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Abstract

Trimethyltin fluoride (M@SnF) is a useful fluorinating agent in organomegtall
chemistry. Its solid-state structure has been iny&ed by X-ray crystallography
showing a polymeric fluorine-bridged structure. @der, however, has precluded the
accurate refinement of all structural parametansorder to obtain accurate structural
information, trimethyltin fluoride was investigatagsing high-resolutiort*C, *°F, and
19N solid-state NMR spectroscopy using a four-cherdEXY capability. The
19%Sn{"H} solid-state NMR spectrum agrees with pentacawtion about Sn in this
compound. The high-resolution®sn{*°F, *H}, **c{*H,*°F} and **F{*H} NMR spectra
offer unambiguous determination &f(**°sn+°F) and *J(***sn**C) coupling constants.
Furthermore, the analysis of thesSn{*°F, *H}, **Sn{*H}, and *°F{'H} MAS spectra as

a function of spinning speed allowed for the deteation of the'!°Sn CSA andJ
anisotropy, as well as th&°Sn*°F dipolar couplings. These were determined via
SIMPSON simulations of thEC, %, and"!°Sn NMR spectra. Finally the°Sn{**F, *H}
revealed fine structure as the result'¥8n*'Sn two bond-coupling, seen here for the
first time.

Sulfur tetrafluoride can act as a Lewis acid. Ckrihad been presented for the
formation of an adduct between ;S#nhd pyridine, but no conclusive characterizatiad h
been performed. In the present study, adducts @fwBhR pyridine, lutidine, 4-picoline
and triethylamine were prepared and characterizgd ldw-temperature Raman
spectroscopy. Sulfur tetrafluoride also acts asi@ritle-ion donor towards strong Lewis
acids, such as Agfand SbE, forming SE* salts. Variable-temperature (VT) solid-state
F NMR spectroscopy showed that :8bR~ exists in three phases with phase

transitions at ca. —45 and —85°C, while;®BFs exists only as one phase between +20



and —150 °C. The phases of ;5%&Fs~ were also characterized by VT Raman

spectroscopy.
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Chapter-1
1. Introduction
1.1 Organotin Halides

Organotin halides are compounds which have at @astbond between tin and
carbon as well as between tin and a halogen. Tisé drganotin halide, diethyl tin
dichloride, was synthesized by Frankland in 184%n is a member of group 14 in the
periodic table with the [Kr]4§5s5p electron configuration. As a consequence, the most
common oxidation state for tin is +4. Furthermaygganotin halides served as starting
materials in the synthesis of organotin compourasny different functional groups like
—OR, -NR, -OCOR etc. (Figure 1.%)The most important application fields for tin

compounds are catalysis, organic synthesis, bicébgictivity, and polymers.

SnCl,
RMgX
R4
R,SnX
R SnSnR, e—— RQSnH\ SnCl, SnX (X=F, OR, NR,, SR, OCOR etc)
LiAIH,
RSSnCl

R3SnC1L R SnOH —— R SnOSnR,

base
(R,Sn); R,SnHNLiAIH X RSnXCl ——R SnX——sn

nCl

~\/
/\

R,SnCL L OH ™(IR,SnOSnR ,Cl ——(R Sn0O),

RSnX & SnX

L
RSnCLLe—— RSnCl,

N

O  RSn(OH)Cl, —— [RSn(O)OH]_

Figure 1.1 Reaction scheme for the synthesis &drdift organotin componds
1



There are five general ways to form a tin-carbondoo

1. Reaction between an organomettallic compound amdhalide:
SnXs; + RM — RSnXx + MX

2. Reaction of tin with an alkyl halide (RX):
Sn+ 3RX — RsSnX + X

3. Reaction of tin hydride with an alkene:
H,C=CH, + RsSnH — RsSnCHCHjs

4. Metathesis:
M—R + M—R' - M'—R + M—R’

5. Transmetallation reaction:
Sn + MR- Sn—R + M

Organotin halides have a wide range of structunéls @oordination numbers 4, 5 and 6

(Fig 1.2).
R
. = R R R R R
- I _X S
(@) \‘Sn/ ////" \“\\\X\‘ S X (K‘ /X\ / ' /
/ "\X S )S,ﬂ\ Sn Sn _-Sn
¥z X XL X TN 42T
R R R R RR R
R R R R
© =y LN
‘SH——X——5n X Sn Sn X
| K | R
R R R R R

Figure 1.2 Possible structure arrangements ofrdifteorganotin compounds

Triorganotin halides, except the fluorides, arealigusoluble in organic solvents

while organotin fluorides are usually less solulite organic solventd® Organotin
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fluorides generally have high melting points depegdon the size of the alkyl (R-)
group. When R is small, the melting points normalbcrease along the homologous
series RSnXs.n (where n=1,2,3§.It has been shown by X-ray crystallography thahyna
organotin halides fBnX,., are self-associated in the solid state due toirtteraction
between positive metal and negative halide centers.example, solid [(CsSnCl]
exists as a zig-zag polymer while {(&)sSnF] has a linear chain structure.

Trimethyltin fluoride (M@SnF) has a severely disordered structure. A mofdel o
the disordered structure suggests that theSkeinits are planar and the non-linear Sn-F-
Sn bridges are asymmetric with two inequivalentFdistances. One Sn-F distance was
determined as 2.1 A and the other between 2.2 A A2 It is a very stable compound at
ambient temperature having a melting point of “875and has a polymeric chain
structuré’ Another model based on vibrational spectroscopy ¥ay crystallography
suggested that one S#F distance is 2.15 A and the other Sn----- F disten2.45 A,
while the F—Sn-----F angle is 141°The solid-stat¢'°Sn NMR spectrum at ambient
temperature showed that the Sn is equally cougemvd fluorine atoms with a scalar
coupling constant of 1300 Hz.

Trimethyltin chloride [(CH)sSnCI] exists in the crystal as a zig-zag polymer
(structure (b) in Figure 1.2) similar to (gBBSnF, however, (Ck;SnCl does not exhibit
disorder in its crystal structure and the geometioput tin is very close to trigonal
bipyramidal with Sa-CI distances of 2.430(2) and 3.269(2) A. The metfigups about
tin are arranged with a non-planar arrangement. TheSn—Cl angle is 176.85(6)°

(nearly linear) and the SACI- - - --Sn angle is 150.30(8)®’



Triphenyltin fluoride [(GHs)sSnF] is a rod-shaped polymer (structure (c) in
Figure 1.2f The SrF distance in the symmetric fluorine bridge is 2&4nd the solid-
state'°Sn NMR spectrum shows that the Sn is equally caupetwo fluorine atoms
with a scalar coupling constant of 1500 Hz at amibiemperaturé.

The insolubility of organotin fluorides is usefuh ithe removal of organotin
residues from organic synthesis by the additiopathssium fluoride (KF), which forms
an insoluble complex with organotin residues.

Solid-state NMR-spectroscopy of tin compounds isvay to determine the
coordination number, chemical environment about timd NMR parameters like
chemical shift anisotropy, and dipolar couplingspexially for polymeric tin compounds.
There are three NMR-active isotopes of {itt§n, *1’Sn, *1%n) having the spin quantum
number | = 1/2. Tin-115Sn)NMR spectroscopy is not routine due to its very low
natural abundance (0.35%). AlthougHSn and*%Sn isotopes have approximately the
same natural abundance (7.61% and 8.58%, respgtiféSn-NMR spectroscopy is
more prevalent due to the higher receptivity*tBn. Chemical shifts fot'>sSn NMR
spectroscopy have a range of 4500 ppm (-2199 ppnCfeSn to +2325 ppm for

[(Megsi)2CH]28n).2

1.2 Sulfur tetrafluoride chemistry: Overview and Literature

Sulfur forms several binary fluorides, among whf and Sk are commercially
available; in addition, &,, Sk, FSSE, and ESSF have also been preparélh contrast

to Sk, which is chemically inert, SFHs very reactive and hydrolyzes readily upon



contact with trace amounts of wafeBulfur tetrafluoride is used in organic chemigtry
transform carbonyl (C=0) groups to £groups and hydroxyl (-OH) groups to fluoro

(—F) groups.

1.2.1 Sulfur tetrafluoride (SFK)

Sulfur tetrafluoride is used as a selective fluatimg agent in the field of fluorine
chemistry and is used in the synthesis of manygeawoic and organo-fluorine compounds.
The existence of SRwas first confirmed in 1950 by Silvery and Cadyondynthesized it
by decomposition of GISFs in an electric discharge (Eq. 114).

CRSR, ———» GHFSH (1.1)
On an industrial scale $ks generated by the direct controlled fluorinati@insulfur
according to (Eq.1.2:

—-75°C
S+2F > QF (1.2)

The most convenient method to produce, 8f a laboratory scale starts from sulfur
dichloride according to (Eq. 1.3).

