denote 8(™F), 8('H), J('H-'H) and J("™F-'H) ix:

CH,FCH,C=NH", CH,CH,CH.C=NH", CH,FCH,CH.C=NH".

2 1 2 3 1 2 k]

CH,CHFCH,C=NH"  CHF.CH,CH,C=NH". CH,CF.CH,C=NH"

1 2 3 i 2 3 1 2 3

CH,CH,CH,CH,C=NH", CH,CHFCH,CH,C=NH', CH,CHFCH,CH,C=NH"

1 2 3 4 1 2 3 - 1 2 3 4
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(iii) n-Cy11,C=N-XcF AsF,

The decomposition of n-CH,C=N-XeF AsF, has been monitored in HF solution
by ™I and 'H NMR spectroscopy. Fluorination occurs at the alkyl carbons, but not on
the carbon a- to the C=N bond. The F and 'H NMR spectra are consistent with the
fluorinated nitrile cations CH,CH,CH,C=NH", CH,FCH,CH,C=NH", CH,CHFCH,C=NH",
CHF,CH,CH,C=NH" and CH,CF,CH,C=NH". Figures 6.1 and 6.2 depict the "°F NMR
spectrum of n-CyH,C=N-XeF AsF;" in HF after warming for two hours at 24 °C and
Figure 6.3 depicts the 'H NMR spectrum of #-C;H,C=N-XeF AsF, in HF after warming
for two hours at 24 °C. Table 6.2 lists the NMR parameters of the fluorinated alkyl

nitrile cations in HF solvent

(iv) n-C.;H,C=N-XeFAsF

This cation is very unstable and forms several fluorinated products at low
temperature, which have been characterized by F, 'H and 'H-2D COSY NMR
spectroscopy.  The main decomposition products are CH,CHFCH,CH,C=NH',

CH,CF,CH,CH,C=NH" and CH,CH,CH,CH,C=NH" (Table 6.2).
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Figure 6.2  '*F NMR spectra (235.361 MHz) resulting from the reaction of a iI:1

c___,__i"'_

stoichiometric mixture of n-C;H,;C=N and XeF*AsFy in HF after warming
the solution for 2 hours at room temperature. Sl;ccua have been expanded
from Figure 6.1; (B) CH,CF,CH,C=NH", (C) CHF,CH,CH,C=NH", (C’)
CHF,CH,CH,C=NXeF*, (D) CH,CHFCH,C=NH", (E)

CH,FCH,CH,C=NH" and (F) unidentified resonance.
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(B) CHARACTERIZATION OF THE FLUORINATED PRODUCTS RESULTING

FROM THE SOLVOLYSIS OF ALKYL NITRILES IN ANHYDROUS HF BY

PE, PN, “N, ”C AND 'H NMR SPECTROSCOPY

Warming solutions of the RC=N-XeF" adduct cations in anhydrous HF solvent
results in fleorination of the alkyl group. The resulting fluorinated nitriles have been
characterized by multi-NMR spectroscopy in solution. The reactions of alkyl nitriles with
anhydrous HF have also been investigated in a parallel study in order to better define, as
in the case of HC=N-XeF" (see Chapter 4), the fluorination routes in both systems.

The alkyl nitriles, RC=N (R = CH,, CH,, n-CH,, n-C.H,), were dissolved in
anhydrous HF at room temperature and allowed to react for 7 days at room temperature.
All the reactions gave yellow colored solutions except the acetonitrile solution which
remained colorless. The F NMR spectra of these solutions showed three intense signals
and a low-intensity signal in each specrum (Figure 6.4) and their 'F chemical shifts
indicate that they result from related species. After 6 - 12 hours, the same signals were
observed but with different relative intensities, indicating that the four *°F signals in each
spectrum resulted from different fluorinated species. High-frequency resonances were
observed at -7.7 (doublet of quartets of doublets), -14.8 (doqblet of triplets of doublets),
-13.7 (doublet of triplets of doublets) and -13.6 ppm (doublet of wiplets of doublets),
which are assigned to RCF=NH,* (R = CH,, CH;, »-CH, and n-C.H;), respectively.
Three sets of low-frequency resonances were also observed in each spectrum (see Figures

6.4 and 6.5). One set was broad and observed ar -79.0, -88.2, -85.8 and -85.7 ppm, and



Figure 6.4
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F NMR spectra (235.361 MHz) resulting from the solvolysis of
(2) CH,C=N, (b) C,HC=N, (c) #n-C;H,C=N and (d) »-C,H,C=N in
HF solvent at -15 °C after warming the reaction mixtures for 7
days at room temperature; (A) RCF=NH,*, (B) RCF,NH;", (C) Z-
RCEN(H)C(NH)R® (Structure 6.2) cations and (D) E-

RCFE,N(H)C(NH,)R" (Structure 6.1) cations.
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is assigned to the RCF,NH," (R = CH,, CH,, n-CH, and n-C,H,) cations, respectively.

A second broadened set (C) was observed at -79.7 (doublet of quartets), -85.5 (doublet
of triplets), -85.5 (doublet of triplets) and -85.5 (doublet of triplets). Set (D) displayed the
same multiplicity pattern as set (C), but was less intense, occurring at -76.5, -79.3, -81.2

and -81.1 ppm. Resonances (C) and (D) are assigned to Structures 6.1 and 6.2

H ,NH, H R
\ _+ \ /
N—=C N _—_-_—_‘C
/ A\ / TE
RCF, R RCF, NH,
E-isomer Z-isomer
Structure 6.1 Structure 6.2

R = CH3, Csz, n'QH-, al‘ld n"cdl'lg-

It was not possible to distinguish between the E- and Z-isomer cations in the F
NMR spectra, but based on steric effects and the intramolecular interactions between the
hydrogens of the NH, group and the fluorines of the CF, group, it is expected that the Z-
isomer is the favored isomer.

The 'H, “N and C NMR spectra showed several signals which have not been
assigned. The F NMR spectra of 99.0% "C-enriched CH, C=N and 99.7% "C-cnriched
3CH,C=N in anhydrous HF showed that HF was added to the C=N bond in all four

fluorinated species (Figure 6.5) with fluorination occurring on carbon. These reactions
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F NMR spectra (235.361 MHz) of (a) 99.7% 3C enriched *CH,C=N, (b)
99.0% "*C enriched CH,">C=N and (¢) natural abundance CH,C=N, in HF
solvent after warming the solutions for 7 days at room temperature; (A)

RCF=NH,", (B) Z-isomer cation (Structure 6.1) and (C) RCF,NH," cations.
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were repeated by warming the HF solutions for 7 days at room temperature followed by
pumping off thc HF solvent at -30 °C for 2 hours. The reaction mixtures were then
witrmed 1o room temperature and pumped on for a further 3 days, resulting in colorless
viscous liquids. Each sample was redissolved in dry CH,Cl, and evaporated in the hope
of obtaining crystalline material. Only in the case of the acetonitrile sample was a solid
product isolited when CH,Cl, was evaporated. The final products were redissolved in HF
solvent after isolation from CH,Cl, solution and the '°F, N, “N, C and 'H NMR spectra
recorded.  The volatile materials, which had been collected in a -196 °C cold trap, were
also studicd by multi-NMR spectroscopy. The *F NMR spectra of the involatile products
showed signals arising from two species in the spectrum of each system, which are
readily assigned to the Z- and E-isomers given by Structures 6.1 and 6.2. The *F NMR
speetra of the volatile materials resulting from the reaction of RC=N in HF at room
temperiature only showed a single broad signal resulting from HF solvent (-198 ppm): no
volatile fluorinated compounds appear to result from these reactions.

In order to more fully characterize the isolated fluorinated products, the reactions
of natral abundance CH,C=N, 99.7% "C-enriched *CH,C=N and 99.0% “C-enriched
CH,"C=N in anhydrous HF solvent were monitored by 'H and "*C NMR speciroscopy.
The most intense resonances in the '"H NMR spectrum of natural abundance CH;C=N in
HF, recorded at -15 °C, consisted of a triplet at 1.86 ppm CJ(®F-'H), 16.4 Hz), assigned
to & CH,CF, group, a singlet at 2.26 ppm, assigned to a CH, group, a 1:1:1 triplet at 7.49
ppm (57.00 Hz) and a 1:2:1 wiplet (14.3 Hz) of 1:1:1 triplets (47.7 Hz) at 7.16 ppm,; the

latter multiplet results from J(¥N-'H) (Figure 6.6). Carbon-13 enrichment further split



Figure 6.6
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'H NMR spectra (500.125 MHz) of (a) natural abundance CH,C=N in HF
solvent at -15 °C: after warming the solution for 7 days at room
temperature and (b) natural abundance Z-CH,CF.N(H)C(NH,)CH," in HF
solvent at -15 °C; : (A) CH,C=NH"; (B) Z-CH,CF,N(H)C(NH,)CH,"

cation (Structure 6.1), where (B,) is the 'H resonance of the CH,CF, group
and (B,) is the 'H-on-carbon resonance of the CH,C(NH,)NH group; (C)
'H resonance of the CH,CF,NH," cation; (D) 'H resonance of the
CH,CF=NH," cation; (E) 'H resonances showing J(“*N-'H); (F) unassigned

resonances and (G) supressed HF solvent signal.
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the Tatter two signals into a doublet (99.7% "“C-enriched »CH,C=N in HF; J(°C-'H),
128.9 and 130.8 Hz, respectively, and 99.0% "“C-enriched CH;PC=N in HF; *J(C-'H),
4.7 and 4.9 Hz. respectively). The coupling constant *J(F-'H), 16.4 Hz, is in good
agrecement with that observed in the F NMR spectrum (a quartet at -79.7 ppm). The
further doublet splitting on the quartet is atrributed to the proton of an NH group bonded
to a CH,CF, group. Presumably additon of two HF molecules to the C=N bond iniually
occurs. resulting in CH,CF,NH,", which then undergoes further reaction to form a
compound containing the CH,CF,NH- moiety. The 'H NMR spectrum also showed
another signal at 2.26 ppm (singlet) which is assigned to a second CH; group. The
product appears to result from fluorination and dimerization of CH,C=N, where the CH,
signal can be assigned to a -C(NH,)CH; moiety and the major fluorinated product is
Z-CH,CF,N(H)C(NH,)CH,* (Structure 6.2). The 'H NMR specwra also showed weak
signals consisting of a triplet at 1.96 ppm, CJ("F-'H), 17.1 Hz assigned to 2 CH,CF,
group and a singlet at 2.48 ppm, assigned to a CH; group. These two signals are
identified as the E-isomer (Structure 6.1) and had integrated relative areas E-isomer : Z-
isomer = 4 : 96.

Further evidence for the fluorinated dimer cations was obtained from PC NMR
spectroscopy. The {'H}-decoupled C spectrum of the solvolysis products of CH,C=N
in anhydrous HF (Figure 6.7a) showed four intense signals comesponding to Z-
CH,CEN(H)C(NH,)CH," (Structure 6.2): 4.0 ppm (singler), CH, group of CH,C-NH,; 8.8
ppm (triplet: JJ('F-PC). 26.5 Hz), CH, group of CH,CF,; 118.8 ppm (iplet; 'J(*°F-"C),

247.9 Hz), CF, group and 167.9 ppm (singlet), C=NH, group. The *C NMR spectra of
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200 100
a.nc(ppm from (CH,},Si)

—_— B
200 Hz
! 1 ! |
-250 -260

S'SN (ppm from CH,NO,)

Figure 6.7 (a2) Natural abundance “C NMR spectum (125.760 MHz) of Z-
CH,CF,N(H)C(NH,)CH," (Structure 6.2) in HF solvent at -15 °C; (A) CH,
group bonded to CF,, (B) CH, bonded to C-NH,, (C) CF, and (D) C-NH,.
(b) N NMR specaum (50.698 MHz) of the 99.0% "*N-cariched Z-
CH,CE.NEH)C(NH,)CH,* (Structure 6.2) in HF solvent at -15 °C; (A) NH,

group and (B) NH group.
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99.0% C-cnriched CH,C=N in HF provided further evidence for dimerization and Z-
CH,CFN(H)C(NH,)CH," cation and showed J(*C-"C). 2 Hz (Figure 6.12). The N
NMR spectrum of 99.0% cnriched CH,C="N in anhydrous HF recorded at -15 °C (Figure
6.7b) showed two signals, one at -263.2 ppm (wiplet; 'J(**N-'H), 95.6 Hz) resulting from
the NH, group and the other at -250.5 ppm (doublet of triplets; 'J(*N-'H). 98.0 Hz and
J("™F-PN). 15.3 Hz) resulting from the CF,NH- group of Z-CH,CEN(H)C(NH,)CH,".

The NMR findings conclusively demonstrate that the dominant product from the
solvolysis of CH,C=N in HF is Z-CH,CF,N(H)C(NH,)CH;". It has also been possible to
characterize two other intermediates which form prhor to £E- and Z-
CH,CF.N(H)C(NH,)CH," which have been characterized in HF solvent at -15 °C as the
CH,CF=NH," and CH,CF,NH;" cations.