SCh+ChL+4NaF ———» SF4NaCl (1.3)

Usually SE contains the impurity, SQFas a hydrolysis product. Commercial

Sk, can be obtained up to a purity of 98%. It can befied by passing it through Kel-F
(homopolymer of chlorotrifluoroethylene) containirpromosorb as adsorbent or by
passing it through activated charcbalReversible salt formation using BFas
[SR;][BF4]***° has also been utilized for its purification be@aubke dissociation of
[SK][BF4] results in pure S&While working with Sk, extreme caution is necessary due

to the toxic nature of SRnd the facile production of HF on contact withistare®

5



Sulfur tetrafluoride has a melting point at —12105 °C and boiling point at
—38°C!® On the basis of the VSEPR modet was predicted that $fas an A%E type
structure with a molecular seesaw geometry (Schhmeé-has two fluorine atoms and a
lone pair in the equatorial plane while the otheo tfluorine atoms are in the axial
position. It was found that the $molecule is fluxional on the NMR time scale atmoo
temperature but at low temperature (-98°C) the axgh between the equatorial and
axial environments is sufficiently slow to give twdplets in the low-temperature
(—98°C) solution-state’F NMR spectrunt®

FE

'

\S:

aw
B /

F

(Scheme-I)

Commercial Sk usually contains impurities of §FHF and SO due to the
hydrolysis of Sk In Sk, the rapid exchange of axial and equatorial pmsstion sulfur
can be furnished either by intermolectiaf or intramolecular exchange procesSes.
Gibson, Ibbott and Janzen proposed an intermoleatahange proceS<° for the
interconversion of axial and equatorial fluorineés &n intermediate adduct with a donor
molecule such as HF, which is usually present asngurity. The intermolecular
exchange between the axial and equatorial posittansbe explained in terms of a rapid
equilibrium between SFand the SFD adduct, resulting in inversion at the sulfurnato

(Fig 1.3)?° The structure of the $f adduct can adopt configurations with the dgBr
6



beingcis or trans to the lone pair. The structure with the donor {{laps to the lone pair

is the only one leading to isomerizatith.

F

F

‘WhereD = HF or F-

Fig 1.3: Mechanism of the exchange between axilemjuatorial fluorine atoms in $F

Klemperer and Muetterties found that the excharge is considerably smaller
for rigorously purified SE suggesting that an intramolecular mechanism siscBerry
pseudorotatiof? is operative in pure SE' Most publications assume a Berry
pseudorotation mechanism for the exchange in pkieAbarrier of 33.89 kJ/mol was
calculated for the Berry pseudo rotation at the DO&Vel with B3LYP/6-31+G and

B3LYP/6-311+G basis sefé?*

1.2.2 Sulfur tetrafluoride chemistry
Sulfur tetrafluoride has been employed to convemtbaen oxygen functional
groups to CF groups® It converts organic hydroxyl, carbonyl and carHixyacid

groups into mono-, di- and trifluoromethyl groupsspectively”

+SF4 \
c=—o —_— CF

\/



+SF,

—OH 0 —F (1.5)
o)
|
——C—OH —_— - CEk (1.6)

The products of the reaction of esters with &t usually trifluoromethyl compounds.
CeHsCOOCH; + 2SF —5F 4 CoHsCF; + CHsF + 250k (1.7)
Sulfur tetrafluoride has also been employed asagemt in inorganic chemistry.

For example Sfcan convert the P=0O group to -REQ. 1.8), the —-N=C=0 group to

—N=SE, (Eq. 1.9), and —CN group to —@N=SF; (Eq. 1.10)'°

(GHs)3P=0 + Sk —_— (Bs)sPR, + SOR (1.8)
R-N=C=0+ S —— R-N=SFk, (1.9)
RCN+SF —» REN=SH (12.10)

Sulfur tetrafluoride can act as a weak Lewis &cits fluoride-ion-acceptor
properties are well established yielding the; S#hion?®?"?® Tunder and Sieg®l were
successful in synthesizing [(GHN][SFs] (Eq.1.11), whereas Tullock, Coffman and
Muettertie§® synthesized Cs[SF (Eq.1.12). The Cs[SF salt was subsequently
characterized by X-ray crystallograpfwnd vibrational spectroscoflyOnly few papers

were published on the reaction of ,SFkith the nitrogen containing Lewis bases (Eq.

1.13)3%33
SF (CH)NF —— > (@iNSK (1.11)
Sg+CsF  ——» CsSF (1.12)
SR+ CGHN ——»  8:N-Sh (1.13)



Sulfur tetrafluoride can act as fluoride-ion dotmwards strong Lewis acids, e.g.,
BF;, PR, AsF, and SbF to produce SE salts, which have been characterized by
vibrational spectroscopy.

Sk + BR

g, (1.14)

SE: + MFs SEMFs  where (M = Sb, As) (1.15)

While [SRK'][BF4] dissociates at room temperature under dynamiciwacto
SF, and BR, [SK'][AsFs] and [SE'][SbFs] are stable towards dissociation at room

temperature. Crystal structures have been repoffted [SK'][BF4] and for

[S F3+] 2[(_;e FGZ—] . 16,34

1.3 Solid-state NMR spectroscopy

Solid-state NMR spectroscopy is very useful in julong molecular structural
information even up to the nanoscale level becawmisle dipolar-coupling value the
internuclear distance information can be estimatefolid-state NMR spectra are
intrinsically anisotropic due to the inclusion ofemtation-dependent interactions, which
in solution-state are averaged out by rapid, rantlombling. Specific techniques were
developed for solid-state NMR spectroscopy to achl@gher resolution, selectivity, and
sensitivity. These include magic angle spinning @JA cross polarization (CP),
improvements in probe electronics, and specializietoupling® and recoupling
sequence¥’3®

Multiple-pulse sequences are commonly employed esoupling sequences.
Decoupling a nucleus lik&’F, which has a very large chemical shielding anigot

(CSA), is particularly difficult. Multiple-pulse sgences can impose rotational
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transformations, i.e., changing the phase and é&ecy of the applied radio-frequency
pulse for better decoupling, on the spin operatorselectively remove and introduce
spin-spin and spin-field interactions. Even at fimént, highly resolvedH NMR spectra

are still very difficult to acquire because of raall chemical shift range &f.

1.4 Solid-state'®F NMR spectroscopy

Covalent hydrogen atoms in the hydrocarbon compswath be replaced with
fluorine atoms without drastic changes of the dtme Fluorinated compounds have
many useful applications in different fields, ramgifrom medical science to space
technology. Such compounds can be readily studigd sblid-state *°F NMR
spectroscopy. Fluorine-19 is 100% naturally abuhdard has a resonance frequency
close to that ofH, i.e., 469.99 MHz for°F and 499.99 MHz fotH at 11.7 T magnetic
field strength available at the University of Letidge. Proton as well dSF are spin-%
nuclei. Therefore'*F is easily detected, similar t#i, but often has higher resolution due
to its large range of chemical shifts. HistoricaMMR technology was limited to HX- or
FX- types of probe configurations as it was difficto isolate two closely spaced
frequencies at high power. Nowadays, NMR spectrerseire available on whichl and
¢ can be decoupled simultaneously by using HFXetgannel or HEXY four-channel
probes to get high-resolution NMR spectra.

Fluorine-19 exhibits a large chemical shift rangewer 1000 ppm and is affected
by large homonuclear dipolar coupling and largenubal shielding anisotropies, which
can results in solid-state NMR spectral line widthsexcess of 160 ppm for static

samples at 4.7 ¥ Homonuclear dipolar interactions gives rise to hgemeous
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broadening and if the magic angle spinning is e & reduce it appreciably, additional
multiple pulse sequences, such as windowed segsideag WPMLG), are required to
remove these interactions. Shielding anisotropies iahomogeneous and can be
refocused or averaged by MAS giving isotropic resaes with the sideband patterns
which are typical of chemical-shielding-anisotrof@SA) information®® Fluorine-19
solid-state NMR spectroscopy is very useful in otitey information about the spatial
arrangement of the atoms by determining the CS@4,distance between the atoms, as
well as symmetry in the molecule through dipolanling and quadrupolar effects.

Obtaining information about phase transitions e emerging application field
in solid-state'®F NMR spectroscopy. With the advent of variablefienature solid-state
NMR spectroscopy (-150 to +300C), it is possible now to get this informatioh.

The study of CaFin various systems with solid-statd NMR spectroscopy
represents important examples. Calcium fluorideHCe®s generally used to decrease the
melting point of steel making slags and is an d@ssecomponent for the crystallization
of cuspidine (CaO-2SioCak). Different compositions with different molar ragi of
CaO- SiQ versus Cafwere correlated with th&€F chemical shift of CaO- SioCak
glasses. In addition, tHéF—"°F dipole interactions were studied with the helpVMAS
and static solid-state NMR specffa.

Calcium fluoride has been studied in detail becafsiés importance in the human
dental enaméf® Udo et al.** correlated the experimentilF chemical shift values of
alkali metal fluorides with the electronegativitiebalkali metals'* They said that their
experimental *°F chemical shift values correlate quite well withet Pauling

electronegativities of alkali metals and even lUbetigith the Allred-Rochow
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electronegativitie8? Solid-state®® NMR spectroscopy can also provide information
about coordination numbet$.

One important field of the applications of the dedtate’®F NMR spectroscopy is
polymer science. Fluorine-19 NMR spectroscopy heenbemployed to characterize the
different phases with the help of,,Tmeasurement. Ellis et al. used 'F NMR
spectroscopy in combination with mass spectrométryanalyzing the atmospheric
fluoroacid precursors evolved from the thermolysifiuoropolymers?®

Fluorine-19 solid-state NMR spectroscopy has alsenbused for the study of
biomembranes, obtaining intramolecular distancdschvled to the distinction between
secondary structures of biomembrafies.

Fluorine-19 solid-state NMR spectroscopy has bekaws to be a powerful
technique in determining the amount of crystallamel amorphous phases present in a
pharmaceutical solitf The amorphous phase is of great interest in phzeutzal
materials since it has an impact on the solubiiihd better bioavailability of these
materials. Most crystallinity-quantification worlode to date in the pharmaceutical field
has made use dfC solid-state NMR spectroscopy, as carbon is pteisealmost all
drugs?® Carbon-13-based quantification methods have reliedither least-squares-type
analyses or measurements of relaxation paramétatsMere used in combination with
peak areas. Offerdabl al.** measured relaxation times in cross polarizatiqredments
and used this information in combination with th#egrated peak area of selected
resonances to estimate the amount of differentnpotphs present in a sample. This
method is attractive as it does not require statslérthe*C NMR spectrum shows

sufficient chemical resolution. The high gyromagmeatio and 100% natural abundance
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of *°F allow for high sensitivity that is required toaguify low amorphous contefi.
Using the'®F nucleus can be advantageous over the more comi@onucleus in oral
formulations as excipient components also conteitiatthe>C NMR spectrum. Similar

type of work is also in progress for Nafion andygoystalline amino acid®

1.5General Procedures in Solid-State NMR Spectroscopy
(The following discussion of NMR spectroscopy irapters 1.5.1.1 to 1.5.1.3; 1.5.1.4;
1.5.1.5t0 1.5.1.8; 1.5.1.9; and 1.5.2 tol1.5."heavily based on the references 50 to 52;
50, 53, 54; 50 to 52, 55, 56; 50, 51, 57 to 59;2Mdb1, 60 to 63, respectively.)
1.5.1 1D-NMR spectroscopy
1.5.1.1 Spin and Magnetization

Fundamental particles are characterized by theitefisizes, a well defined mass,
fixed charges (including zero) and a well definetlinsic angular momentum (spin). The
spin of a particle can be given by its spin quantwmmberl. Particles having a spin
guantum numbef = ¥z are called fermions and quantum mechanics stioatshey are
not superimposable, i.e., they cannot occupy thmes@pace at the same time.
Fundamental particles, such as nucleons, havensitriangular momenta, initially
thought to arise from motion, hence spin, whichdpies a magnetic moment. These
combine to give rise to the magnetic momentaf the nucleus. The ratio of the magnetic
moment of the nucleus to its spin angular momentudefined as the gyromagnetic ratio
(y) of the nucleus.

The magnetic moment determines the potential energy E of the nucleagmatic dipole

in a static magnetic fieldj of strength (or flux density) Baccording to Eq. (1.5.1).
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E=@B F1)
The nuclear spin angular momentum is given by tretorl, whose total magnitude can

be defined by Eq. 1.5.2.
W =hTd + 1) (15.2)
wherel is the nuclear spin quantum number ang % , with a Planck’s constant,. h

The magnetic moment is related to the gyromagnetic ratig) (©f a particular nucleus

and can be given according to Eq. (1.5.3).

!

—

W |

V= T Wiae

or for simplicity it is often written asy = g (1.5.3)

Nuclear magnetic momenfismay also be expressed in terms of the nuclear etagras

shown in Eq. (1.5.4).

-

i = gninl (1.5.4)

where,uy = ze—h = 5.050 x10~27JT* andgy is the nuclear g-factor.

mp
From Eq. (1.5.3) and Eq. (1.5.4), it can be written
Il = gypylil = yhI (1.5.5)
From Eq. (1.5.1) and (1.5.3), it can be seen
E=3hIB (1.5.6)
The observable components loélong the quantization axis, i.e., the externagmesic
field, are mh where mis the magnetic quantum number and takes the valfugs +I-1,

+-2...... -1+1, 4 with 21+1 different values.

In quantum mechanics, the angular momenﬁJr(ix, ly, 1) has uncertainty

associated with it and, thus, its three componintse x, y and z directions,, Il, and |
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respectively, camot be known simultaneously lause thse componen do not

commute with each other nor with the total angof@mentum |f|). However, the term
12 commutes with,land thus thorientationof the angular momentum can be represe
by I,. Thetotal angular momentunl) can be defined as in Eg517.
e =12+ 2 +12 (1.5.7)
In the absence of an exterrmagnetic field,the alignment of themagnetic
moment of thecharged particle is rand¢, and these@andomly oriented spins cancel ¢
the individualmagnetic momes, resulting in aet polarization of the ensemble of sg
of zero. When an external magnetic field is applied to thgses,it gives rise to a net
directional preferencef spin alignmentither in the direction of the applied magne
field or in the opposite direion of the applied magnetic fie (Fig 1.5.1). A net
polarization(magnetizatior is produced in the direction of the applied fiektause th
net distribution of spin orientatio, with magnetic moments aligned in the directior
the applied external rgnetic field being slightly preferred ovére magnetic moments

opposing the externally applied magnetic fi

B

N ’
Figure 1.5.1 Alignment of spin in the presence of a static magnetic 1
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According to the Boltzmann distribution the numbésspins in the lower energy
state will always be larger than that of the higbeergy state. The population difference

will be governed by the Eq. 1.5.8.

N ZAE

i
where k is Boltzmann’s constant. The differencenagnetic energy between a

single proton polarized along the field and the pokarized against the field 1B, =

3.3x10%° J in a static magnetic fielcﬁlof 11.74 T. The available thermal energy at room
temperature is kT = 4x1.0%* J, which is larger by about four orders of magituAs a
consequence in the case of nuclear spins we hdyselaghtly biased spin polarization as

shown in Figure 1.5.1. This net spin polarizatismgferred to as magnetization.

1.5.1.2 Zeeman Effect

Every rotating object in classical mechanics haaragular momentum, which can
be described as a vector along the axis about whietobject rotates. In the classical
theory of angular momentum, it is continuous buthe case of quantum mechanical
theory, it is quantized. The spin angular momentfnspin is a vector which can be
oriented in any possible direction in space. Thgmetic moment of a nucleus points
either in the same direction as the spin (for nugje> 0, e.g.;”N, *0) or in the opposite
direction (for nucleus < 0, e.g.;**Xe). In the absence of a magnetic field, the magnet
moment can point in all possible directions, itas isotropic in nature. When an external

magnetic field is applied, however, the nucleansitart to precess around the field. The
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magnetic moment of the spins move on a cone, kgepoonstant angle between the spin
magnetic moment and the field. This motion is chlfgecession’.

In an applied external magnetic field, the spitestaplit into 2+1 levels, which
is known as Zeeman splittingrigure 1.5.2) and the effect is known as the ‘Zaem
effect’. The energy value for each of these levels can termdaed from the interaction

between the nucleus and the static magnetic field.

1=1/2
m=-1/2

Energy

m=+1/2

Vv

Static Magnetic Field

Figure 1.5.2: Zeeman splitting of the energy le¥etsspin-1/2 nucleus in the presence of
externally applied magnetic field

1.5.1.3 Nuclear Spin Hamiltonian
The nuclear spin Hamiltonian describes the intevacbf the nuclear spin with the

following magnetic fields:
0] External: The interaction of nuclear spin with #tatic magnetic field and
the radiofrequencﬁrf from the electromagnetic radiation produced by the

instrument.
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(i) Internal: The interaction of the spins present he sample, for example,
dipolar coupling,J-coupling, and quadrupolar coupling.

The total Hamiltonian can therefore be written &egin Eq. 1.5.9.

A A J—coupling ~ dipolar—coupling ~ quadrupolar—couplings
+H +H

A=a+a" + 0 (1.5.9)

, . . . oo ATl
In the case of spin-Y2 nuclei, we are mainly conegmith the effects of®, g

and 7 °"P'"9in jsotropic (solution-state) NMR spectroscopyilelin anisotropic (solid-
state) NMR spectroscopy of spin-%2 nuclei, all tiitects except quadrupolar become

effective as mentioned in Eq. 1.5.9.

1.5.1.4 Relaxation (T, T2, Typ)

Spin Lattice Relaxation (T;) is a process by which the longitudinally polarized
state of the spin ensemble returns to equilibrinon{ the Y-axis to Z-axis), from some
perturbed state, after the application of a pusgufe 1.5.3). This recovery process (Eq.
1.5.10) is facilitated by an energy exchange betwbe spins and their surroundings.
The time scale of Twill be dependent on the factors which influenbe fluctuating
magnetic fields, such as temperature and viscoaitgt, may range from milliseconds to

days. Figure 1.5.3 shows the recovery of longitadmagnetization.

-t

M, = M, (1 — eT1) (1.5.10)
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1 e-t/Tl

Longitudinal Magnetization(Mz)

time(t)
Figure 1.5.3 Recovery of the equilibrium magneta@atccording to the longitudinal
relaxation rate T.

Spin-Spin Relaxation (T;): The phase coherence between nuclear spin veateser
immediately after a pulse is lost over time. Aseault the transverse component of the
magnetization in the rotating frame decays to z&xponentially, characterized by a
decay constant known as.TThis process is referred to as transverse retaxdl,)
given in Eq. 1.5.11 and illustrated in Figure 1.5The relaxation time constan,T
determines the length of the FID signal detectedanninstrument with an perfectly
homogeneous field. Furthermore, the relaxation, rateich is the reciprocal of ;]
determines the full width at half height in theraagjof NMR spectrum, thereby, imposing

the upper limit on spectral resolution.

-t

M, = M,eTz (1.5.11)
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> N

Y.z

Y

Figure 1.4 Decay of magnetization in the transvefise. XY) plane

The graphical form of the loss of transverse magatonis shown in Figure 1.5.

Transverse Magnetization(Mz)

-t/T2
time(t)
Figure 1.5.Decay of the transverse magnetization accordingedransverse relaxatic
rate .
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Spin Lattice relaxation in the rotating frame (Tx,)

If a (90°)-pulse is applied on the z-magnetization vectdgherotating frame, the
magnetization vector is moved to the —y axis. Ia tondition, if a pulse along +y axis is
applied that is strong enough to keep the net niemgien along the same axis, i.e.,
along —y axis, the spins are locked (Fig 1.5.6}h& spin locking pulse is turned off on
+y axis, the magnetization returns back to the ntlaérequilibrium condition in the
rotating frame with the frequency of the appliednsiocking Rf field, instead of the
Larmor frequency. This experiment is called rélaxation in the rotating frame {)

experiment.