The RC=NH" (R = CH,, CH,, n-CH, and n-C.H,) catons have also been
identified by dissolving the alkyl nitriles in HF solvent and recording their °C and 'H
NMR spectra at -15 °C prior to warming their HF solutions to room temperature; their
NMR parameters are listed in Table 6.3. The full NMR characterizations of the E- and
Z-RCF,N(H)C(NH,)R*, RCF=NH," and RCF,NH," (R = CH,, CH,, »-C;H; and n-C.;Hy)

cations by multi-NMR spectroscopy are discussed beiow:

) Characterization of the E- and Z-RCE.N(HYC(NH.R® (R = CH,. CH.. n-CH, and

n-C.H) Cations in HF Solvent

It has been found in previous studies®™ that the reactions of the alkyl nitriles,

RC=N (R=CH, CH, n-CH, and n-CH,), with anhydrous HCl form dimeric



Table 6.3

NMR Parameters for RC=N in Anhydrous HF Solvent at -15 °C

tJ
—
19

Chemical Shifts (ppm)* Coupling Constants (Hz)
Nitriles S('H) 3(MC) 3J(H-"H) CC-D
CH,C=NH* 2.17 (CH)) -1.3 (CHy
114.3 (C=N)
CH,CH,C=NH" 1.22 (CH,) 8.2 (CH,) 7.6 131.8 (CH))
2.43 (CH,) 9.2 (CH,) 137.5 (CH,)
118.0 (C=N)
CH,CH,CH,C=NH* 2.09 (CH), 11.5 (CH,), 7.0 (CH,CH,) 126.5 (CH,),
b2 3 2.76 (CH.,), 17.5 (CH,), 7.4 (CH,CH,) 136.4 (CH,),
3.52 (CH,), 18.3 (CH.), 132.4 (CH,),
116.7 (C=N)
CH,CH,CH,CH,C=NH"  0.89 (CH)), 11.6 (CH,), 7.4 (CH,),(CH,), 124.5 (CHy),
b3 1.40 (CH,), 15.4 (CH,), 7.8 (CH).(CH,),  136.8 (CH,),
1.61 (CH,), 21.7 (CH,), . 7.2 (CH),(CHy), 1264 (CHy),
2.47 (CH,), 26.5 (CHa.), 130.4 (CH,),
116.6 (C=N)

a Referenced externally at 30 °C with respect to neat TMS (°C and 'H).



hydrochlorides in which the dimer cations have Structure 6.3

H
c=C  NHS

- RS
R IN -C

H” CHR
R =H, CH;, CH; or n-C,H,
Structure 6.3

As mentioned previously, the dominant product resulting from the solvolysis of CH,C=N
in HF is Z-CH,CF,N(H)C(NH,)CH,". A full investigation of the dimer products resulting
from the solvolysis of the longer chain alkyl nitriles has been undertaken and the NMR
{indings are shown to be consistent with £- and Z-RCF,N(H)C(NH,)R" cation structures
where the Z-isomer dominates.

The F NMR spectra of the Z-isomer (R = CHy, n-CH, and n-C.H,) cations show
multiplets consisting of a triplet of doublets having essentially the same chemical shift
{-85.5 ppm). The multiplets result from *J(**F-"H)q,. (14.8 Hz) and *J(F-"H),, (7.8 Hz).
The coupling constants, 2J(°F-"H),.. agree with those measured in the 'H NMR spectra.
The 'H NMR spectra for the Z-isomer cations in HF solvent were more complex and
required the use of 'H 2D NMR experiments to identify all the 'H resonances in these
cations and their connecrivities. Table 6.4 lists the chemical shifts and coupling constants
for the Z-isomer cations in HF solvent.

The {'H)-decoupled “C NMR spectra of nawral abundance Z-
CH,CFEN(H)C(NH,)CH," (Structure 6.2) in anhydrous HF (Figure 6.7a) showed two
scparate resonances for the two CH; groups; the assignments of both resonances were

based on the expected higher-frequency shift for the CH, group in the CH,CF, moicty
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Table 6.4
NMR Chemical Shifts and Coupling Constants of Z-RCFN(H)C(NH,)R" (R = CH,, C,H,.
n-C,H, and n-C,;H,) Cations in Anhydrous HF Solvent

Z-RCE,N(H)C(NH)R" *

M () 3) )
Chemical Shifts (ppm)

S(°R* -79.7 -85.5 -85.5 -85.5
S(‘H) 2.03 (CH,), 2.01 (CH,), 1.16 (CH,), 0.91 (CH,),
241 (CHy), 2.15 (CH,), 1.17 (CH,), 093 (CH,).
3.46 (CH.), 1.67 (CH), 1.53 (CHy),
3.03 (CH.), 1.78 (CHy), 1.68 (CH,),
2.22 (CHy), 1.39 (CH,),
2.56 (CHy), 142 (CH)),
2.17 (CHY),
2.53 (CHy),
S(C) 23.3 (CH,), 4.0 (CHy), 11.4 (CH,), 11.7 (CHy),
18.5 (CH,), 8.8 (CHy), 11.6 (CH,). 12.0 (CH,),
28.6 (CHy), 21.8 (CHy),
27,6 (CH,), 20.5 (CHJ), 21.8 (CHy,

14.9 (CHy), 233 (CH),
37.2 (CHy), 29.0 (CHy),
359 (CHy, 34,0 (CH),

1204 (CF) 35.1 (CHy),
118.8 (CF) 1723 (C=N) 1203 (CF)
167.9 (C=N) - 171.6 (C=N)
1202 (CFy)
1715 (C=N)
S(ANYE -250.5 (NH) d d d
-265.2(NH,) 2710(NH) 2713 (NH)  -268.4 (NHy)

Continued...



Table 6.4 (continued)

Coupling Constants (Ha)

)J(WF_IH)

IJ(WF_I.\C)

2J(IQF_I\C)

“I('H-'H)

‘J(L‘C“H)

QJ(HC.IH)

:J(NF-HN)

.‘J(l,lc_l.‘c)

‘.‘(“N-'H)

Z-RCEN(H)C(NH)R™ *
(n @ 3 &)
164 (CF.CH,) 14.8 (CF)(CH.), 14.8 (CE:)(CH) 14.8 (CF.)(CH,)
8.7 (CF.NH) 7.8 (CF,NH) 7.8 (CE.NH) 7.8 (CF.NH)
247.9 (CF,) 250.2 (CF,) 250.0 (CF.) 247.7 (CFy)
265 (CF.CH,) 249 (CF.CH.) 252 (CF.CH,) 233 (CF.CH.)
7.5 (CH,),(CH.), 7.8 (CH,),(CH,), 8.4 (CH,),(CH,),
7.7 (CH,)(CH.), 8.0 (CH,L(CH)), 73 (CHy(CH.),
6.6 (CH.),(CH,), 7.7 (CH,(CH.),
74 (CHM(CHy), 6.8 (CH.,(CHy),
6.6 (CH,)(CH,),

128.9 (CH,),
130.8 (CH,),

47 (CHy),
49 (CHy).

153 (CF.NH)

2.0 (CE.NHC-NH,")

95.6 (NH,)
98.0 (NH)

129.4 (CH,),
130.4 (CH,).
130.5 (CHy),
130.2 (CH),

4.8 (CH),(CH),
45 (CH.:(CH,),
6.5 (CF,)(CH.),

129.7 (CHy),
126.0 (CH,),
127.2 (CH),
128.4 (CH.),
129.1 (CH,),
134.1 (CH),

83 (CH.)(CH.),

125.6 (CH,),
125.7 (CH,),
125.2 (CHJ),
1252 (CH),
124.1 (CH),
132.8 (CH)),
126.4 (CH),
132.7 (CH),

Continued...
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Table 6.4 (continucd)

a

I

)

3)

C))

The numbering scheme used to denote the NMR parameters for the Z-
RCF,N(H)C(NH,)CR" cations is:

H CH,
Y&

£ TN
CH,CF, FONH,
1

H CH,CH.CH,
N 6 T4 T2
N—=C_
CH3CH:CH2CF2 ‘f: ‘NH:
1 3 5
H CH.CH,CH,CH,
N /8 6 4 2
AN=G
CH,CH.CH,CH.CF, + NH,
t 3 Ts 7 _

Samples were referenced externally at 24 °C with respect to the neat liquid
references CFCl; (F) and CH,NO, (“N).

Samples were referenced externally at 30 °C with respect to the neat liquid
reference TMS (°C and 'H) and CH,NO, (¥N).

The 8(**N) chemical shifts of the NH group showed broad peaks overlapped with

the more intense signals of the NH, groups and could not be resolved.
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than in the CH,C-NH, motety. The high-frequency shift for the CH; group in the CH,CF,
moicty arises because the CH; group is bonded to the strongly electron withdrawing CF,
eroup. The {'H)-decoupled '*C resonance of the CH, group in the CH,CF, moiety of
Z-CH,CF,N(H)C(NH,)CH,* was a triplet resulting from *J(F-"*C) (26.5 Hz) and was
shified to higher frequency than the C resonance of the CH, group (singler) in the
CH,C-NH, moiety (A 8 = 4.8 ppm, Figure 6.7a).

The C NMR spectra of the Z-CH,CENMH)C(NH)CH," (Structure 6.2) showed
six resolved resonances corresponding 1o two CH,, two CH,, a CF; and a C=N carbon.
The chemical shifts and splitting patterns for the CH, groups are in agreement with the
proposed cation structure. The {'H}-coupled *C NMR spectrum showed that the "C
resonance of the CH, group at 28.6 ppm in the CH,CH,CF, moiety was split into a miplet
of triplets of quartets resulting from 'J(**C-"H), 130.5 Hz; *J(**F-"*C), 24.9 Hz and *J(°C-
'H), 4.8 Hz, respectively, while the °C resonance of the CH, group in the CH,CH,C-NH,
moiety at 27.6 ppm showed a;..uiplct of -poorly resolved quartets, resulting from 'J(PC-'H),
130.2 Hz and 3(PC-'H), 4.5 Hz, respectively. The poor resolution on the quartet is
auributed to residual scalar couplings to “N. The *C NMR spectrum also showed the
BC resonances of the C=N and CF, groups at 172.3 (singlet) and 120.4 (wriplet of miplets;
EUF-P'C). 250.2 Hz and 3A(*C-'H), 6.5 Hz) ppm, respectively (Figure 6.8).

The "*C resonances of the Z-RCENH)C(NH,)R™ (R = n-C;H, and n-C,H,) cations
have been assigned using PC-DEPT, »C-'H spin-sort and *C {'H}-broad-band decoupling
experiments. The PC-DEPT experiments were carried out in order to distinguish between

the resonances of the CH, groups (negative phasing) and CH, groups (positive phasing).



Figure 6.8
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BC NMR spectra (125.760 MHz), at -15 °C of a sample of Z-
CH,CENH)C(NH,)CH,® (Structure 6.2) that had been isolated from the
reaction of the natural abundance CH,C=N in HF after warming the
reaction mixture for 7 days at room temperature and redissolved in HF
solvent; (a) {'H}-coupled, (b) {'H}-decoupled and (c) expansions of the

{'H}-coupled spectrum (a).
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The "'C-TH spin-sort experiments have been used to distinguish between the two different
CH, groups and two scts of (CH,), (n = 2 or 3) chains. The ”C {'H}-broad band
decoupled experiments were used to differentiate between the J(*F-"*C) and J(PC-'H)
coupling constants.

The formal hybridizations of the nitrogen atoms of the -NH and NH, groups in the
E- and Z-CH ,CF,N(H)C(NH,)CH;" cations (Structures 6.1 and 6.2) can be correlated with
'J("°N-'H) using cquation (4.8), which has been discussed in detail in Chapter 4. The %s
chanucters of the N atoms are equal to 35.1% and 35.4% (E-isomer) and 32.2% and
36.1% (Z-isomer) for the NH, and NH groups, respectively, and are consistent with the
sp’ hybridization of the nitrogens in these cations. These findings establish that the
positive charge is distributed over two nitrogen centers, forming partial double bonds
berween each nitrogen and the auached carbon, giving rise to planar cations (Structures
6.1 and 6.2).

Duec to the weak nature of the double bond in the -NH=C-NH,(R) moiety, hindered
rotation about the double bond results in the formation of both the £- and Z-isomers. {t
has not been possible to differentiate between the E- and Z-isomers using NMR
spectroscopy.  However, the possibility of intramolecular interactions between the NH,
and CF, groups in the form of hydrogen bonding and steric interactions between the two
alkyl groups are expected to favor the Z-isomer over the E-isomer. These assignments
are supported by observation that the ratio [Z-isomer] : [£-isomer] increases with
increasing alkyl chain length.

Although the "N NMR spectrum of the products resulting from the reaction of
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99.0% "N enriched CH,C="N in HF was well resolved for the Z-isomer, the N NMR
spectra of Z-RCEN(H)YCG(INH)R® (R = CH,, C,H,. n-CH; and n-C,H,) in HF solvent
showed poorly resolved. broad signals which are attributed o partially quadrupole
collapsed scalar couplings to "*N. It was possible 10 assign the "N resonances of the NI,
groups, but not those of the NH groups. Table 6.4 lists the chemical shifts and coupling
constants of the Z-isomer cations in HF solvent at -15 °C.

The mass spectrum of the isolated product mixture resulting from the solvolysis of
C,H,C=N in HF showed that the parent ton was triethyliriazine, m*/e 165. Trimerization
presumably occurs in the gas phase with the loss of fluoride ion and is favored at high
‘lemperature by the aromatic character of the ring.

The 'H, "F and C NMR spectra also showed other minor fluorinated products
which have been identified as £-RCF.N(H)C(NH,)R" and which have intensity ratios of
4:%6,3:97.2:98 and 2 : 98 relative to their Z-isomens (R = CH,, C.H,, n-C,H; and
n-C;H,). All have the F NMR signals at -76.5 (doublet of wiplets). The NMR
parameters of the natural abundance, 99.0%, 99.7% "*C-enriched and 99.0% *N-enriched
E-isomer cations are listed in Table 6.5.

It is clear from the resulting dimer cation series that the solvolyses of the RC=N
in anhydrous HF solvent differ significantly from those in anh_ydrous HCI. Morcover, the
fluorinations of RC=N in HF solvent also differ dramatically from the solvolyses of

RC=N-XeF cations in HF solvent.
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Table 6.5

NMR Parameters of the £-CH,CF.N(H)C(NH,)CH;" Cations in HF Solvent at -15 °C*

Chemical Shifts (ppm)® Coupling Constants (Hz)
3("F) -76.5 3J(*F-"H) 17.1 (CH,),
3(H) 1.96 (CH,), J(¥F-'H) 7.3 (NH)
2.48 (CH,),

8(3Cy  21.7 (CH,), I(PC-F) 257.6
19.2 (CH,), J(3C-'H) 128.9 (CH)),
119.2 (CF,) J(EC-TH) 130.8 (CH,).
170.5 (C=NH,) JBC-*Q) 24

J(PF-"C) 27.0

S(°N)*  -232.8 (NH) J(*N-TH) 96.3 (NH)

-244.6 (NH,) (*N-"H) 95.5 (NH.)

Unless otherwise indicated, NMR parameters are reported for the nawral
abundance samples. The numbering scheme used to denote the NMR parameters
is:

H""'N u‘_t‘-é'-:NHz

CH,CE, CH,

1 2
The sample was referenced externally at 24 °C with respect to the neat liquid
reference CFCL, (°F) and at 30 °C with respect to the neat liquid references TMS

("C and 'H) and CH,NO, (*N).
H\ ’t "'NHz

NMR parameters for 99.0% “C-enriched JN===BC and
CH,CE, cH,
997% "Cenriched  ToN =N
“CH,CF, 3ScH,
3
NMR parameters for 99.0% "*N-enriched Husy edegs™NH:

< ~

CH,CF, CH,
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(i1) Characterization of RCF=NH.” and RCF.NH,* Cations in HF Solvent

In the previous sections, it has been possible to show by 'H and “C NMR
spectroscopy that the alkyl nitriles are protonated and the resulting RC=NH' cations are
stable in arhydrous HF solvent ar -15 °C (Table 6.3). Warming these solutions for
severai hours at room  temperature led 1o solvolysis reactions which  have been
monitored by NMR spectroscopy. The "F. N, PC and 'H NMR spectra showed that
several fluorinated products were formed. The F NMR spectra in HF solution showed
that there are three dominant resonances and one weak resonance in each system and that
they result from four different fluorinated products. In addition, RC=NH® cations have
also been identified in the reaction mixture by 'H and PC NMR spectroscopy. Isolation
of the fluorination products from HF solvent by cold trapping of the HF solvent and
volatile products from each reaction yielded viscous liquid residues. These liquids have
been identified as the fluorinated dimer cations, £- and Z-RCF.N(H)C(NH,)R", which give
rise to two F resonances in each spectrum. These resonances have also been observed
in the F NMR spectra of the original reaction mixtures. The F and 'H NMR spectra
of HF and volatile products trapped at -196 °C from the reaction mixture only showced
HF signals (5(*°F), -198.2 and $('H), 8.28 ppm) with no other volatile products.

From these findings, it may be concluded that the reaction of RC=N in HF results
in two other fluorinated products and RCSNH"; the former arc present as intermediates
and are in equilibrium with the fluorinated dimer cations E- and Z-RCE,N(H)C(NH)R".
The intermediates are presumably responsible for the yellow colors which have been

observed during the reactions of the nimiles in HF at room temperature. It was not
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possible to identify the two fluorinated intermediates in the inidal NMR spectra of
warmed solutions of RC=N in HF solvent. but after isolation and characterization of the
final fluorinated dimeric cations, it became easier to characterize these intermediates in
the reaction mixture. The ™F, C, N and 'H NMR spectra showed that these
intermediates are the RCF=NH," and RCF.NH;" cations.

It was possible to identify the fluorinated intermediates by "F NMR spectroscopy
because the YF resonances are well separated with the chemical shifts of RCF=NH," lying
at higher frequency (-7.7 1o -13.7 ppm) and the chemical shifts of RCF.NH;" lying at
lower frequency (-79.0 to -835.5 ppm). In the most cases it was not possible to fully
assign the 'H and C NMR spectra because some of the 'H and "C resonances of the
methyl and methylene groups have very similar chemical shifts.

In the case of CH,C=N, it was much easier to completely characterize both
intermediates.  Samples of 99.7% “C-enriched PCH,C=N and 99.0% “C-enriched
CH,"*C=N provided further information which permited fuller characterization of the

structures of these fluorinated cations in HF solvent. The characterizations of the

CH,CF=NH," and CH,CF,NH," cations are discussed in detail in the following section.

(N Characterization of the RCF=NH." Cations

The F NMR spectrum resulting from the reaction of natural abundance and PC-
enriched CH,C=N with HF consisted of a "sextet" (doublet of quartets) at -7.7 ppm
having relative intensities 1 : 3: 4 : 4 : 3 : 1 which, in tum, showed a doublet splitting

on cach line. This splitting pattern arises from coupling between F and two
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magnetically noneguivalent protons on nitrogen (J{F-"ty,. 33.9 and 4.1 H2) and three
magnetically equivalent protons on carbon (J(MF-"H),. 16.1 Hz). The ™F NMR specira
resulting from the solvolysis of CH,"'C=N and "CH,C=N in anhvdrous HF showed
additional splitting arising from 'J(™F-"C). 324.6 and *J(*F-"'C). 16.0 Hz (Figure 6.5).

The 'H NMR spectra, after subtracting the 'H resonances of the £- and Z-
CH,CF,N(H)C(NH,)CH,* and CH,C=NH" cations. showed a doublet at 1.98 ppm ('J(*°F-
'H)ep. 16.1 Hz). The 'H 2D NMR spectrum of CH,C=N in HF did not show any
connectivity to other 'H signals in the spectrum. The 'H NMR spectra of the products
of the reaction of *CH,C=N and CH,"C=N in HF solvent showed these signals were split
into additional doublets assigned to 'J(*C-"H)g;,. 152.0 Hz and *J("C-'H). 6.2 Hz. The
coupling. *J(**F-'H). is in agreement with that observed in the '*F NMR spectrum.

The **C resonance of the enriched carbon of the CH,"?CF=NH," cation occurred at
184.3 ppm and consisted of a doublet arising from 'J(**F-"*C), 324.6 which was further
split into poorly resolved quartets arising from *J(**C-'H), 6.2 Hz. The quartet on ¢ach
doublet branch was poorly resolved and broadening may arisc from residual scalar
coupling to the quadrupolar ™N nucleus. The {'H}-broad band decoupled PC NMR
spectrum showed this signal was a doublet with a well resolved 1:1:1 triplet (partially
quadrupole collapsed) arising from 'J("N-C), 14.6 Hz (Figure 6.9). The corresponding
J("N-"’C) coupling of the CHF=NH," cation (cf. Chapter 4) is in good agreement and
it appears that the low viscosity of HF solvent greatly assists the observation of 'J(**N-
”C).

The “N NMR spectra of the reaction mixture (natural abundance) showed a sharp
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Figure 69  "C NMR specira (125760 MHz) of the 99.0% PC-enriched
CH,"CF=NH." cation, recorded at -15 °C in HF solvent; (a) {'H]}-coupled

and (b) {*H]}-decoupled.



220
triplet ar -323.3 ppm ('J(*N-'H), 65.4 Hz). whereas the {'H}-decoupled spectrum gave
a singlet. The wiplet was further split into a doublet in the case of CH,''C=N in HF,
(J(¥N-"C). 14.6 Hz). which is in good agreement with the 'J(MN-"'C) coupling constant
measured in the ''C NMR spectrum of the CH,CF=NH," cation. Further splitting in the
case of "CH,C=N in HF solvent (Figure 6.10) was not observed. Table 6.6 lists the
NMR parameters of the CH,CF=NH," cation in HF solvent at -15 °C.

The formal hybndization of the nitrogen and carbon atoms of the C=N bond in the
CH,CF=NH," cation can be correlated with 'J(M*N-"H) and 'J(**F-"'C) using equations (4.8)
and (4.9). which are discussed in detail in Chapter 4. The %s characte on the N atom
was calculated from equation (4.8) after calculating 'J(N-'H) from "J(*N-'H) using

cquation (6.1).

1Sny
IJ(ISN-IH) - ?( i\)

J(*N-'H) 6.1)

+

HN)

The coupling constant. 'J(*N-"H), was found to be 93.1 Hz and the %s charucter was
calculated and is equal to 33.1%. which is consistent with sp® hybridization for the
nitrogen of the CH,;CF=NH," cation. The %s character of the carbon in the C=N bond
in the CH,CF=NH;" cation was likewise calculated from cq-uation (4.9) and is equal to
34.0%, and is also consistent with the anticipated sp* hybridization of carbon.

In the case of the solvolysis of RC=N (R = GH,. n-CH, and 2-C,H,) in HF, the

"F NMR spectra showed sharp multiplets in each spectrum (doublet of doublets of
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Figure 6.10 N NMR spectra (18.076 MHz) of CH,;CF=NH," recorded at -15 °C in HF
solvent: () natural abundance, (b) 99.0% PC enriched sample of

CH,"*CF=NH;" and (c) 99.7% "“C enriched sample of “CH,CF=NH,".
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NMR Parometers of the CH;CF,NH;" and CH,CF=NH," Cations in HF Solvent at -15 °C

Cation CH,CF=NH,’ CH,CFEF,NI,’
Chemical Shifts (ppm)
S("Fy -1.7 -79.0
SCH)Y 1.98 271
ey 184.3 118.6
S(NY -323.3 -318.4
Coupling Constants (Hz)
JF-"H)ey, 16.1 16.8
JF-"H)y 33.4 (trans) 4.6
4.1 (cis)

'J(™N-"H) 63.4 75.3
U("F-''C) 324.6 272.1
JUN-PC) 14.6
J(PC-H) 152.0 135.1
J(*C-'H) 6.2 6.5
'J(“N-'H) 65.4 56.2
3("F-""C) 16.0 16.5
a Samples were referenced externally at 24 °C with respect to the neat liquid

references CFCL, (*F) and CH,NO, ("N).
b Samples were referenced extermally ar 30 °C with respect to the neat liquid

reference TMS (1'C and 'H).
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triplets) at -14.8, -13.7 and -13.6 ppm. which are assigned to the RCF=NH," cations.
Each of these signals displayed couplings with the proton on carbon, *J(*°F-"H)q, (13.1
to 16.5 Hz) which was split into a doublet of doublets resulting from coupling with two
magnctically non-equivalent protons on nitrogen, *J(*F-'H)yy, (trans, 33.4 10 34.2 Hz and
cis, 4.3 10 4.6 Hz). Table 6.7 lists the "F NMR parameters of the RCF=NH," (R = C,H;,
n-C,H,; and n-C;H,) cations in HF solvent. Although the 'H, **C and “N NMR spectra
of the RCF=NH," cations were also recorded in HF solvent, it was not possible to assign
the NMR parameters of these species. This is due to extensive overlap among several
NMR signals of the RC=NH", E- and Z-RCEN(H)C(NH.)R™ and RCF,NH," cations.
Figure 6.11 depicts the 'H-2D COSY spectrum resulting from the reaction of n-CH,C=N
in HF solvent showing the overlapping '"H NMR signals.

As far as can be determined, this is the first time examples of the intermediate
cations, RC(X)C=NH,", resulting from the reaction of the alkyl nitriles in an anhydrous
hydrogen halide have been characterized. Prior to this work, this intermediate had only
been proposed in reaction mechanisms leading to the formation of dimer cations

(Structure 6.3) from alkylnitriles in the presence of HCL™"

(2)  Chamcierization of the RCF.NH," Catons

The "F NMR spectrum of CH,C=N recorded at -15 °C in HF solvent showed a
broad multiplet at -79.0 ppm which is assigned to the CH,CF,NH," cation. The “F
resonance of CH,CF,NH," consists of a quartet of quartets arising from *°F coupling with

the protons on carbon and nitrogen, *J(F-'H). The “F NMR spectra of PC-enriched



Table 6.7

F NMR Parameters for the RCF,NH," and RCF=NH," Cations (R = C,H.. n-C,}H, and

n-C;H,) in Anhydrous HF Solvent at -15 °C

a

Cation 5(‘91:) 3J(NF‘I H).\'u
CH,CH.CF,NH," -88.2 8.0
CH-_:.CH:CH:CF:I\YHJ‘ '85.8 6-9
CH,CH,CH,CH,CF,NH," -85.7 8.4
CH,CH,CF=NH," -14.8 33.4 (trans)

4.6 (cis)
CH,CH,CH.CF=NH," -13.7 34.2 (trans)

4.4 (cis)
CHJCH:CH:CH:CF=I\TH2‘ -1 3.6 34.1 (tram)

4.3 (cis)

3J(10F-ll_1)cu

-t e b
> » o
= RS

LTS

16.4

Samples were referenced externally at 24 °C with respect to the neat liquid

references CFCl; (*°F).
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Figure 6.11 'H-2D COSY spectrum (500.125 MHz), at -15 °C, resulting from the
reaction of #-CH,C=N in HF solvent after warming the mixture for 7 days

al room temperature.
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Cil,C=N in HF provide further support for the structural assignments. The ™F NMR
speetra of Y9.0% enriched CH,PCF,NH," and 99.77% enriched ''CH,CF.NH," display the
couplings "J("™F-""C), 271.1 Hz and JI("F-""C). 16.5 Hz. respectively (Figure 6.5).