(90°)x

B A

ly

I Spin-lock W ﬂ N
[

|V

Figure 1.5.6 A basic pulse sequence for measuring T

1.5.1.5 Chemical Exchange

Motion of various kinds can be observed in NMR $gzem both solution-state or
solid-state. In solution-state dynamic processedead to modulations in chemical shifts
andJ-couplings resulting from conformational changeghi@ molecules, such as rotation

and inversion processes. In the solid-state a simgarientation of molecule with respect
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to applied magnetic field will modulate the resotefrequencies in the spectra owing
the orientational dependence of the spectral paemeThis phenoenon is known as
“chemicalexchange”. The chemicexchange phenomenon has three different regi
I.e. fast, intermediate and slow regime. In the fasimeghe exchange rate is larger tt
the change in theesonance frequen and only one peak is otrved at an average
frequency positionin the slow regime the exchange rate is slower tharchange in
frequency and sepate signals are observed for each speci@sthe intervening regime
very broad signalsre observed, where slight differencesrate dramatically influenc
the line shapeThis regime isoften referred to as the “crosser point” as has bee

demonstrated in Figure.5.7.

k=Aw/2

k decreases k increases
Slow Intermediate Fast Intermediate
Exchange Exchange
k<<Aw/2

Crossover

N
_

Figure 1.5.7 Demonstration of the relation between exchangea@tstant, k and tr
resonance frequency difference between two nucknd\B
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Consider the Bloch equations for two distinct speA and B, the absence
chemical exchangedescribing the transverseoraponent of their magnetizatic

undergoingree precessic as given by Eq. 15.12.
d n+ 1A . 4+ d VY . 5+
—Mj = [—T—+ iwa]My , =Mz = [—=—+ iwg]Mg (1.5.12)
A B
wherew,, wg are the resonance frequencies of A an(;— andll,— are their transverse
2 2

relaxation ratesWhenchemical exchange occuretween A and t as:

Eq. 1.5.12 can beswritten as

e A
SWa = |-+ o — k| ME + kv
dt T,

d ~+ 18
EMB=[—T—2+|<DB--|<]M;+|<M; (1.5.13)

The solution to EqlL.5.1%illustrates that the line width (Ws governed by the relati:

2
wa=i+k—d=i+k—/w—ﬂ (1.5.14)
T, T, 4

whereAo = o, — og and Av = 2TA®

When the exchange rate is smaller - Av = mAw, d is imaginary directl
affecting the line position, and k contributes dihgto the linewidth. Thus the slow to
intermediate exchange regi the line moves to the average frequency and breadéh
increasing k. Oncéhe exchange rate k is largthan theAv, then d is real, subtractir
from the direct contribution to the width from kadathe frequency remains unchang
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In this case the line position is at the averaggquency and narrows with increasing k. It

is demonstrated in Figure 1.5.8.

Fast exchan(

K 0.03
Av
™A wg Slow exchang
K =0.0
! | | | \ | Ay

|
(Hz) 2900 2800 2700 2600 2500 2400 2300

Figure 1.5.8: Demonstration of the Chemical Exclegmgpcess through simulation
spectra on NMR time-scale

The rate constant ‘k’, can be determined by sinmdgathe line shape for various
rates. As series of rates measurements can be ovadea range of temperatures. The

activation parameters can be determined using yhedzequation

Ky T -AGt

k=R (1.5.15)
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Where k is the Boltzmann constant, h is Plank’s constant AGT is change in the
Gibbs energy from the equilibrium geometry to th@nsitions state, from which the

entropy and enthalpy of activation can be derived.

1.5.1.6 Solid-state NMR interaction tensors
Solid-state NMR interactions can be defined as:
H=1q-B (1.5.16)
for single spin interaction with externally applisdgnetic field, or
H =il - 1) (1.5.17)
for two spins undergoing some coupling interactibme interactions in Eq. 1.5.12 and

Eq. 1.5.13 can be given in a general way as inEql8.
I {118)

whereH is the Hamiltonian, C is a constabtis the spin vector and is defined as a
tensor (matrix).

All solid-state NMR interactions are anisotropic mature and hence can be
described as Cartesian tensors, which is a 3x3xmatthe form shown in Eq.1.5.19.

A A

Xy XZ

vy Byz (1.919

Azy Azz

=)
>
>

AXX
= A
AZX

The tensoA given in Eg. 1.5.19 can be converted to the pradcgxis system (PAS) as

given in Eqg. 1.5.20 and has been shown in Fig 1.5.9
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PAS
Azz

A
— Ax‘{
AxxPAS
AyPAS
y
Figure 1.5.9Transfer of a Cartesian tensor components to tineipal axis tenso
components
APAS 0 0
A= 0 AW 0 (1.5.20)
0 0 APAS

The tensor in its PAS formEquation 1.5.20, calbe further decomposed into thi

componentsepresenteshown in Eqg. 1.5.21 and Eq. 1.5.22.

R Aiso 0 0 AEQS - Aiso 0 0
A=|0 Ay O [+ 0 Agy® = Asgo 0 (1.5.21)
0 0 Ay 0 0 APS — A
or
1
~ 100 —;0-m) 0 0
A= Ax|0 1 0f+ (Aaniso) 0 _1(1 +n) 0 (1.5.22)
0 0 1 2 0 1
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where,

_ (ARRS+ARAS +AFLS) PAS ARRS-APPS
Ajso = 3 » Aaniso = Azz” — Aiso and n= (1'5'23)

PAS
Azz —Ajso

In Eq. 1.5.23,A;,, is referred to as the isotropic componeat,;, IS the
anisotropic component anglis defined as the asymmetry parameteﬁ.ofA;miSo andn

govern the orientational dependence af and Ao IS the uniform average over all

orientations.

1.5.1.7 Chemical Shift

The magnetic field, a nucleus experiences, ismbagation of the applied field
and those due to the electron motion surroundirggnthThe applied magnetic field
induces current in electron densities of molecwdsch in turn induces magnetic field
that either decreases or increases net field thedems experiences. This induced
magnetic field is directly proportional to the apl magnetic fieldBinquced= 8B, Where
6 is the shielding tensor. The effective magnetigldfican therefore be expressed

according to Eq. 1.5.24.

) (1.5.24)

)

B =B(1-

)

Befr = B —
The chemical shift for a particular nucleus relatie a standard reference compound can
be defined by using the following convention:

§; = A%ref 5 106 parts per million (ppm) (1.5.25)

Oref

§ =% % 10 ppm (1.5.26)

Oref
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where w; is the resonance frequency of the nucleus underredly applied magnetic

field B andw,f is the resonance frequency of same nucleus iang@latd compound. The
relative chemical shift is defined with referenoetstandard compound, which is defined
to be at 0 ppm. For example, tetramethylsilane (TM$isually used as a standardfer
and*C NMR spectroscopy and its chemical shift valu¢alen as zero. The chemical
shift scale is made more manageable by expreshiagctiemical shifts in parts per
million (ppm) which is independent of the spectreandrequency as shown in Eq. 1.5.25
and 1.5.26.

The induced magnetic field at the nucleus depemdstaucture of the electron
density surrounding it, and the applied magneetdfistrength and direction. Thus the
degree of shielding depends on the molecular @iem with respect to the magnetic
field, defined by the euler angles3,y , and the magnitude of the applied field as given

in Eq. 1.5.27.
E)induced: é(a; B, Y)§ (1.5.27)
Hence, the average shielding can be given by thmitfal shielding tensob.

The Hamiltonian for the chemical shift can be giaecording to Eq. 1.5.28.

A CS -

=y-1-8-B FD8)

)

In solution-state experiments, an isotropic chefrsbit is observed while in the
solid-state a powder pattern is observed, becewsendiclei may have different fixed
orientations in 3-D space in the solid-state, aadheorientation will give a different

chemical shift based on its position. The isotroghemical shift, the chemical shift
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anisotropy §.niso) @and the asymmetry parametgy ére defined in Eq. 1.5.30, 1.5.31 and

1.5.32 respectively.
8PAS 0 0
SPAS=1 0 &2 0 (1.5.29)
0 0 &PAS

_ (SBAS 4555 +EAS)

Siso = . (1.5.30)
8aniso = Biso — 5ZPZAS (1.5.31)
PAS _ cPAS
n= (1.5.32)

‘Saniso

wheres;25is defined as the farthest component from the dpatrchemical shiftyy® is

the closest component from the isotropic chemibift $is, and the third part ig§£2S

XX

defined in the principle axis system (PAS).
SEAS> 8BRS > §PAS JB3)

The effect of the asymmetry parameter on the slwpthe solid-state NMR

spectrum is shown in Figure 1.5.10.
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(a)

isotropic peak

8PAS
yy n>0
(b)

PA PAS
8PAS 822

PAS PAS
8yy = 8xx

(c)

| o2

(d)

8§ZAS or 85,‘?5 SZP?S or 65,‘?5

chemical shift scale
Figure 1.5.10: Powder pattern corresponding teeckfiit chemical shielding interactions.
a) The spectrum resulting from fast isotropic matio) the powder pattern resulting in
the case of the asymmetry parameter being gréearzero; c) the powder pattern
resulting in the case of the asymmetry parameteglegual to zero (axial symmetry);
d) the powder pattern resulting in the case oahemmetry parameter equal to one.
1.5.1.8 Scalar Coupling J-coupling)
Scalar-coupling, i.e., J-coupling, between two nuclei is facilitated by the
surrounding electrons. This is in contrast to thgoldr interaction, which is a direct

interaction between two nuclei through space. diit®n, if a spin-%2 nucleus couples

with n neighboring spin-¥2 nuclei, its signal wik I3plit into n+1 peaks with an intensity
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pattern given by the binomial expression (dfhyhere n is the total number of
neighboring nuclei. The spacing between the peskgvien by thel-coupling constant
usually expressed in Hz as it is field independent.