The 'H NMR spectrum of the products resulting from the solvolysis of CH,C=N
in HF showed a triplet at 2.71 ppm corresponding to J(°F-"H). 16.8 Hz (Figure 6.6). The
'M 2D NMR spectrum for this signal did not show a connectivity to other proton signals.
The triplet was further split into doublets when ""C-enriched "CH,C=N (99.75:) and
CH,"C=aN (99.0%) were used. The doublet splittings were 'J('C-'H), 135.1 and “J(''C-
'H). 6.2 Hz. respectively.

The {'H}-decoupled "C NMR spectrum of a 99.0% ”C-cnrichc':d CH,"'C=N sample
in HF showed a triplet at 118.6 ppm (‘J("F-">C). 272.1 Hz). Figure 6.12 depicts the ''C
NMR spectrum of the reaction mixture in the CF, region. The “N NMR spectra showed
a quartet at -318.4 ppm, (J(*N-'H), 56.2 Hz). Broad-band |{'H}-decoupling resulted in
a sharp single line for the "N resonance. The NMR parameters of the CH,CF,NH,'
cation are listed in Table 6.6.

In the case of the solvolysis of RC=N (R = C,H,. #n-C,H; and #-C,H,) in HF, the
F NMR spectra showed broad multiplets consisting of a triplet of triplets at -88.2, -85.8
and -85.7 ppm. respectively that are assigned to the respective RCFNH;” cations.  Each
of these signals displayed coupling constants arising from the proton on carbon, *J(*F-
"H)y; (15.3 to 16.4 Hz), which was further split into quartets arising from coupling with
the proton on nirogen, *J(¥F-'H)y, (6.9 to 8.4 Hz). Table 6.7 lists the “F NMR

parameters of the RCF,NH," cations in HF solvent. Although the 'H. C and "N NMR
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spectra of the RCF,NH;" cations were recorded in HF solvent, it was not possible to
identify the NMR resonances of these species. This is due to their overlap with the NMR
signals of the RC=NH". E- and Z-RCFEN(H)C(NHR® and RCF=NI1," cations in HF

solvent (Figure 6.11).

(C) COMPARISON OF THE SOLVOLYTIC BEHAVIORS OF RC=N-XeF Asl,

AND RC=N IN ANHYDROUS HF

The RC=N-X¢F AsF, salts are not stable in anhydrous HF and decompose by
selectively  fluorinating the alkyl chain 1o form mono- and difluoro-alkylnitiles.
Fluorination occurs exclusively on the alkyl carbons, but not on the alkyl carbon o to the
C=N group. Comparison of the fluorination products of these reactions with the reactions
of the alkyl nitriles in HF showed that the reaction mechanisms are significantly different,
with the neutral alkyl nitriles invariably adding HF to the C=N bond and dimerizing to
form: predominantly the £- and Z-RCF,N(H)C(NH,)R" cations (Structures 6.1 and 6.2).
These reactions appear to involve the RCF=NH," and RCF,NH," cations as intermediates.

It is belicved that the reactions of RC=N-XeF AsF, in anhydrous HF, where there
is no attack on the C=N triple bond, are radical reactions, consequently these reactions
may be described as fluorination-substitution and not addition reactions. The major
products resulting from #-CH,C=N-XeF*AsF, in HF were CH,FCH,CH,C=NH',
CH,CHFCH,C=NH*, CF,HCH,CH,C=NH" and CH;CF,CH,C=NH". Therc were no

detectable amounts of N-F compounds. It appears from the product distributions that
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replacement of 2 B-hydrogen by fluorine clearly predominates replacement of the a -
hydrogen, while the replacement of an o-hydrogen is the least favorable process and
could not be detecied. The ¥ Xe, F and 'H NMR spectral results are consistent with
reactions (6.2) - (6.8) in the case of n-C;H,C=N, and the formation of the three Xe-N
bonded nitrile adducts and the corresponding protonated nitriles. The reaction of n-
C,H,C=N and XeF AsF," in HF at -30 °C, prior to warming the reaction mixture to room
temperature (cf. Chapter 5), showed only the protonated (n-C;H,C=NH") and protonated
monofluoro alkyl nitriles (CH,FCH,CH,C=NH", CH,CHFCH,C=NH") and the Xe-N
bonded cations (n-C,H,C=N-XeF", CH.FCH.CH,C=N-XeF", CH,CHFCH,C=N-XeF™).
The reactivities of the three types of hydrogen in 7-CH,C=N are significantly different
and show the product distributions & : B : y=0: 68 : 32. This behavior is similar to the
photochlorination of n-CH,C=N where the distribution ratdo was ¢ : 6% : 31 and
deactivation by the cyano group is greater for hydrogen abstraction by the chlorine
atom.™" It seems likely that the alkyl nitriles are mainly fluorinated by a similar route,
with equilibrium amounts of XeF, serving as the fluorinating agent (Scheme 6.1). These
reactions may not proceed via simple oxidation to a radical cation, [RC=N]<, because
the first ionization potentials of nitriles are too high (see Table 1.3). The deactivaton of
the a-hydrogen may be due to resonance with the ketene radical caton, which is
unfavorable in acid medium. This makes the a-hydrogen the.least favorable hydrogen

SN «—> -c=CNE
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10 be abstracted in thesc radical reactions. The fluorination mechanism presumably
involves the radical reaction given in Scheme 6.1 and is initiated by thermal dissociation
of XeF, in HF solvent.

The fluorine radical undergoes a mansfer reaction to abstract a hydrogen atom from
the alkyl nitrile 1o form HF (bond energy 153 kcal mol™). generating alkyl nitrite radicals.
In this process, the fluorine radical is selective by abstracting the 2° hydrogen faster than
the 1° hydrogen. This is also wue in the case of aliphatic radicals where the stability
increases in the order 1° < 2° < 3° and o-hydrogen abstraction is the least favored in the
alkyl nitriles. The alkyl niwrile radicals can be destroyed by reaction of XeF- radical (C-F
bond energy 107 kcal mol! *) to form monofluoroalkyl nitriles and Xe gas. The
difluorcalkylnitriles thus formed can then undergo fluorination to a limited extent at the
B- and y-positons in the usual way.

A comparison between the fluorinated nitriles before and after warming the reaction
mixture using 'H NMR shc;ws that the relative amount of CH,FCH,CH,C=NH" cation
decreases, due to formation of the difluoroalkylnitrile CHF,CH,CH,C=NH" cation, which
dominates in soludon (Figure 6.3).

Similar reaction mechanisms can be applied in the case of the fluorination reactions
arising from the decomposition of CH;C=N-XeF" and n-C,;H;C=N-X¢F" in anhydrous HF
solvent.

A paraliel study of the fluorination of the corresponding alkyl nitriles in anhydrous
HF indicates that the fluorination mechanisms differ significantly from those of the

RC=N-XeF" cations in HF solvent. The reactions of the alkyl nitriles with HCl and their



HF
n-C,H,C=N + XeF AsF, === »-C,H,C=N-XeF AsF{

XeF'AsF, + HF z==—= X¢F. + "HAsF,"

XeF, === F- + XeF-

CH,-CHCH.C=NH"
> and + HF
CH,CH,CH,C=NH"

CH,CH.CH,C=NH" + F-

CH,-<CHCH,C=NH"
and + XeF-
‘CH,CH,CH,C=NH"

and

CH,CHFCH,C=NH" )}
> + Xe
CH,FCH,CH,C=NH"

CH.FCH,CH,C=NH"AsF, + XeF, === CH,FCH,CH,C=N-XeF"AsF,

CH,CHFCH,C=NH"AsE, + XeF, === CH,CHFCH,C=N-XeF'AsF;

(6.2)

(6.3)

6.4)

(6.5)

(6.6)

(6.7)

6.8
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role in various reactions have been discussed in several reviews. ™™ Reactions of alkyl
nitriles with COF; 1o form a.u-difluoroalky! isocyanaies, RCF.NCO. were found to
proceed only when anhydrous HF was present. The presence of the anhydrous HF, implics
slow addition of F 1o the cyano carbon. forming RCF=N". " The RCF=N anion
presumably attacks the electropositive carbon of the carbony!l fluoride climinating a
fluoride ion. Alternately. attack may be by a carbonium ion (formed from carbonyl
fluoride). eliminating hydrogen fluoride. In generul. the reactivities of nitriles are
fundamentally due to polarization of the C=N triple bond. which arises from the greater

clecronegativity of nitrogen compared to that of carbon atom

RC=N <—> RC=N (6.9)

Fluoride ions will attack at the electrophilic carbon atom while the nitrogen atom is a
weakly basic site. Interaction of the nitrogen with 2 Lewis acid or a proton further
enhances polarization and gives rise to a species that is more susceptibie to the fluoride

attack
RC=NA" <—> RC=NA (6.10)
The special nature of the reactivity of alkyl nitrile-hydrogen fluoride compounds

stems from the high nucleophilicity of the fluoride ion compared to the anions of oxo-

acids. Hydrogen cyanide and CH;C=N and other alkyl nitriles have been examined in
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'SO,H-SbF, solution at low temperature.'®’ Under these conditions protonation occurred
to form RC=NH" cations and from the 'J(™*N-'H) coupling constants in the protonated
nitriles., the nitrile nitrogen is shown to still be sp hybadized so that the protonated nitrile
is therefore a linear species. In anhyvdrous HF, addition of a proton to the weakly basic
nitrogen atom is followed. or perhaps accompanied. by coordination of a fluorine ion at
the clectrophilic carbon.  The imidylfluoride which is formed, RCF=NH," F(HF),, is
usuatlly sufficiently basic to accept a second proton to form a salt (Scheme 6.2). While
the existence of imidy] halide salts is now firmly established,™*"® it is important to note
that in the reversible reaction (Scheme 6.2). the formaton of RCF=NH,” F(HF).
(Structure 6.4) is frequently slow and is favored by high HF concentration.

The alkyl imidyl fluoride cations are, however, unstable at room temperature and
undergo further reaction by addition of hydrogen fluoride to the nimile to give the
RCF.NH,* cations (Smucture 6.5) followed by dimerizaton to give E- and Z-
RCFE.N(H)C(NH,)R" (Structures 6.6 and 6.7), which are in the ratos of 96 : 4, 97 : 3, 98
: 2 and 98 : 2 for R = CH,. C,H,. n-C,H, and »n-C_H,, respectively. These reactions are
predominantly addition reactions of HF to the C=N miple bond, which differs from the

radical fluorination of RC=N-X¢F" in HF.
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CHAPTER 7

FLUORO(PERFLUOROPYRIDINEIXENON(IN HEXAFLUOROARSENATES:

R,C.EN-XeF AsF,” (R. = F. 2-CF,. 3-CF, AND 4-CF,)

INTRODUCTION

In the previous Chapters it has been shown that hydrogen cyanide, alkylnitriles and
perfluoroarylnitriles coordinate to the XeF™ cation through the N, lone pair. All of these
adduct cations are stable at low-temperature. Their stabilities are attributed to the ability
of the nitrogen base donor molecule to withstand the high electron affinity of the XeF”
cation, a functional criterion which enables one to predict, with a high degree of success,
the ability of 2 nitrogen base to withstand the electron affinity of tie XeF™ cation (10.9
¢V). The relatively high ionization potental of pentafluoropyridine, CF,N (IP, = 10.08
¢V). is similar to EA (XeF") and consequently might be expected to form a stable adduct
cation with XeF".

In this work. the objective has been to extend xenon-nitrogen chemistry and the
coordination of XeF™ to aromatic nitrogen bases to provide the first examples where XeF”
serves as an aromatic substituent. Consequently, the oxidatively resistant Lewis bases,
the perfluoropyridines, have been chosen for these studies and have been shown 1o

interact with the Lewis acid, XeF’, 1o form xenon-nirogen bonded adduct cations.

241
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RESULTS AND DISCUSSION

(A) PREPARATION AND ISOLATION OF R,C.E.N-XeF'AsF," (R =F. 2-CF,,

3-CF,. 4-CF,) SALTS

Equimolar amounts of XeF AsF, and the perfluoropyridines, R.C,FN (R, = F, 2-
CF;. 3-CF; and 4-CF;). react in anhydrous HF at -30 to -20 °C according to equation (7.1)
and equilibria (7.2) and (7.3) to give the novel Xe-N bonded cations. R .C,F,N-X¢F", as

the AsF," salts in solution.

R.CF.N + (x + 1) HF > R,C,F.NH"(HF),F (7.1)

R;C,F.NH (HF),F + XeF AsF, ==== R,C,F.NH"AsF, + XeF, + x HF (7.2)

R.CF.NH'AsF, + XeF, === R.C,F.N-XeF'AsF, + HF (1.3)

At -30 °C these solutions consisted of equilibrium mixtures ot: XeF,, R;.C,F,NH AsF, and
R C,F N-XeF AsF, as determined by NMR spectroscopy. Removal of HF solvent by
pumping at -50 °C resulted in white solids, which were shown by low-temperature -
(-196 °C) Raman spectroscopy to be mixtures of R.CEF.NH'AsFy, XeF, and

R.C,F.N-XcF AsF,.
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An ahernative approach, which led to the isolation of the Xe-N bonded cations.
was to allow stoichiometric amounts of XeF, and the perfluoropyridinium cations, as their
AsF, salts, to react in HF and BrF; solvents at -30 °C according to equilibrium (7.3).
The equilibria in both solvents were again monitored by *Xe, F and N NMR
spectroscopy. In the case of BrF,. formation of R C,F,N-XeF AsF; was strongly favored
over that in HF solvent. The equlibrium ratios Kg = [CFN-XeF )V [CF{NH") were 0.25
and 2.1 in HF and BrF; solvents. respectively, at -30 °C and K, = [4-CF,CF.N-
XceF'|/14-CF,C,F.NH'] was 3.7 in BrF; at -50 °C (Kg = 4.5 ar -50 °C and K_ ¢, = 13.6
at -50 °C in BrFy). Thus, it is conculded that the fomation of
fluoro(perfluoropyridine)xenon(Il)  cations from the reaction of XeF, and
perfiuoropyridinium cations is more favorzble in BrE than in HF solvent.

Raman spectra of the solids, RpC,F . N-XeF AsF, have been recorded at -196 °C.
Only 4-CF,C,F.N-XeF AsF,;” showed some signs of decomposition (deep blue color on
the walls of the sample tube) when isolated from BrF; solvent and stored for two weeks
at -90 °C. Decomposition occurred in the 4-CF,C,F,N-XeF AsF sample during exposure
of the solid sample (at -196 °C) to the laser beam when the laser power levels were too
high. The other fluoro(perfluoropyridine)xenon(ll) catons, 2-CF,C,F . N-XeF AsF and
3-CF,C,F,N-X¢F AsF,. were prepared as a mixture frorr_1 a mixed sample of the
perfluoropyridines and the Raman spectrum of the mixture in the region of the F-Xe(II)

stretching frequency was examined as well as the °F and **Xe NMR spectra.
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(B) CHARACTERIZATION OF R.C.F.N-XeFAsF~ (R, = F. 2-CF, 3-CF, AND

4-CF)) BY '®*Xe. F and "N NMR SPECTROSCOPY

Multinuclear magnetic resonance spectra were recorded for R, C,F.N-XceF Asly
(Rg = F, 2-CF,, 3-CF; and 4-CF,) in HF and BrF, solvents. The "“Xe, ™F and ™N
chemical shifts and nuclear spin-spin couplings 'J(*Xe-"F) (doublet). '1(**Xe-MN)
(partially quadrupole collapsed 1:1:1 triplet), and “J(*°F,-"F,)(1:2:1 wiplet) suppont the
proposed cation structures in solution. Figure 7.1 depicts the 'F NMR spectrum resulting
from the reaction of C,F;NH"AsF, and XeF, in anhydrous HF solvent, showing the "F

signals of C,FN-XeF™ (Stucture 7.1) and CF,NH" (Struciure 7.2)

E .
3 F3
F F ) ’
2 / l ) E / I;
NS . N .
F T + & B T-l- fi
Xe H
I
Fy
7.1 72

cations and the AsF, anion. Figure 7.2 depicts the F NMR spectrum of C,F;N-
XeF AsF; in BrF; solvent showing the fluorine-on-xenon(iI) .rcgion of the spectrum and
'¥Xe satellites arising from spin-spin coupling of the terminal fluorine-on-xenon (F,) to
natral abundance "*Xe in C;FN-XeF AsF,, where the 1:2:1 wriplet fine structure on the

cenwral line is assigned to *J(°F,-""F,). Figure 7.3 shows the *’Xe NMR spectrum of



Figure 7.1

“F NMR (235.361 MHz) spectrum resulting from the reaction of
C,F,NH"AsF, and Xc¢F, in anhydrous HF; (A) C/FN-XeF™ cation
(Structure 7.1) where F,, F, and F; denote the ortho-, meta- and para-
fluorine resonances of the pyridine ring, F, denotes the fluorine-on-xenon
resonance and asterisks (¥) denote Xe satellites (B) C,F,NH™ cation
(Structure 7.2) where F,', F.’ and F; denote the ™F resonances
corresponding 1o ortho-, meta- and para- fluorines of the perfluoropyridine

ring (C) the AsF, anion.
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C.EN-XeF AsE,] in HF solvent at -30 °C. The doublet anses from the one-bond
coupling 'Jt'*Xe-"F,) of the Xe-F group and the partially quadruple collapsed 1:1:1
triplets arise from 'J('Xe-N) for xenon directly bonded 1o the nitrogen of the pyridine
ring. This signal in BrF, solvent showed a broad doublet which is 'J(***Xe-"N) was not
observed due to quadrupolar relaxation of the 'J(*Xe-"N) by N in the more viscous
solvent, BrF; (i.c.. the 7_ in BrF; 1s substantially larger in BrFs than in HF solvent).
The ™F NMR spectra of the 4-CF,C,F.N-XeF" cation showed well-resolved *F-"F
couplings at -50 °C in BrF,. which were poorly resolved in HF solvent at -15 °C. The
opposite was true for the C,FN-XeF" cation in these solvents. The 'F NMR spectra of
the C,F,N-XeF" cation in HF solvent and the 4-CF,C;F.N-XeF™ caton in BrF; solvent
were fited using the spectral simulation program PANIC and the F-'F coupling
constants for both cations are listed in Table 7.1. Figure 7.4 shows the “F NM.R
spectrum of the ortho-, meta- and para- fluorines in the perfluoropyridine ring of the
C,F,N-XeF" cation and the simulated spectra. The *F NMR spectrum of "2-CF,C;F,N-
XeF™ showed signals in additon to 2-CF,CF.N-XeF™ arising from three other
fluoro(perfluoropyridine)xenon(ll) adduct cations; these arose because the starting material
was actually a mixture of substituted pyridines and could not be fully assigned in the F
NMR spectra (see Figure 2.5). However, it was possible to assign the fluoro
(perfluoropyridines)xenon(ll) adduct cations from their '”.Xe NMR spectra in BrF;
solvent: two of which were characterized before, namely, C;F,N-XeF" and 4-CF,C;F.N-
XeF'. The 3-CF,C,F,N-XeF" cation, was only present as a minor product (Figure 7.5).

On the assumption that the Fermi coniact term is dominant for 'J(*®Xe-"N),
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Table 7.1 (continued)

a Referenced externally at 24 °C with respect to the neat liquid references
XcOF,('¥Xe), CFCL(*’F) and CH,NO,("*N).

b Recorded at -30 °C,

c Recorded at -50 °C.

d Calculated using the program PANIC on a Bruker ASPECT 2000 computer: root
mean square-error 1.778 and 2.157 for the C,F,N-XeF" and 4-CF,C,F,N-XcF'
cations, respectively.

e 'J(***Xe-"*N) is quadrupole-collapsed in BrF; at -30 °C.
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Figure 7.5

'¥Xe NMR spectrum  (69.915 MHz) of a mixture of
fluoro(perfluoropyridines)xenon(Il) cations in BrF; at -50 °C. (A) 2-
CF,CF.N-XeF*, (B) C,FN-XeF’, (C) 4-CF,C,F.N-XeF* and (D) 3-
CF,C,F.N-XeF*. The '**Xe signal for each cation is a doublet arising from
spin coupling to the fluorine directly bonded to the xenon atom. The line
broadening arises from residual scalar coupling to the quadrupolar "N

nucleus.
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Table 7.2

Reduced Coupling Constants, 'Ky, . for XeF™ Coordinated to Nitrogen that is Formally

sp or sp* Hybridized

Molecule/Cation Ky X 107 %s Character of
(NA*m™ Xe-N o-bond

RC=N-XeF 1.297 - 1.383 50%

FXe-N(SO,E), 0.913 33.3%

R,C,F.N-XeF" 1.016 - 0.929 33.3%

FXe-N,; (0.52 + 0.05) 25%
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a comparison of the Xe-N reduced coupling constants [Table 7.2, 'K (Xe-N) = 0.983 x
10% NA?m?, 'K(Xe-N). e, = 0.991 x 107 NAZm?, 'K(Xe-N), o = 0.929 x 107 NA?m™®
and 'K(X¢-N), 4, = 1.016 x 107 NA m™] with those in which the xenon atom is G-
bonded to sp hybridized nitrogens [RC=N-XeF™ = (1.297 - 1.393) x 10% NA?m™] and an
sp-hybridized nitrogen [FXe-N(SO,F), = 0.913 x 107 NA™m™] is consistent with bonding
between the sp® hybridized nitrogen of the perfluoropyridines and xenon.

(C) CHARACTERIZATION OF R, C.E.N-XeF"AsF. (R =F. 2-CF./3-CF, AND 4-CF.}

IN THE SOLID STATE BY LOW-TEMPERATURE RAMAN SPECTROSCOPY

The low-temperature Raman spectra of the solid compounds, R.C,F.N-XeF AsF¢
(R = F, 2-CF,, 3-CF, and 4-CF,), isolated from BrF; solution, are also consistent with the
formation of AsF, salts in which the xenon atoms are G-bonded to the aromatic
perfluoropyridine rings through nitrogen.

The Raman spectrum of the isolated product of the reaction of C,FNH AsF, with
XcF, in BrF, was studied at -196 °C (Figure 7.6, Table 7.3). The C,F;N-XeF" cation
would be expected to possess C,, symmetry and therefore a total of 3N - 6 = 33 normal
modes are predicted for the cation. With the exception of A,, which is infrared inactive,
the representations of the normal vibrations for the C;F,N-XeF” cation (choosing xz as

the molecular plane) are all Raman and infrared active, and given by

I,.(C.) = 12A, + 11B, + 3A, + 7B, (7.4)
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Table 7.3
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Raman Frequencies for CFgN, CF,;NH AsF, and C,F;N-XeF AsFy and Their Tentative

Assignments.*
Frequency, cm™
C,FyN* C,F,NHAsF,* C,F,N-XcF AsF,
3002(1)
1650(3) 1670(1)
1619(<1)
1561(<1)
1529(4) 1552(1)
1492(1) 1528(<1)
1473(1)
1420(5) 1451(6)
1363(1)
13:47(<1) 1331(1)
1285(5) 1290 (1) 1288(1), 1274(1)
1243(1) 1217(1) 1260(1)
1172(5) 1205(2)
11542)
1077(<1) 1115(1)
983(<1) 1005(<1}
857(1) 812(3)
736(2) 736(2) 1730(100)] 767(3)
706(3) 705(1)
694(5) 701(1)
[694(8)] 680(9), 677(24)
6203) 629(2)
593(9) [593(10)] 605(2)

Approximate

Description

N-H Str.

A, (C-C ring str.) and
B, (C-C str).

428 + 1172 = 1600
273 + 1285 = 1558
A, (ring sir.)

B, (ring str.)

174 + 1285 = 1459
A, (C-F sir.)

620 + 736 = 1356
?

A, (C-F str,) and B, (ring str.)
184 + 1077 = 1261
B, (C-F sir)

457 + 654 = 1157
A, (C-F str)

B, (C-F str.)

273 + 593 = 860
B, (C-C wwist)

B, (i.p. C-F def)
A, (ring def.)

vi(a,) AsF¢
B, (C-C twist)
A, {ring str.)

continued ...



Table 7.3 (continued)

Frequency, cm™

ol AN C,F,NH"AsF,

C,FN-XcF AsF,

570(<1)
52701 (525(13)]
555(<1)
476(7) 478(2)
457(<1) 446(3)
428(7) 410(2)
398(<1)
379(<1)
370(1) 384(32))
353(6) 354(1)
310(1) 349(1)
273(2) 270(1) [272(10)]

224(<1) 291(1)

174(<1)

5THA)
569(12), 559(3)

535(28), 525(100)
490(5)

452(7)

423(4)
319(4).410(2). 399(1)

386(4), 375(3). 370(1)
367(3). 363(2)

355(4)

275(3)

272(1)

266(1), 235(1)
231(1)

191(2)

184(2)

158(13), 153sh
i10(5)

76(5)

257

Approximate

Description

A, (C-C wwist)

vie,) AsFy

AX272 =54

A, (Xe-F)

A, (ring del)

B, (ring dcf)

As (0.p. C-F def)
183 + 231 =415

?

vi(l,,) AsFy

A Xe-N)

B, (0.p. C-F def.)

A, (i.p. C-F def)

A, (i.p. C-F def.) and
B, (i.p. C-F defl)

B, 8(XeNC)

B, (i.p. C-F def) and

B, (o.p. C-F def.)

B, 8(XeNQ)

B, (o.p. C-F def.) amd
A; {(0.p. C-F dcf))

B; and B, 8(FXcN)

Ladice modes

continued ...
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Table 7.3 (continued)

a

The Raman spectrum was recorded at -196 °C using an FEP sample tube and
514.5 nm excitation. Lines due to FEP have not been deleted from the spectrum.
Values in parentheses denote intensities; sh denotes a shoulder. Data given are for
the spectrum depicted in Figure 7.6.