In the solid state the Hamiltonian fércoupling interaction can be expressed as

Eq. 1.5.34.

A

A=2r-1,-§ 1, (1.5.34)
wherel; andi, are the two spin vectors arilds the scalar od-coupling tensorThe J-
coupling tensor is not traceless. As a resulsolution,J-coupling is observed.

J-coupling is an intramolecular phenomenon. Two sgiave a measurable
coupling only if they are linked together througbraall number of chemical bonds. The
J-coupling has either a positive or negative sighe Tpositive value ofl-coupling
indicates that spin-spin coupling is stabilized;réasing the energy of the system and the
negative value of-coupling is destabilized, increasing the energyhef system. In the
case of anisotropic liquids and solids, the anggntr part ofJ-coupling is observed and is
called/ .iso (A]). In the principal axis systenk,coupling can be treated according to the

theory defined in section 1.5.1.6 and can be gwekq. 1.5.35.

1
R 10 0 —>@=ny 0 0
JP% = Jiso [8 (1) 2 +(4)) 0 _%(1 +n;) 0 (1.5.35)
0 0 1
PAS JyyS—Jig®
Wheg = /72> — Jiso and m; = Jpm—— (1.5.36)

The J-coupling anisotropyd] combined with the dipolar coupling can have a

dramatic effect on the intensities of the peaksald-state NMR spectra. Sometimés
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coupling is not observed, (in spite of the resolutbeing sufficient to resolve them)
because of (i) rapid forming and reforming of theemical bonds so that a particular
nucleus jumps in between different molecules, adted fast chemical exchange, (ii) the
nuclear spin under observation undergoes rapiditlagigal relaxation due to the

presence of a quadrupolar nucleus, or (iii) posolgion due to the presence of large
dipolar coupling, because thkcouplings are of the order of Hz while the dipolar

couplings are of the order of several kHz.

1.5.1.9 Dipolar coupling

The dipolar interaction (D) between two magnetiameats of is defined as.
A= by, (3(11 '812)(12 '812) - i1 ’ iz) (1.5.37)
wherel, andi, are the two spin vectors agg, is the internuclear vector orientation.
In general, to the first order accuracy, Eq. 1.8 be expressed as:
A=b, % (3cos? 0 — 1) (3ly,1,,—1; - 1) (1.5.38)

whereb,, is the strength of the dipolar coupling:

by, = LYY (1.5.39)

4m r]-3k
and the orientational dependence is expressedr'rrstef% (3cos? 0 — 1),where0 is the

angle between the internuclear vector and the egdield. Furthermore, the dipolar
coupling strength depends on the inverse cube efitliernuclear distance, hence

measurement of these couplings are invaluableuctstral studies.
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1.5.1.10 Magic Angle Spinning

In solution NMR experiments the effects of chemicshift anisotropy,
heteronuclear dipolar couplings, and homonuclepoldr couplings average out due to
rapid tumbling of the molecules. In solid-state NMBectroscopy, however, the above
mentioned phenomena give rise to very broad spdictes. To average out these effects
in solid-state NMR spectroscopy the sample is sghwut an axis that is oriented at an
angle of 54.74° from the vertical axis of the apglimagnetic field (B. This angle is
called the magic angle which is defined by therdegon of the body diagonal in a cube
(Figure 1.5.11).

In order to suppress the homonuclear dipolar brmaadethe spinning of the
sample at the magic angle should be at a rate equal greater than the dipolar line
widths, because under this condition it will hake equal chances of being in X, Y and Z
axis and thereby averaging out the orientation dé@ece. Spinning the sample at the
magic angle with respect to the applied field)(Bill has limited use for higl-nuclei
like *H and*®F, which may have dipolar coupling strengths ofdreds of kHz.

It was seen previously the orientational dependesicevery term in NMR
Hamiltonian depends on% [3cos? 0 — 1)]. Thus these interactions can be eliminated to
first order accuracy is the following conditionneet.

~(3cos20—1) =0 (1.5.40)
This occurs whef = 54.74°, hence the magic angle. When spinniffgcgntly fast all

orientations are effectively averaged to this angle
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Figure 1.5.11: Demonstration of magic angle wittpext to the applied magnetic field
(B2)

1.5.1.11 Quadrupolar Coupling

A nucleus with spin > % is called a quadrupolar lews, due its electric
guadrupole moment resulting from its non-spherishape. The nuclear electric
guadrupole interacts with electric field gradiepteduced by the surrounding electrons
and, giving rise to an additional termEh As the electric field gradient is a function the
electron density, it is an orientationally depertdémerefore, the quadrupolar coupling
interaction is orientationally dependent as desctiby the qudrupolar coupling tensor.

The Hamiltonian for quadrupolar coupling can beegiaccording to Eq. 1.5.41.

N eQ a . ;;Q . a
e OB (1.5.41)

where(T)iQ(e) is the quadrupolar coupling tensor dni$ the spin vector of quadrupolar

nucleus, eQ is the electric quadrupole moment®hilicleus. This can be analyzed in the
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same way as the dipolar coupling tensor and haso#mopic value which is averaged out
to zero but has a an asymmetry parameter and quadrucoupling tensor. The first

order quadrupolar coupling can be defined as Exg42.

;" (0) = s = 2 (3cos“B — 1) (1.5.42)

where G is the quadrupolar coupling constant. In the absesf a magnetic field, the
nuclear spin states of a quadrupolar nucleus aredegenerate in the presence of an
electric field gradient. This electric field gradtedepends on the local electron-density
and thus is strongly dependent on molecular stractor instance molecules with high
symmetry, such as tetrahedral systems, will notehaw electric field gradient at the
nucleus of the central atom, in which case, tha sptes are degenerate just as a spin-%2
nucleus. Rapid motion such as molecular reorieriatnd vibrations can lead to
dramatic modulations in electric field gradient. efk in turn give rise to time
independent variations in quadrupolar couplingrat@on which can be a very efficient
relaxation pathway. As a result, quadrupolar nucdei be difficult to observe in solution-
state and often cause neighboring spin-¥2 nuclepleduto them to relax much faster
broadening their lines in the spectrum. For exarpe N-H protons of secondary
amines are difficult to observe whereas those ofNddlts can give rise to nice sharp
1:1:1 triplet.

In the solid-state quadrupolar nuclei can be oleskrkequiring a very large
frequency shift range requiring specialized pubsguences such as the quadrupolar-echo.
The discussion of these methods are beyond theesafdpe present work. However, the,
the effect of dipolar coupling of a quadrupolar leus to a spin-2 nucleus on the

spectrum of the spin-%2 needs some discussion. emgh the dipolar coupling in this
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case can be very weak, magic angle spinning (s&teisel.5.3) cannot remove them

effectively - no matter how fast the sample is spdimis is known as residual coupling

effect, which is a consequence of the magic anglie lab frame is being the same as
the magic angle in the combined lab-quadrupolamé&aand hence the isotropic

averaging of this coupling cannot be achieved. aA®sult the spectrum of a spin-%
nucleus manifests these residual coupling as utigggaced multiplets, where each line

has a unique shape reflecting a very narrow poywdgern.

If a quadrupolar nucleus A, with spin S is couphath a spin-2 nucleus X, and

their f and D are coaxial, then the splitting of the states ef $pin-¥2 nucleus may be

given by the Eq. 1.5.43 and 1.5.44.

3D'0P 55(S+1)-3m}
v(mg) = vx — MaJiso + 55t (S5 (1.5.43)
V(ms) = Vx — ms]iso + K(S' mA) (1544)

wherevy is the Larmor frequency of spin-1/2 nuclejjs, is the isotropic part of thie

The constanK(S, m,) is defined as Eq (1.5.45).

! Q 2
3D w;" 25(S+1)-3m%

K(S,mp) = 20\)51 [ 25D ] (1.5.45)
andD’ is the effective dipolar coupling constant defiredgiven in Eq. 1.5.46,
D' =D —AJ/3 (1.5.46)

where AJ is defined as anisotropy in scalar coupliidS, m,) can be defined as the

second-order shift which dependsmag. If ma = +S, K(S, m,) becomes:

ijQD’

K(S,mp) =A=— (1.5.47)

20vg
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Thus, the second order shift from equation (1.5M&y be given as:

_ 2
*AV(MY= v(mp) = vy + mafis, = —AFOSIRE] (15.48)
For example the coupling of nucleus A (spin-3/2hwthe nucleus X (spin-¥2) can be

given as:

w?

/\Q ~ i /\2 ~ ~
A = L 312 —1;-0)

(u9)
In case of isotropic quuide?o]f2 = 0. In case of solidsm]f2 is given as in Eqg. 1.5.50.