Recorded in the liquid-phase.™

From Ref. (221), values in square brackets are from the present work.
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In addition, three Raman-active modes associated with the octahedral AsF, anion, vi(a,).

va(e,) and vi(ty,) are also expected. An analysis of the Raman spectrum of the C,F,N-
XeF" cation can be given in terms of the modes of the C,F;N and F-Xe-N moictics.

A total of 27 normal modes of vibration for the planar pentafluoropyridine group
are expected and are given by the irreducible representations 10A, + 9B, + 3A, + 5B, and
correspond to in-plane vibrations, 10A, and 9B, (Raman and infrared active) and out-of-
plane vibrations, 3A, (Raman active) and 5B, (Raman and infrared active).

The linear N-Xe-F moiety will give rise to 3N - 5 = 4 modes belonging to the
irreducible representations 2A; + B, + B, corresponding to v(XeF), A; v(XeN), A
S(FXeN) in-plane, B, and 8(FXeN) out-of-plane, B,. In addition, an in-plar;c F-Xe-ring
wagging mode, B,. and out-of-plane F-Xe-ring rocking mode, B,. are also expected.

The vibrational modes of the C;F;N- group in the C,F,N-XeF" cation can be readily
assigned by comparison with previous assignments for CF,N="** and C,F,NH AsF, . >
Long and Bailey * studied the liquid-phase Raman spectrum: for C,F,N (Table 7.3) and
have done a complete normal coordinate analysis and assignments for C,F,H upon which
their assignments for C,F,N are based. The vibrational assignments for C,F.N-XcF AsF,
are given in Table 7.3. This Table also includes wentative assignments of overtones and
combinations for all bands observed up to 1700 cm.

The pentafluoropyridine ring in the C;F,N-XeF™ cation would be expected to have
a spectrum similar to that of C;F;N. Consequently, the frequencies of CsFN are uscful
in making assignments for the fundamental frequencics of the C,F,N-XcF* cation. The

descriptions of the A,, B,, B, and A, vibrational modes of the pentafluoropyridine ring
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in the C;F;N-XeF" cation are depicted in Figure 7.7. The atomic displacements are based

on the descriptions of the vibrational analysis in reference (217).

Five of the expected ten fundamenial vibrations belonging to the A, symmetry class
are readily assigned for the C,;F;N-XeF* cation: 1552(1), 1451(6), 1115(1) and 701(1) and
605(2) cm”. These frequencies are shifted to higher frequencies than the corresponding
Raman lines in C;F,N,” as might be expected for the C,F,;N-XeF" cation. The line
observed at 1670(1) cm™ is assigned to A, symmetry and belongs to the C-C stretching
mode. This would be compatible with the assignment of this frequency to both the A,
and the B, C-C stretching modes as has been done for C,F;N. The line at 1285(5) cm™
is assigned to the C-F stretching modes in the spectrum of C;F,N and again is assigned
10 two bands having A; and B, symmetries. The corresponding two bands are better
scparated in the Raman spectrum of C;F,N-XeF" 1o produce the two lines observed at
1288(1) and 1274(1) cm, which are assigned :o the A, and B, modes, respectively. The
remaining three A; modes of CF,N ring have lincs close to 273, 310 and 476 cm™ of
CsFsN. Two Raman lines are observed close to the latter line at 490(5) and at
452(7) em’. The 490 (5) cm™ line, which is shifted to higher frequency, has been
assigned to the A, class and it is also close to the A, value of 476(7) in the C,F,N
spectrum. The lower frequency line at 452(7) cm’' is assigned to the B, fundamental,
Raman lines observed at 275(3) and 272(1) cm™* can be assigned to the two remaining A,
fundamentals. Either of these frequencies could also be associated with a B, mode whose

predicted value from the spectrum of CF(N is in the 291 - 304 cm™ region.
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Assignments for four of the nine fundamentals having B, symmetry have already
becn dealt with; these are occur at 1670(1), 1274(1), 452(7) and 272(1) em™. The Raman
lines at 1528(<1), 1205(2) and 1005(<1) cm™ can also be assigned to B, fundamentals by
comparison with the frequencies of C;FsN in the liquid phase. The remaining two B,
fundamental modes are both associated with C-F deformations. One band is observed at
705(1) cm™ and the last mode is likely to be the Raman line at 231(2) em™, although this
may also be assigned to a B, mode.

The Raman line at 767(3) cm™ has been assigned to a torsional mode (B,
symmetry). The Raman band at 231(2) cm™ (224(<1) cm™ for C,;F,IN), 1s also assigned
to B, and B, modes. The remaining three fundamental bands assignable to B, modes are
(corresponding assignments for C;F;N are given in parentheses): 629(2) cm™ (620(3)
cm"), 355(4) cm™ (353(6) cm) and 184(2) (174(<1) cm™).

The three A, fundamental bands of the C,F¢N ring have been assigned to 577(4),
423(4) and 184(2) cm’ by comparison with CF,N, i.e., 577(4) cm? (570(<1) cm™),
423(4) cm™ (428(7) cm) and 184(2) cm™? (174(<1) cm™).

Formation of the C,F;N-XeF" cation introduces to the vibrational spectrum six extra
degrees of freedom in addition to those of the C,F{N- group which, after subtracting the
fundamental modes of C;FN (10A, + 9B, + 3A, + 5B,) from equation (7.4), leaves 2A,
+ 2B, + 2B, 10 be accounted for. For the linear F-Xe-N group, four fundamental modes
of vibration can be described: the N-Xe, Xe-F stretches, which are assigned to the
remaining two A, modes; and in-plane (B,) and out-of-plane (B;) N-Xe-F bends, which

have already been taken into acco.nt. The remaining two fundamental modes can be
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described as an in-plane F-Xe-ring wagging mode, B, and an out-of-plane F-Xe-ring
rocking mode, B.. Of these six modes, the four deformation modes (2B, and 2B.) arc
expected to have low frequencies, probably less than 250 cm™.

The Xe-F stretching (A,) mode of the C;F;N-XeF" cation is readily assigned by
comparison with the Xe-F stretching frequencies of the other L-Xe-F species (see Table
3.3 in Chapter 3), which is usually the most intense band in the Raman spectrum and is
consequently assigned to intense bands at 528(100) and 535(28) cm™; the splitting can
only be attributed to coupling of vibrational modes within the unit cell.

The Xe-F stretching frequency of the C;FN-XeF™ cation is higher than that of
FXe-N(SO.F), (506 cm™), * and lower than in the nitrile cations RC=N-XeF™ (565 - 541
cm’ for R = H, CH;, CH,F, CH,Cl, C,H; (CH,),CH and (CH,),C, respectively), reflecting
the intermediate base strength of C,F;N with respect to the Lewis acid X¢F'. In the
absence of '°N isotopic enrichment experiments, the Xe-N stretching frequency (A, mode)
can only be tentatively assigned to weak bands at 367(3) cm™ and 364(2) cm’™.

Based on the stretching frequencies of v(Xe-F) and v(Xe-N), an approximate
assessment of the relative covalent character of the Xe-N bond in C;F;N-XeF™ can also
be made. It is noteworthy that the Xe-F streitching frequencies arc lower than those of
FXe*..FMF, and (FXe),F",” bhut are higher in frequency than those of the
RC=N-XeF AsF, cations. Parallel trends have also been noted for the *F chemical shifts
and 'Xe-"F coupling constants. This increase in the covalent character of the X¢-F
bond relative to that of C;F,N-XeF* leads to a corresponding decrease in the covalent

character of the Xe-N bond and a corresponding decrease in the Xe-N stretching
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frequency. The in-planc (B,) and out-of-plane (B,) bending modes &F-Xe-N) are
expected to occur at lower frequencies than the rocking and wagging F-Xe-ring modes
and are assigned to bands at 158(13) and 154 (sh) cm™, respectively, by comparison with
F-Xe-N(SO,F),, where 8(F-Xe-N) is 200 cm™ (average), and HC=N-XeF*, where 8(F-Xe-
N) is 146 cm’ (average). The S(F-Xe-N) bend of C,F,N-XeF" reflects the relative
covalent character of the Xe-N bond and is expected to be lower than that of F-Xe.
N(SO,F),, but higher than that of HC=N-XeF".

The bands at 235(1) and 266(1) cm™ are tentatively assigned to the B, in-pirne
F-Xe-ring bending.  This assignment is supported by the assignments of the in-plane
C-C-I deformation of iodobenzene and its derivatives, #* which occur in the range 200 -

250 cm™. The B, F-Xe wagging (out-of-plane F-Xe-ring bending) mode is expected, by
comparison with the iodobenzene, to occur at lower frequency than the in-plane F-Xe-ring
bending mode and is tentatively assigned to a weak band at 191(2) cm™.

In addition, more than the expected three Raman-active bands due to the AsFg
anion are observed. The additional bands are attributed to site symmenry lowering and
have been assigned under O, symmetry to vy(a,,) (677(24), 680(9) cm™), vy(e,) (559(4),
569(12) em™), and vy(t,) (370(1), 375(3), 386(4) cm™), respectively. Lines occurring
below 112 em™ have been assigned to latiice modes.

The laser Raman spectrum of the product resulting from the reaction of
4-CF,CF.NH'AsF, with XeF, in BrF; (equation (7.3)) was studied at low-
temperature (-196 °C) and supports the conclusion that this compound can be

formulated as 4-CF,CF;N-XeF AsF,. The Raman spectrum at -196 °C showed signs of
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decomposition when the solid was exposed 1o the laser beam at high power levels,

resulting in a deep blue color. It is, however, possible to assign a2 number of bands in the
4-CF,C,;F:N-XeF" cation which are consistent with the proposed structure of the cation
in the solid state. Table 7.4 lists some of the key Raman frequencies and their
assignments for 4-CF,C;F.N-XeF"AsF, as well as a comparison with the corresponding
frequencies in the C;F{N-XeF AsF salts. The Xe-N stretching frequency can only be
tentatively assigned to 2 weak band at 367 cm, but this is in good agreement with the
tentative assignment for the C;F,N-XeF" cation (367 cm™). The most intense band in the
Raman spectrum of the salt occurs at 524 cm' and is assigned to Xe-F stretching
frequency. The 8(F-Xe-N) bending frequency can also be tentatively assigned to a weak
band at 162 ecm™. In addition, lines arising from the AsF, anions (677, 680 cm™, vi(a,):
577 em’, vy(ep); 375 cm’, Vs(ty)) are readily assigned. The low-temperature Raman
spectra of the isolated mixture of R;C;F,N-XeF"AsF,* (R = F, 2-CF,, 3-CF, and 4-CF;)
was also obtained in the Xe-F stretching frequency region, and showed the most intense

lines in the range (538 - 576 cm™), which are assigned to the Xe-F stretching frequencies,



Table 7.4

Some Key Frequencies and Assignments for C;FsN-XeF AsF, and 4-CF,CFN-XeF AsF,

Rp
F F
B
Z
F II\" + F
Xe
‘ RF = F, CFS
F
Frequency (cm™)’ Assignments
CyFN-XeF*AsF, 4-CF,C,F,N-XeF*AsF,
5258¢100) 524(100) v(Xe-F)
367(2) 367(12) v(Xe-N)
158(13) 162(13) S(F-Xe-N)
677. 680 vi(a,)
569 ' va(e,)
375 s(ta,)

a Specira recorded in FEP sample tubes at -196 "C and excited using the 514.5 nm

linc of an argon ion laser.



CHAPTER 8

SUMMARY. CONCLUSIONS AND DIRECTIONS FOR FURTHER RESEARCH

(A) SUMMARY

The present work represents a significant extension of noble-gas chemistry, and in
particular, the synthesis of compounds containing noble-gas nitrogen bonds. This has
been achieved by taking advantage of the Lewis acid properties of noble-gas cations and
has given rise to several novel examples of xenon-nitrogen bonds. Moreover, this work
has laid the ground work for the discovery of krypton-nitrogen bonds, namely, HC=N-
KrF AsF; ' and R.C=N-KrF AsF; (R, = CF,, GF;, n-C,F,)."® The adduct salts, which
have stabilities ranging from explosive at -60 °C for HC=N-KrF*AsF," '™ to stable at
room temperature for s-C,F;N,N-XeF*AsF,,'” have donor-acceptor bonds which are
among the weakest bonds that still deserve to be called bonds.

This Thesis has been concemed with the syntheses, structural characterization and
bonding of the Lewis acid cation, XeF’, to a variety of organic nitrogen basc centers.
Examples of Xe-N bonds have been relatively rare prior to this work. Several new adduct

cations have resulted and have been characterized which represent novel Xe-N bonding
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situations for xenon in its +2 oxidation state. The systems described in the present work
were derived from the interaction of XeF™ with appropriate electron pair donors, nitriles
or perfluoropyridines, resulting in two new classes of xenon-nitrogen bonded compounds
in which the Xe-N bonds arc among the most ionic Xe-N bonds characterized to date.
These studies have resulted in the preparation and characterization of niwile cations
RC=N-XeF', where R = H, CH,. FCH,, CICH,, C;H,, CH,FCH,, »n-C,H,, CH,CHFCH,,
CH,CF,CH,. CH,FCH,CH,, CHF,CH,CH,, (CH,),CH, CICH,C(CH,)H, FCH,C(CH;)H,
(CHy,C, n-CH,. CH,CHFCH,CH, and C/F; and the perfluoropyridinium cations
R.CFN-XeF, where R; = F, 2-CF,, 3-CF; and 4-CF,. These cations have been
characterized in HF andfor BrF; solutions by Xe, ®F, N, “N, ®C and 'H NMR
spectroscopy and in the solid state by low-temperature Raman spectroscopy. Furthermore,
the perfluoropyridine derivatives of xenon represent the first examples in which a noble-
gas atom serves as an aromatic substituent. The HC=N-XeF', CH,;C=N-XeF’,
FCH,C=N-XeF', CICH,C=N-XeF", CH,C=N-XeF", (CH,),CHC=N-XeF", (CH,),CC=N-
XeF, CFN-XeF and 4-CF,CJF,N-XeF® cations have also been isolated and

charucterized in the solid state by low-temperature Raman spectroscopy.

) A Rational Undemstanding of the Approaches Used in the Svntheses of Nitrogen

Base Adducts of XeF*

In view of the propensity of the XeF™ cation to form strong fluorine bridges to

counter anions in the solid state,” the XeF™ cation may be regarded as having a significant
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Lewis acid strength. Based on considerations of the high electron affinities of the cations
(ATF", 13.7 eV™; K1F, 13.2 eV'™; XeF', 10.9 ¢V'*™) and first adiabatic ionization
potentials of sclected bases, where the first adiabatic ionization potential, IP, (usually
determined from photoelectron spectroscopy) is equal to or greater than the estimated
electron affinity, EA. of the noble-gas cation; it has been possible to single out specific
nitrogen bases and classes of nitrogen bases which offer reasonable promise for preparing
noble-gas adduct cations in which the strongly oxidizing noble-gas cations are bound to
organic and perfluoro-organic fragments through the nitrogen of the base.

Up 1o the present studies, there were two general synthetic approaches to forming
bonds to xenon(II) which had been used:
The first approach involved the direct interaction of XeF, with the corresponding ligand

group’s protonic acid leading to HF displacement, which is generalized by equation (8.1).

XeF, +nRH = F, XeR, + nHF 8.1

The second approach involved ligand exchange, and can be illustrated by the reaction of

XeF, and B(OTeF;), in an inert solvent (equation (8.2)).

XeF, + %4 B(OTeF;); —> Xe(OTeF,), + % BF, (8.2)

In the present work, the interaction of the Lewis acid XeF™ with the neutral organic
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Lewis bases represents a new synthetic approach. Interestingly, in the former two
synthetic approaches, the ligand group must meet a set of criteria in order to form stable
bonds to noble-gas centers. Among these criteria the most important is that the ligand
group must possess a high effective electronegarivity. In the present work, this criterion
may also be scen to be operative as a requirement in forming stable Xe-N bonded
compounds. Among the nitrogen electron donor centers investigated, namely those having
formal hybridiations sp and sp®, the effective electronegativity of the nitrile base center
is expected to be higher than that of the pyridine base center. This is reflected in the
relative stabilities of those adduct cations where the nitrile cations were found to be
thermally more stable than the pyridine cations. These differences in stability and
cffective electronegativity are also reflected in the spectroscopic measurements (vide

infra).

(i)  Fluoro(hvdrogen cvanide)xenon(Il) Hexafluoroarsenate:

HC=N-XeF AsF,

Hydrogen cyanide is oxidatively among the most resistant ligands investigated thus
far, having a first adiabatic ionization potential of 13.80 eV. The estimated electron
affinity of XeF* (10.9 V') suggested that HC=N would be resistant to oxidative attack
by the XeF' cation and that HC=N-XeF™ might have sufficient thermal stability to permit
its spectroscopic characterization in solution and in the solid state.

The reaction of XeF with HC=N and the subsequent isolation of HC=N-XeF AsF,
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and its characterization have indeed been realized in Chapter 3. The compound,
HC=N-XeF AsF,, has been isolated as a white microcrystalline solid and characterized
by mulii-NMR and Raman spectroscopy. The vibrational assignments of the v(Xe-N)
strerching and 8(XeNC) and 8(FXeN) bending modes have been aided by obtaining
Raman spectra for natural abundance, N and **C-enriched HC=N-XeF*AsF,".
Multinuclear magnetic resonance (multi-NMR) spectroscopy has proven essential
for the characterization of the HC=N-XeF" cation. Every element in the HC=N-XcF
cation possesses at least one nuclide which is suitable for observation by NMR
spectroscopy, namely, the spin-% nuclei 'H, ’C, N, '"Xe and '*F, and the spin-1 nucleus
"“N. Multinuclear magnetic resonance spectra were recorded for HC=N-XeF*AsF,” in HF
and BrF; solvents for all five spin-i nuclei of the cation using natural abundance and '*C
and "N enriched compounds. All possible nuclear spin-spin couplings have been
observed, unambiguously establishing the solution structure of the HC=N-XcF* cation.
Included among these scalar couplings are 'J(*®Xe-"N), 2(*Xe-C) and *J('**Xe-'H).
representing the first time scalar couplings have been observed between these nuclides.
An interesting feature of the NMR spectroscopy of the HC=EN-XeF™ cation is the
ready observation of the directly bonded '*Xe-*N and "“N-"C scalar couplings. The
observation of both couplings and the relative ease of observing 'J(*®Xe-"*N) in the alkyl
nitrile and perfluoropyridine adducts of XeF™ (vide infra) is aunbuted to several factors
which minimize quadrupole relaxation of the ®Xe-"N and “N-"C couplings; the low
electric field gradient at the ™N nucleus of the adduct cations, low viscosity of the HF

solvent leading to a short molecular correlation time and the small line width factor for
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"“N.2" However, in the higher viscosity solvent BrF; (-58 °C), the '®Xe-"N and “N-1*C
couplings are quadrupole collapsed into single lines. Because they are generally obscured
owing 1o quadrupolar relaxation caused by the N nucleus, **N enrichment was required
for the observation of scalar couplings between nitrogen and non-directly bonded nuclei

where the magnitudes of the couplings are small.

(1i1)  Fluoro(nitrile)xenon(I) Hexafluoroarsenates: RC=N-XeF AsF;

Reactions of XeF AsF, with alkyl nitriles, RC=N, and C,F,C=N have also becen
carried out by combining stoichiometric amounts of the reactants in anhydrous HF. The
reactions proceed by analogy with equation (3.1). In the case of the alkyl nitriles and
HC=N, equilibrium (5.4) is significant so that equilibrium amounts of XeF,, RC=NH" and
HC=NH" were observed in the *Xe, °F, *N, BC and 'H NMR spectra but XeF,
frequently was not observed in the °F and '¥Xe NMR spectra. The apparent absence of
XcF, in the NMR spectra is attributed to chemical exchange involving free XeF" arising
from equilibrium (5.5) and Xe,F;* as an exchange intermediate (equilibrium (5.7)).

Multi-NMR spectra (***Xe, "°F, "N, N, C and 'H) have provided unambiguous
proof for the structures of the RC=N-XcF" cations in HF solution. Several alkyl nitrile
adducts of the XeF™ cation have also been isolated and characterized in the solid state by
low-temperature Raman spectroscopy. The Xe-F stretching frequencies are consistent

with weak covalent bonding between xenon and nitrogen.
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(iv)  Fluoro(perfluoropvridine)xenon(Il) Hexafluoroarsenates: RC.F,N-X¢F*AsFE,"

The fluoro(perfluoropyridine)xenon(Il) cations, ReCF,N-XeF™ (R = F or 4-CF,),
have been observed in HF and BrF; solutions and are stable in both media up 10 -30 °C.
The salts R.C,F.N-XeF AsF, have been isolated at -30 °C from BrF; soluiions initially
containing equimolar amounts of RC,;F,NH"AsF, and X¢F,. The resulting white solids
were stable to -25 °C. Low-temperature Raman and "Xe, F and “N NMR
spectroscopic results are consistent with planar cations (Structure 8.1) in which the xenon

atom is coordinated to the aromatic ring.

Re
F F
C o
o
F T+ F
Xe
| R_ =F,CF
F
8.1

Equimolar amounts of XeF"AsF," and the perfluoropyridine, RC,F.N (R =F or

4-CF,), react in anhydrous HF at -30 to -20 °C according to equation (7.1) and cquilibria
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(7.2) and (7.3) to give the novel Xe-N bonded cations, RC,F,N-XeF", as the AsF, salts
in solution.
At -30 °C these solutions consisted of equilibrivm mixwres of XeF,,
R, C,F:NH"AsF and R.C,F-N-XeF AsF, as determined by NMR spectroscopy. Removal
of HF solvent by pumping at -50 °C resulted in white solids which Raman spectroscopy
at -196 °C also showed to be mixtures of R,C,F,N-XeF AsF, XeF, and R.C,F,NH" AsF;.
An alicrative approach, which led to isolation of the Xe-N bonded cations,
allowed stoichiometric amounts of XeF, and the perfluoropyridinium cations, as their
AsF, salts, to react in HF and BrF; solvents at -30 °C according to equilibrium (7.4).
The equilibria in both solvents were monitored by *Xe, 'F and "N NMR spectroscopy.
In the case of BrFy, formation of R, C;F.N-XeF AsF,” was strongly favored over that in
HF solvent. Consequently, removal of BrF; solvent under vacuum at -30 °C yielded
white solids comresponding to the salts R{C,F.N-XeF'AsF,. The CF,-derivatives
substituted at the 2- and 3-positions have also been synthesized from their
perfluoropyridinium salts in BrFg solvent and characterized by NMR spectrosccpy. The
"Xe-"N  coupling was quadrupole collapsed, as has also been observed for
4-CF,-C,F.N-XcF AsF, and C,FN-XeF"AsF in BrF, at low temperatures. In HF solvent,
however, 'J(***Xe-"N) = 235 - 238 Hz was observed at -30.°C. The coupling between
the ortho-ring fluorine and terminal fluorine on xenon “J(F,-F,) has also been observed
for the perfluoropyridine cations 4-CF,-C,F.N-XeF™ and C,F,N-XeF" and provides strong

support for the proposed structures.
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) Assessment of the Relative Jonic Chamcters of Xe-F and Xe-L (L = F. O or N)

Bonds in F-Xe-L Tvpe Compounds

Previous NMR studies of xenon(Il) derivatives containing XeF groups bonded 10
oxygen or fluorine have shown that the NMR parameters measured in the °F and **Xe
spectra can generally be used to assess relative covalent characters of the Xe-O, Xe---F
bridge and terniinal Xe-F bonds. In general, as the ionic character of the Xe-L (L =
ligand) bond increases, the covalent character of the terminal Xe-F bond increases,
increasing the formal charge on xenon. These trends are paralleled by decreases in
8('¥Xe) and increases in both 'J(**Xe-"F) and 8("°F) for the terminal XeF group. Table
8.1 provides the 'Xe and F chemical shifts and 'J('*Xe-"*F) coupling constants for a
number of xenon(Il) compounds containing terminal Xe-F bonds for comparison with
some xenon-nitrogen bonded species.

Trends in '®Xe and *F chemical shifts and 'J(**Xe-""F) coupling constants show
the variation in NMR parameters can be related to the ionic character of the Xe(H)-ligand
atom bond. The terminal Xe-F group may be regarded as being bridged in either a
fluoride, as in XeF, and Xe,F,", or to an oxygen, as in trans-FXe-OIOF, and cis-FXc-
OIOQF,, or to a nitrogen, as in HCSN-XeF, 4-CF,C,F.N-XeF", s-C,F,N,N-XeF*, C,F,N-
XeF" and FXe-N(SO,F),. In the specific case of XeF", the cation is not regarded as
totally free, but is weakly bonded to a solvent fluorine or oxygen atom. The '“Xe

chemical shifts and 'J(**Xe-"*F) coupling constants show a decrease while '*F chemical
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Table 8.1

Comparison of Xe-F Stetching Frequencies and the Chemical Shifts and Coupling
Constants in the F-Xe-L Derivatives

NMR Parameters®

V(XC-F) ‘J(""Xc-—"F)‘ al:’xc):.d S(NF):A
1

Species* cm He ppm ppm T.*C Rel.
XeF..FSh,F,* 619 7230 -574 -290.2 23 20.27,1711,172
XeF'.FAsF, * 610 6892 -869 -47 122,165.166,173.174
(FXc)F* 593 6740 -1051 -252.0 -62 20,27,165,171
HCN-Xc¢F 564 6181 -1569 -198.4% -58 156
F,SzN-X¢F 554 6248 -1661 -180.5 -60 228
CF,CoN-XcF 6397 -1337 2104 -63 123
C,F,CaN-XcF' 6337 -1294 2129 -63 123
n-C,F,CaN-X¢F’ 6430 -1294 -213.2 -63 123
CH,CN-XceF'® 560 6020 -1708 -185.5 -10 156
5-C,F,N.N-XeF 348 5932 -1862 -145.6 -50 123

5909 -1808 -154.9 -5
FO,80-XcF 523 5830 -1666 -40 20,27,71.175
cixitrany-
F,OlO-XcF 527 5803/ -1823/ -161.7 0 60
5910 -1720 -170.1 0
C.FN-XcF 5238 5926 -1922 -139.6 -30 157
4.CF,C,F,N-XcF" 523 5963 -1853 -144.6 -50 157
F,TeO-XeP s20 -2051 -151.0¢ 26 176,177
(FOS),N-NeF 506 5586 -1977 1260 -58 64,67
5664 -2009* -126.04 -40
F,S=N(H)-X¢F' ! 2672 ! -20 228
F8-N(H)-X¢’ ! 28586 ! 20 228
F,Te-N(H).Ne ! -2903 ! -50 229
-2841" ! -45
XeF, 396 5621 -1685 -184.3 -52 65,158,178

Continued...
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Table 8.1 (continued)

a Unless otherwise indicated, all cations have AsF, as the counterion.
b Spectra were obtained in BrF; solvent unless otherwise indicated.
c The NMR parameters of XcF groups are very sensitive 1o solvent and temperature

conditions; it is therefore important to make comparisons in the same solvent
medium at the same or nearly the same temperature.

d Referenced with respect to the neat liquids XeOF, (*Xe) and CFCl, (*F) a1 24
°C; a positive sign denotes the chemical shift of the resonance in question occurs

to higher frequency of (is more deshielded than) the resonance of the reference

substance.
e Table entries refer to the terminal fluorine on the noble-gas atom.
f Recorded in SbF; solvent.

g 8(**F) measured in anhydrous HF solvent at -10 °C.
h NMR parameters measured in HF solvent at -15 °C.

i S(**F) measured in SO,CIF solvent at -40 °C,

] NMR parameters measured in SO,CIF solvent.

k NMR parameters measured in SO,CIF solvent at -50 °C.