Q _ 3eQV,,(0)
J T as(2s-1) (1.5.50)

where S is the spin of the quadrupolar nucleusrdynkevel diagram and the effect of

residual dipolar coupling on tllecoupling pattern is shown in Figure 1.5.12 and1B35

+3J/4 +1{A
m H]X
* V-3V, 2
312 -172
a2 - VA IR
_ VoAV /2
12 1 S )

3/2 -1/2 etV

+1(A)

residual dipolar
States of nucleus A ~ coupling
with I =-1/2 J-coupling

-3J/4
IIlA I].lX
-3.J/4 Vx'ijfz -3/2 172
-J/4 ——
—B TN 12 n
+J7/4

1/2 172
S U VAQ
+3.J/4
l-esidual dipolal‘ \,"+3\,'A,f2 3/ 2 1/ 2
coupling
J-coupling States of nucleus A
with I =1/2

Figure 1.5.12: Effect of the coupling of a quaddapaucleus A (spin-3/2) to a nucleus X
(spin-1/2) on the energy levels of the spin-1/2leus X. V' represents the frequendy,
the scalar coupling amtl, residual dipolar coupling.
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A-nucleus, spin-3/2 X-nucleus, spin-1/2

(a) Total number of transitions possible

(b) Ideal J-coupling
g2 J

equal spacing | | | | l |

(c) Observed J-coupling (Effect of A-parameter on ideal J-coupling)

unequal spacing between lines | | | | | |

(d) Dynamics may lead to the broadening of lines

Single line Broad line

Figure 1.5.13: Effect on thicoupling of spin-1/2 nucleus (X) due to the conglof a
quadrupolar nucleus A (spin-3/2) to a spin-1/2 ausl(X).J is the scalar coupling ad
is the residual dipolar coupling.

1.5.2 Pulses

A radio-frequency pulse can be defined as compo$edh electric component as
well as a magnetic component, as it is an electgmeéc wave having a sinusoidal
function. A radio-frequency pulse rotates the bmlkgnetization around the x-axis if the
pulse is applied along the x-axis. The angle aditroh is proportional to the duration of
the radio-frequency pulse applied. Depending on lémgth of the pulses and delay

between the pulses, different rotations of the metigation vector can be produced.
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Depending on the frequency of the radio-frequendgqy different nuclei are measured,

e.g.,'H, N, °C, etc. A pulse is used to create coherences/KWMR signal.

1.5.3 Direct Polarization

Direct polarization (DP) is the most common expemtin NMR spectroscopy
where a 90° pulse is applied on a nucleus, rotat;ng-magnetization £J by 90° to -Y
axis from its original position (i.e. Z-axis). Dog the return of magnetization to its
original position an FID (Free Induction Decayyesorded in the XY plane of the signal
as a function of time (Fig 1.5.14). Usually the §f&ctrum is recorded by simultaneously
decoupling the other nuclei, which have direttoupling and dipolar-coupling
interaction with the observed nucleus. This spectrtan also be recorded without
decoupling, depending on the information requigab(itJ-coupling etc).

If the observed nucleus is completely decouplethfadl other interactions, the
information about exact CSA of the observing nuslean be obtained. In the case of
partial decoupling, the FID may contain informataimout CSA and dipolar couplings to

the remaining nuclei.
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C D '
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Lol

time ———————>
Figure 1.5.14: Demonstration of direct polarizatexperiment sequence. A is the
preparation time for 90° pulse, B is the time diorabf 90° pulse, C is the predelay in
the acquisition of signal and D is the time to amg&ID signal.

1.5.4 Cross Polarization

Cross polarization (CP) is a technique to tranpf@arization from one spin to
another spin through the proper match of the Hartwtdahn condition (Figure 1.5.13).
Cross polarization combined with MAS (CPMAS) caovpde very useful information,
not only giving an enhancement in signal intensityery short time but also providing
highly resolved spectra. Cross polarization isiclift at an MAS speed at which all the
CSA interactions are removed.

Generally, CP is a technique in which polarizataina highly abundant spin-
active nucleus' or *°F) is transferred to a dilute-spiff€, >N etc.) nucleus to observe
its signal with improved signal-to-noise ratio. @-spin nuclei generally have low
sensitivity due to (a) low natural abundance, d)ddqw gyromagnetic ratios. Also, these

nuclei have very long relaxation times becausdefrhuch weaker heteronuclear dipolar
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interactions. The dipolar interactions contributevards relaxation, thus, the dipolar
coupling strength can be related to the relaxgtiocess.

One important advantage of the cross polarizatigpeements is that after cross
polarization the relaxation time {JTof the dilute-spin nucleus depends on the reiarat
time of the abundant nucleus, which is usually msicbrter than that of the dilute-spin
nucleus. The main disadvantage of the cross pal&siz experiment is that the signal
intensities are not proportional to the number @hs in different environments, i.e.,

these intensities are not quantitative.

\qu

Crossp

dipolr

P
dpwrm

’|\ L,

S tpwrm
“ﬂ N

) JIIVVA

w

Figure 1.5.15 Demonstration of cross polarizatigpegiment sequence. Where dpwrm -
'H 90° pulse, dipolr- decoupling power, tpwrrf€ 90° pulse with decreased power,
crossp = matching conditions of the powers'féand**C nuclei.
Cross polarization occurs via dipolar interactioes, interaction through space,
between a highly abundant nucleus, €td.and a low-abundant nucleus, eldG. First a

'H 90° pulse is applied which rotates magnetizafiom z axis to —y axis (Fig 1.5.15).

Once it is along this axis, another pulse is appbe the y-axis whose magnetic field

41



helps to keep this magnetization vector in the s@wo&tion. This situation is called
“spin-lock” and the magnetic field generated by #imve applied pulse is known as
“spin-lock field” [B1(*H)]. With the spin lock in place a pulse is appl@dthe X-channel
[with field B, (contact)]. The time during which these two pulags applied together is
called“ contact-timé. After the contact time, th#H-irradiation is extended to decouple
protons with field [B(*H){decouple}] while observing nucleus X on the atlannel.
For efficient cross polarization the radiofrequerfigids for *H and "X should be
matched as shown in Eq. 1.5.51.
yiBH = yXBX [Hartmann-Hahn Match] (1.5.51)

To set this match eitheryBor B," can be varied. But the safest way is to vafy B
because’is usually significantly smaller thaft' (So for a matching condition according
to Eq. 1.5.47, B will be the four times to B)). If we set B"(90°), i.e., spin lock to
equal to B" (decouple) then the 90° pulse duration givesitid trength for decoupling
protons in CP setup. For effective spin lock{' Bin kHz) must be greater than the half-
height line width from the statitd line. Normally these line widths are of 40 kHAeT

CP enhancement can be described as follows:

&P
N - ¥ (1.5.52)
@ s

Because the gyromagnetic ratio of the proton ig tones greater than that of carbon,

the expected enhancement is a factor of 4 as giveg. 1.5.53.

T Y (1.5.53)

Cross polarization provides much improved sensytiviot only through the

enhancement factor, which arises from the magngtizaransfer from the strong
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abundant nucleus, but also because the experina@nbe performed on the relaxation
times of the abundant nucleus which is often ordémmagnitude shorter. For example,
'H to **C CP can be performed as much as 10 times fastaddition to the enhancement
factor of 4, giving an overall improvement in S/M the order of 12. Magic Angle
Spinning gives much improved resolution for weakclau as the homogeneous
broadening due to homonuclear coupling is abséiite combination of CP and MAS
provides a sensitive higher resolution techniqw it relatively easily implemented for
routine experiment and consequently revolutionigelid-state NMR spectroscopy as a

characterization method.

1.5.5 Decoupling

It is essential to get high-resolution in solidtsttdNMR spectroscopy. Nuclear
magnetic resonance decoupling is a specific metised in NMR spectroscopyhere a
sample is irradiated by a radiofrequency radia@bra certain frequency or frequency
range to eliminate the effect dfcoupling fully or partially between certain nuctei
simplify a NMR spectrum. This effect of couplingusgs NMR signals to split into
multiple peaks, which are separated by several zZHertthe NMR spectrum. The
application of decoupling eliminates the splittiofthe signals fully or partially in the
NMR spectroscopy and helps in determining the #ires of chemical compounds
easily. In the homonuclear decoupling, a nucleas ih being irradiated by the radio-
frequency (R radiation is the same as the nucleus being obdetf/the coupling is fully
removed, high-resolution in achieved in NMR spestapy. In the case of proton,

windowed phase-modulated Lee-Goldburg (WPMLG) seqgees used for homonuclear
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decoupling. In the heteronuclear decoupling a nuscleeingrradiated by radio frequency

(Ry) radiation is different than the observed nucldigs. a given nucleus, only a selected
frequency range can be irradiated by a low-poweiofeequency pulse or the entire
chemical shift range can be irradiated in the brioadd decoupling or in the composite-

pulse decoupling.

1.5.6 SIMPSON (NMR spectrum simulation program)

SIMPSON? is a general-purpose software package for sinmndtr all kinds of
solid-state NMR experiments based on time-dependeahtum mechanics of nuclear
spin. It computes the NMR signal by propagatingdlesity matrix through the time and
by using terms of the Hamiltonians, prescribed hmy pulse sequence, and spin system.
As magic angle spinning makes the Hamiltonian tdependent at each time point, the
Hamiltonian is computed from which the propagasocanstructed and subsequently use
to propagate the density matrix through that tiro@ip This calculation is repeated for
every time point in the FID, and the FID has todoeenputed for each orientation. For
example, for 20 possible rotor positions, pointsngl the rotor phase with 30 crystal
orientations and 1000 time points are computechgiwa total of 600,000 data points for a
single simulation. This process is repeated foheator period. These simulations were
not possible in the past due to severely limitechpotational capabilities. The main
advantage of SIMPSON is that there is no intritisnitation to the number of spins, but
that it is limited for the secular part, becauselaes not include the residual dipolar
coupling terms. This program uses the M. Mehringvemtion§” for all tensors to define

anisotropy, asymmetry and Euler angles. The Eutegles ¢, B, 7)* relate two
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orthogonal coordinate systems having a commonn as shown in Figure 1.16. The
usual ranges for the Euler anglesf, y) are (1) 0<a < 360°(2) 0< <180° and (3) &

v < 360°.

Figure 1.5.16Presentation of the Euler anglesf, y) for moving a coordinate syste
(X, Y, Z which represents a principal axis system) tocaseé coordinate syste (x, y, z
representing lab frame system).

The SIMPSON input file consists of the followingcgen: (1) spinsy, (2) par, (3)
pulseq, and4) main. The spinsys section consists of information about the differ
channels on whichthe experimen are perforred. It also contains t different
Hamiltonians related to diffent interactions along with theuler angles through which
the system can be transferred from the principa tame to the lab frame. Tlpulseq
section provides usvith different propagators with which the density rix can be
propagated. In the ‘main’ section the simulationcesmpiled and the tin-dependent
signal is convert to the frequency domain withourier transformation and differe

processing paramete
45



spinsys: The R channels of the experiment and the nuclei arenddfby channels and
nuclei using the general notation like, *°F, 1'%Sn, etc. Also, the interactions such as
chemical shift, chemical shift anisotropl/coupling interactions, dipole interactions and
guadrupole interactions as well as their orientatiodependence defined by various
internal nuclear Hamiltonian are included in thestson which can be defined in terms of
isotropic chemical shift &s,), chemical shift anisotropyd4nis9, asymmetry f) and
different Euler anglesu( B, v).

par: The par section consists of adjustable spectratiow simulation parameters like
start and detect operator, spin rate, proton Larmmuency, sampling conditions, e.g.,
number of sampling points (np), spectral width (swmber of different orientations for
powder averaging, the information flow from the gnam (“verbose”-A row of flags
that sets the level of information printed whenmag the simulation) and variables to
define the Rfield strength and rotor synchronization.

pulseq: This part is used for external manipulations. irpit can be given for any type

of pulse sequence. It consists of the pulse, winicludes a pulse of duratiai, Ri-field
amplitude of(‘)RF/21T and phasep on the channels numbered successively. ‘for’ is

defined to denote how many times to collect the datg. to a limit of total number of
points np). ‘delay’ defines the current propagdtoinclude a free precession period of
time ot. ‘max dT’ denotes the maximum time step over Wwhice Hamiltonian may be
considered time independent. ‘acq’, collects a gaiat corresponding to the detection
operator.

main: This part is concerned with the experiment prdogst® compute the calculations

and obtain the result in terms of the defined disiams for the spectrum, e.g., 1D or 2D
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etc. The simulation is started using the commasunijison’, which returns the dataset
resulting from the SIMPSON calculation. The datd s@y be saved by using the
command, ‘fsave’. Other useful commands for thidiea are, ‘fft’, used for fast Fourier

transformation, ‘fzerofill’ for zero-filling, ‘fphae’ for phasing, ‘fbc’ for baseline

correction, ‘faddlb’ for apodization (multiplyinghé signal by a function usually

exponential to increase signal to noise ratio) ldere we can also combine two FID’s by
using ‘fadd’ command or can subtract two FID’s gsiisub’ command.

The actual simulation process can be defined athé€ldomputation of the density
matrix at time t is performed with the help of pagator u(t) and the initial density
matrix p(0), defined asp(t) = u(t)p(0)u(t)~t, (2) the trace of [p(t)] matrix is
computed, (3) step(2) provides a time dependemiabig(t), (4) L.B. and G.B. functions
are performed on s(t) to give a modified time delgen signal (5) this time dependent

signal is converted to the frequency domain by Eodransformation.

u(t) L.B., G.B. F.T.

p(0)——>p()—> Trlkp()]—> s(O—> s'G—> W(

A typical input file for the SIMPSON simulation hbeen given on page 45 and its result
with the experimental spectrum has been showngargil.5.13.

Typical SIMPSON simulation input file fot*®Sn{*H} solid-state NMR spectrum at
MAS-19 kHz has been shown on page 46 and the eessfiectrum is shown in Figure

1.5.170n page 49.
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SIMPSON simulation input file fof*Sn{*H} solid-state NMR spectrum at MAS 24 kHz

spinsys {

channels 119Sn 19F

nuclei 119Sn 19F 19F

shift 1 424 -39500 0.60 0 1650
shift 2 -293 -26000 000 0
shift 3 -293 -260000 0 150
jeoupling 1 2 1320-8000000
jeoupling 1 31320 32000000
jeoupling23000000

dipole 12 4266 000

dipole 133200000

dipole 23-1152000 }

par {
start_operator 11z
detect_operator 11m
S 500000
spin_rate 24000
gamma_angles 20
variable dwell le6/sw
crystal_file rep30
np 1024
verbose 1101
variable rfl 138888.8
variable t90 0.25e6/rf1

proton_frequency  500.13e6

}
proc pulseq {} {
global par

maxdt 1.0
reset
pulse $par(t90) $par(rfl) x 0 0
acq
for {set i 1} {$i < $par(np)} {incr i} {
delay $par(dwell)
acq} }
proc main {} {
global par
set f [fsimpson]
fzerofill $f 32768
faddlb $f 300 0.5
fft $f
fphase $f -rp -13 -Ip -130 -scale 200.06
fsave $f $par(name).spe

}
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(a)

(b)

— 1 | 1 1 \ 1 | 1 1 1 1 ] 1

500 0 -500
6119Sn(ppm from (CHs)sSn)
Figure: 1.5.17'°n{"H} MAS NMR spectra of MgSnF at a spinning rate of 19 kHz: (a)
SIMPSON simulated spectrum, (b) experimental spattA 90° pulse width of 2.4s
with an acquisition time of 4.096 ms and recycllagef 30 s was used. The decoupling
power ontH channel used was of 57.8 kHz; 1816 number ofswuaih signal-to-noise
ratio of 85.7.
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Chapter-2
Experimental Section
Synthesis of different fluorine containing compound

2.1 Standard techniques

Most compounds used in the course of this worknaoesture and air-sensitive;
consequently all manipulations were carried outenndgorously anhydrous inert-
atmosphere conditions. Glass and metal vacuunsiisg&ms, a dry-nitrogen-filled glove
bag, and the oxygen- and moisture-free atmosphieee\tacuum Atmospheres (Omni
Lab) drybox were used.

Volatile materials that were non-corrosive towagtsss in the absence of water
were manipulated on a Pyrex-glass vacuum line @gdipwith grease-free 6-mm J.
Young glass stopcocks equipped with PTFE barretgu(€ 2.1.1). Pressures inside the
manifold were monitored using a Heise gauge (mo@«l, 0-1000 mmHg,
beryllium/copper Bourdon tube, Dresser Instrumenige final vacuum was monitored
by a Varian thermocouple gauge connected to theiwacline between the liquid-
nitrogen trap and the vacuum pump.

Volatile materials, which attacked glass, were leshcon a metal vacuum line
constructed from nickel and 316 stainless steed, equipped with 316 stainless steel
valves and fittings (Autoclave Engineers Inc.), ETEnd FEP (Figure 2.1.2). Pressures
were measured at ambient temperature using Baratipacitance manometers (MKS,
Type 626A, effective range 0 — 1000 mmHg) havirgrtinvetted surfaces constructed of

Inconel, in conjunction with a digital readout.
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vacuum «—

Figure 2.1.1 Glass vacuum line system equippekd dviYoung PTFE/glass stopcocks

and a Heise gauge (M.Sc. thesis from Jared Nieboer)
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Figure 2.1.2 Metal vacuum system; (A) MKS type A2fpacitance manometer (0-
1000 Torr), (B) MKS Model PDR-5B pressure transads¢8-10 Torr),
(C) 3/8-in. stainless-steel high-pressure valvagg¢alave Engineers,
30VM6071), (D) 316 stainless-steel cross (Autoclengineers,
CX6666), (E) 316 stainless-steel L-piece (Autoclangineers, CL6600),
(F) 316 stainless steel T-piece (Autoclave eng®e@T6660), (G§/s-in
0.d.,"/g-in. i.d. nickel connectors, (H)g-in 0.d.,"g-in. i.d. nickel tube.

(M.Sc. thesis from Jared Nieboer).
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Vacuum on the glass (ca. 20rorr) and metal lines (ca. T0Torr) was attained
by the use of Edwards two-stage direct-drive RV&8&d vacuum pumps. Two vacuum
pumps were used on a metal vacuum line, one foroigh vacuum and the other for the
fine vacuum. The rough pump was connected to aiflefluorine trap consisting of a
stainless-steel cylinder (75 cm length, 17 cm ouli@meter) packed with soda lime
absorbent (EMD, 4-mesh). Removal and disposal datM® reactive fluorinated
compounds was accomplished by pumping through atrdgment on a bed of soda lime
followed by trapping of the volatile reaction prats; CQ and HO, in a glass liquid-
nitrogen trap. The second vacuum pump provided hilglh vacuum source for the
manifold and was cold trapped with a glass liquitdegen trap.

All the preparative work involving SF Ask, Sbk, and anhydrous HF was
carried out in ¥-in or 4-mm outer diameter FEP sulvdich were heat-sealed at one end
and connected through 45° flares to Kel-F or 3dfef$ to stainless steel valves. The FEP
sample tubes were dried under dynamic vacuum ayletron a glass vacuum line prior to
transfer on the metal line where they were cheé&etbaks, passivated with fluorine at 1
atm for 12 hours, re-evacuated and then back filegld dry N, before transferring to the
dry box. Pyrex-glass reaction vessels were driedeurdynamic vacuum overnight
periodically flamed out by use of a Bunsen burner.