1 Not observed; Xe-F is relatively ionic and readily undergoes exchange in HF
solvent.

m 8('**Xe) measured in HF solvear.
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shifts show an increase with increasing ionic character of the terminal Xe-F bond. This

is consistent with valence bond structures 8.2 and 8.3,

F-Xe" 'L F*Xe-L

where the bonding electron pair of the terminal Xe-F bond becomes increasingly more
localized with increasing ionic character of the Xe-L (L =F, O or N) bond. The results
suggest the group electronegativies increase in the order: -N(SQ,F), < C;FiN < 5s-C,F;N,N
< 4-CF,C;F,N < ¢is-OIOF, < trans-OIQF, < CH,C=N < -0SO,F < F;8=N <« HC=N <
R,C=N. Thus, the Xe-F bond of HC=N-XeF is among the weakest xenon-

ligand bonds observed thus far.

Furthermore, if one considers the Xe-F stretching frequency of these derivatives
to reflect the tonic character of the Xe-F bond, then the frequency is expected to increase
as the xenon-ligand atom bond becomes more ionic and the terminal Xe-F bond becomes
more covalent, i.e., develops more XeF™ character. The stretching frequency of the
erminal Xe-F bond does indeed increase in the order of anticipated increasing group
clectronegativity, i.e.. -N(SO,F),, 506 cm™ < 4-CF,C,F,N, 524 cm™ < C;F,N, 528 cm’!

< cis/trans-OlOF,, 527 cm' < HCN, 564 ¢m’, further supporting the proposed wend.



279
(vi) The Solvolvtic Behaviors of HC=N-XeF AsF, and HC=N in Anhvdrous HF

Solvent

The decomposition products of HC=N-XeF'/HF reactions have been characterized
using natural abundance, 99.2% "*C and 99.5% *N-enriched HC=N-XeF AsF, , which are
characterized as CF,, CFH, CF,NH;", CF,=NH,', CHF=NH,", X¢ gas and several
unidentified minor products. The first two products, CF, and CF,H, were well known
prior to this work while CF,NH,", CF,=NH," and CHF=NH," have been characterized for
the first time by "*F, N, "N, C and '"H NMR spectroscopy in the course of the present
studies. The CF,NH," cation represents one of the major products resulting from the
decomposition of HC=N-XeF AsF, in HF solvent. The HC=N-XeF" cation was shown
to exist for up to 14 hours at room temperature. The NMR spectra of HF solutions of
HC=N recorded at -15 °C after warming for 7 days at room temperature indicate that one
species, namely, the diﬂuoromcthylammonium cation, CHF,NH,", was formed. The
CHF,NH;" cation has also been characterized in HF solution by 'F, N, ’C and 'TH NMR
spectroscopy. No other products were observed to form after 7 days at room temperature,
conflicting with the earlier work,'™ which reported subsequent polymerization to give
polymers whose structures were uncertain. In contrast with the related RC=N systems in
HF solvent, the RCF,NH," cations were shown to be intermediates, dimerizing to form
E- and Z-RCF,N(H)C(R)NH," (R = CH,, GH;, n-C,H, and »-C,H,) cations {(see Chapter
6, Srructures 6.1 and 6.2). Reaction Schemes for the formation of the fluorinated

decomposition/solvolysis products resulting from the HC=N-XeF'/HF and HC=N/HF



systems have been proposed in this Thesis.

(vii) The Solvolviic Behaviors of RC=N-XeF AsF,” and RC=N_in_Anhvdrous HF

Solvent

The solvolytic behaviors of the novel adduct salts, RC=N-XeF'AsF,, have been
studied in anhydrous HF solvent. The decompositions of the nitrile adduct cations
CH,(CH,),C=N-XeF" (n = 0 - 3) have been monitored in HF solution by multi-NMR
spectroscopy.  The rate of fluorination of the alkyl chain was shown to increase with
increasing chain length, where the degree of fluorination increases at the alkyl carbons
in the order B < v < §, with no fluorination being observed at the a-carbon.

The thermal stabiities of the RC=N-XeF AsF," salts have been examined by
warming HF solutions of RC=N (R = CH,, C,H,, »-C,H, and n-C,;H,) and XeF AsF, for
several hours at room emperature, The stabilities of the RC=EN-XeF AsF, salts with
respect to the chain length of the alkyl group decrease in the order n-C,H,C=N >
n-C;H,C=eN > C,H,C=N > CH,C=N.

A parallel study of the free nitriles in anhydrous HF concluded that the mechanism
is dramatically different. In the former case, fluorination occumred on the alkyl group,
while the neutral alkyl nitriles invariably add HF to the C=N bond and dimerize to form
the E- and Z-RCFEN(H)C(R)NH," (R = CH,, CH,, n-C;H, and n-C,;H,) cations (see
Chapter 6. Structures 6.1 and 6.2). These reactions involve the RCF,NH," cations as

intermediates.
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(B) CONCLUSIONS

Significant progress has been made in noble-gas chemistry by way of developing
a new synthetic approach which leads to the formation of Xe(II)-N bonded adduct cations.
This work has demonstrated that organic nitrogen bases are capable of stabilizing Xe(1l),
including several examples of the first compounds in which a noble-gas atom serves as
an aromatic substituent. The key to this approach has been the choice of a neutral Lewis
base, e.g., HC=N, RC=N and R:C,F,N, such that the first ionization potential, IP,, of the
base is equal 1o or greater than the estimated electron affinity, EA, of the Lewis acid
cation, XeF",

The overall significance and impact of this work is summarized below:

(1)  The first examples of Xe-N bonded compounds, containing sp-hybridized nitrogen
have been synthesized, namely, HC=N-XeF AsF, and RC=N-XeF AsF,.
2) The first examples of the Xe-N bonded species in which a noble-gas atom serves

as an aromatic substituent have been synthesized, namely, R C,;F,N-XeF'AsF, .

3) A new synthetic approach to the formation of Xe-N bonds has spawned scveral
novel developments not included in this Thesis:

(1) The synthesis of HC=N-XeF" has laid the ground work for the synthesis
of the first Kr-N bonds,'*'™ by the interaction of KrF, (the estimated
electron affinity of KrF™ is 13.2 eV) with the HC=NH® (HC=N, IP, =
13.80 eV™), CF,C=NH"* (CF,C=N, IP, = 13.90 eV"™"), C,F,C=NH"* and n-

C,F,C=NH".
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Novel xenon-nitrogen bonds derived from perfluoroalkylnitriles, R.C=N-
XeF" (R;: = CF;, CF; or n-C,F;) have been characterized in BrF; solvent
by "®F and "®Xe NMR spectroscopy.'?
The adduct cation salt, s-C,F;N,N-XeF*AsF,, which is stable at room
temperaiure has been synthesized and characterized.'®
The F,S=N-XeF AsF, cation, which undergoes solvolysis in HF at low-
temperature to produce the novel F,S=N-Xe* and F;S-N(H)Xe" cations has
recently been characterized by F and '®Xe NMR spectroscopy.” The
FS-N(H)Xe" cation represents the first example of Xe-N bonded species
where the nitrogen atom has formal sp’-hybridization.
Novel examples of xenon compounds containing N-Xe-O linkages, e.g.,
5-C,F,N,N-Xe-OMF,"AsF, and F,S=N-Xe-OMF,"AsF, ¥ (M = Te or Se)
have been synthesized using the Lewis acid properties of the XeOMF*
cations™ (M = Te or Se). The synthesés of XeOTeF,"Sb(OTeF;), ** and
its high solubility in SO,CIF allowed the formation of the CH,C=N-Xe-
OTeF," and C,F,N-Xe-OTeF," adduct cations in this low polarity

solvent.™

DIRECTIONS FOR FUTURE RESEARCH

The successful preparation of xenon(ll)-nitrogen bonded species by taking

advantage of the Lewis acid behaviors of XeF', XeOTeF;* and XeOSeF;" has been
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achieved by choosing nitrogen bases having first jonization potentials higher than the
estimated electron affinity of the noble-gas Lewis acid cations. Several other bases not
investigated in the present work which have potential and should also be investigated

include N=C-C=N (IP, = 13.9), CIC=N (IP, = 12.49 *+ 0.4) and FC=N.

HF or BrF;
X-C=N + XeF'AsF, > X-C=N-XeF AsF (8.3)
SO,CIF
X-C=N + XeOTeF,'Sb(OTeF,), ——> X-C=N-Xe-OTeF,"Sb(OTeF;),” (8.4)

(X=C=N,Clor F)

To date several examples of xenon(II)-nitrogen bonds have been synthesized where
the nitrogen atom has formal sp and sp® hybridization. More recently, two examples
containing xenon(Il)-N,,, bonded species, F;TeN(H)-Xe™ and F,SN(H)-Xe", have been
characterized by muli-NMR in solution™ Trifluoromethyl amine, CF,NH,, is a
considerably weaker base than CH,NH, due to the high effective electronegativity of the
CF,; group. The formation of CF;N(H)-Xe* by the reaction of CF;NH,* and XeF,; in BrF,
(equation 8.5) should be feasible and would serve to extend the range of xenon(Il)-N,;

bonded species.

BrF,
CF,NI4,"AsF, + XeF,

CE,N(H)-Xe*AsF, + 2HF (8.5)

Many of the adduct cations discussed in this Thesis have been isolated as
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crystalline solids.  Growing crystals of HCsN-XeF AsF;, FCH,C=N-XeF'AsF,,
(CH,),CHC=N-XeF AsF,, (CH,),CC=N-XeF*AsF,, C;FsN-XeF AsFg and 4-CF,C,F,N-
XcF AsF,” suitable for single crystal X-ray structure determinations would be a
worthwhile extension of this work, but is complicated by the thermal instability of these
compounds which necessitates both low-temperature meunting of suitable crystals, the
most formidable problem, and low-temperature data acquisition.

Presently, XeF’, XeOTeF,’, XeOSeF;" and KrF" have been used as noble-gas Lewis
acids in adduct formation with organic and inorganic nitrogen Lewis bases. The success
of this approach suggests that organic and inorganic oxygen Lewis bases, e.g.,
hexafluoroacetone, CF,COCF,;, and carbonylfluoride, CF,0, should interact with these

noble-gas Lewis acids in a similar manner.

(Rp),CO + XeL*AsFy ——> (R.),CO-XeL*AsF, (8.6)

(Rg = F or CF, and L = F, OTeF; or OSeF,)

In addition, the interaction of high-valent noble-gas Lewis acids, e.g., XeF;', XeOF;*,
XeO,F and XeF,* should be attempted with nitrogen (equations (8.7) - (8.10)) and
oxygen (equations (8.11) and (8.12)) base centers having appropriately high IP; values.
However, in order to assesss the viability of these experiments it is desirable to have
estimates of the ¢lectron affinities of these cations, which are expected to be significantly

arcater than that of XeF".
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X-C=N + XeF,"SbF, >  X-C=N-XeF,'SbF, 8.7
X-C=N + XeOF,'SbF{ > X-C=N-XeOF,'SbF, (8.8)
X-C=N + XeO,F'SbF, > X-C=N-XeQ,F'SbF, 8.9
X-C=N + XeF,'SbF >  X-C=N-XeF,'SbF, (8.10)
X=H,CN,Clor F)
(Rp),CO + XeF;"SbF, > (Rp),CO-XcF,*SbF, (8.11)
(Rp),CO + XeOF,'SbF, > (Rp),CO-XeOF,"SbF, (8.12)
(Rp),CO + XeO,F SbF, > (R;),CO-XeO,F'SbF, (8.13)
(Rp),CO + XeF,*SbF, > (R;),CO-XeF,"SbF, (8.14)

(R!: =For CF3)

The reactions of R.C,F;NH AsF; with XeF, and HC=NH"AsF, with KrF, in HF
and BrF; solvents strongly suggest that this approach could be extended to interaction of
neutral high-valent, coordinately unsaturated noble-gas compounds, e.g., XeO,F, and
XeOF,, with nitrogen (equations (8.15)-(8.16)) and oxygen bases leading to the formation

of new high-valent xenon compounds containing xenon-nitrogen and xenon-oxygen bonds.

X-C=N + XeO,F, > X-C=N-XeO,F, (8.15)

> X-C=N-XeOF, (8.16)

(X=H,C=N,CL F)
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