Nuclear magnetic resonance (NMR) spectra were decoon samples prepared
in 4-mm o.d. FEP tubes. The NMR tubing had onetezat sealed by pushing the end of
the FEP tube into the hot end of a thin-walled 5-moh NMR tube and the other end
was fused to a %-in. o.d. thick-walled FEP tubingich was heat-flared for direct

attachment to a Kel-F valve (Figure 2.1.3(a)). Bhem sample tubes used for NMR
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spectroscopy were heat sealed under dynamic vaeuthma heat gun while the sample
was frozen at —196 °C. All heat-sealed sampleg wkred submerged in liquid nitrogen
(196 °C) until they could be spectroscopicallyreloterized. For NMR measurements,
the 4-mm FEP tubes were inserted into standard 5prenision NMR tubes before

insertion into the NMR probe.

(@) || (b)

5cm

U -

Figure 2.1.3 Common FEP reactors used to condpararents: (a) 4-mm o.d.
reaction vessel equipped with a Kel-F valve. (b)n¥o.d. FEP T-reactor
equipped with Kel-F valve (M.Sc. thesis from Jakiedboer).
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Raman spectra of solids that are stable at roonpeesture and which do not
attack glass were recorded on samples in Pyres-gladting point capillaries. Before
use, the melting point capillaries were heated udgaamic vacuum for 24 h at 200 °C
and then stored in the drybox where they were loadéh the appropriate materials. The
end of the loaded melting point capillary was tenapity sealed with Kel-F grease before
removal from the drybox. The capillaries were themediately heat-sealed with an
oxygen-natural gas torch.

Vessels were attached to vacuum lines throughhadled FEP tubing and %s-in.
PTFE Swagelok connectors or %-in. stainless-stdgb-Uorr connectors fitted with

viton rubber O-rings.

2.2 Preparation of inserts for solid-state NMR specoscopy

Solid-state NMR spectra of [gfSbFs] and [SE][AsFg] were recorded with the
use of an FEP insert, which was prepared by usi®@-anm o.d. FEP tube through heat-
sealing it at one end and then loading the requmaterial in it inside the glove box. The
filled inserts were plugged using a FEP plug areglug was fused to the insert-walls
outside of the dry box, permanently sealing thernd his FEP insert was inserted in the

4-mm zirconia rotor before recording spectra at temperature.

2.3 Purification of HF, CsHsN, SbFs, 4-picoline, triethylamine
Anhydrous hydrogen fluoride (Air Products) was stbat room temperature in a
nickel storage vessel equipped with a monel (Aateel Engineers) valve. Hydrogen

fluoride was dried over potassium hexafluoronictefMl) in a 3-in 0.d. FEP vessel
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(Figure 2.3.1), equipped with a stainless steelejalprior to transfer to reaction vessels
by vacuum distillation on the metal vacuum lineotlgh connections constructed of FEP.

Pyridine (Sigma-Aldrich, 99.8%) was added to GaHl a glass storage bulb
equipped with a Teflon J. Young stopcock insidel@aveg bag. Then, the liquid was
vacuum distilled from the original storage bulb@iesh CaHlin a glass bulb equipped
with a Teflon J. Young stopcock.

Antimony pentafluoride, SkfF(Ozark-Mahoning Co.) was purified by vacuum
distillation in a Teflon and glass apparatus cotereevith PTFE Swagelok unions and
stored in a glass U-tube equipped with PTFE J. Yostopcocks, which was kept in a
dessicator. Subsequent transfers of sSwEre performed through a glass Y-piece with
PTFE Swagelok connections.

Triethylamine and 4-picoline were added to molecslaves (4A) in glass bulbs
inside the glove bag, followed by vacuum distitbationto fresh molecular sieves in glass

storage bulbs equipped with a Teflon J. Young siokc
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-
Figure 2.3.1 A %-in. o.d. FEP vessel equippath va stainless steel valve and a

FEP T-piece connection for distillation of HF t@cgors (M.Sc. thesis from Jared
Nieboer).
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2.4 SR Adducts: Synthesis and Characterization
2.4.1 Reaction between SFand pyridine

On the glass vacuum line, 0.056 g (7.1 x*1dol) of pyridine was transferred to
a 4-mm o.d. FEP reactor equipped with a Kel-F vallee reactor was connected to the
metal vacuum line and approximately 1.16 x>0l SF, was vacuum distilled into the
FEP reactor. The reactor was slowly warmed up @ E€7and properly agitated for the
completion of reaction. Excess Sfas removed under dynamic vacuum by warming up
the reactor to —60°C. Low-temperature Raman anatisatstate'F, *H and*C NMR
spectra were recorded. The reactor was warmed up38C where pyridine was

recovered under dynamic vacuum.

2.4.2 Reaction between SFand lutidine

Inside the glove bag, 0.094 g (8.8 x™Mol) of lutidine was transferred to a 4-
mm o.d. vacuum dried FEP reactor. The lutidine wsed without purification.
Approximately 6.51 x 10 mol Sk was vacuum distilled into the reactor. The reactor
was slowly warmed up to —78°C and properly agitdtedthe completion of reaction.
The excess SFwas removed at —60°C. The low-temperature Ramartrspavere
recorded and compared with that of the reactarts. réactor was warmed up to —38°C
where lutidine was recovered after pumping off \allatiles. The recovered lutidine

contained traces of HF
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2.4.3 Reaction between SFand 4-picoline:

On the glass vacuum line, 0.094 g (1.0 % &®l) of 4-picoline was transferred to
a 4-mm o.d. vacuum dried FEP reactor. Approximabebl x 10° mol SF was vacuum
distilled onto the 4-picoline. The reactor was diowarmed up to —78°C and properly
agitated for the completion of reaction. The exc®Bsvas removed at —60°C. The low-
temperature Raman spectrum was recorded and codnpéfethe reactants. The reactor
was warmed up to —35°C where the 4-picoline wasvered after pumping off volatiles.

The recovered 4-picoline contained traces of HF

2.4.4 Reaction between SFand triethylamine:

On the glass vacuum line, 0.074 g (7.3 x*1fol) of triethylamine was
transferred to a 4-mm o.d. vacuum dried FEP reaépproximately 1.592 x Idmol
SF, was vacuum distilled onto the triethylamine. Tlkaator was slowly warmed up to
—78°C and properly agitated for the completionezfation. The excess Skas removed
at —60°C. The low-temperature Raman spectrum wesrded at -110°C. The reactor
was warmed up to —35°C where the triethylamine weovered after removal of

volatiles under dynamic vacuum. The recoveredhylamine contained traces of HF

2.4.5 Reaction between SFand 4,4’-bipyridine:

On the glass vacuum line 0.025 g (1.6 x“&®l) of 4,4-bipyridine was
transferred to a 4-mm o.d. vacuum dried FEP reasfmproximately 1.16 x I8 mol Sk
was vacuum distilled onto the 4,4’-bipyridine. Tteactor was slowly warmed up to —

78°C and properly agitated for the completion @fcteon. The excess $was removed
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at —60°C. Low-temperature Raman and solution $t&t¢H and**C NMR spectra were
recorded. The reactor was warmed up to room teryperavhere a solid adduct was
obtained which was stable under dynamic vacuum iaditated a mass ratio of

1.000.89. The exact nature of the product, howeverdcoat be determined so far.

2.4.6 Reaction between SFand quinoline, isoquinoline and 2,2’-bipyridine:
The above mentioned procedure was attempted forethetion between JRand
quinoline, isoquinoline and 2,2-bipyridine but leéemperature Raman spectroscopy

indicated no product formation.

2.5 Preparation of MgSnF

Trimethyltin fluoride was prepared by metathesect®n of trimethyltin chloride
with potassium fluoride according to the literattr€rimethyltin chloride (Alfa Aesar)
and potassium fluoride (99%) (Fischer Scientificn@pany) were used without further
purification to carry out the metathesis reactiorigtrahydrofuran (THF) under vacuum
(Eq. 1). For this purpose THF was dried over sodigfore use.

THF
MenCl + KF > NenF + KClI (Eq. 1)

Solid MeSnF was isolated by filtration and stored insidedhybox.

64



2.6 Synthesis of the Sf salts
The [SK][SbFs] and [SE][AsFe] salts were prepared according to literature

reports>*>

2.6.1 Preparation of [SE][SbF¢]

On the glass vacuum line, 0.116 g (5.35 X*hibl) of SbE was transferred to a
4-mm o.d. vacuum-dried FEP reactor. ApproximateB12x 10° mol Sk, was vacuum
distilled into the reactor. The reactor was slowtgrmed up to —78°C and properly
agitated for the completion of reaction. The excBBswas removed by warming the
reactor up to ambient temperature where a whitevgas obtained which was stable

under dynamic vacuum.

2.6.2 Preparation of [SE][AsFg]

On the steel vacuum line, approximately 3.0 ¥3ifiol of SR was vacuum
distilled into a 4-mm o.d. FEP reactor. Approxiniate.5 x 10°mol Ask was vacuum
distilled into the reactor. The reactor was slowtgrmed up to —78°C and properly
agitated for the completion of reaction. The excBBswas removed by warming the
reactor up to ambient temperature where a whitd salt was obtained which was stable

under dynamic vacuum. The low-temperature Ramactispe was recorded.

2.7 Raman Spectroscopy:
All Raman spectra were recorded on a Bruker RFSHD®aman spectrometer

equipped with a quartz beam splitter, a liquidegen cooled Ge detector, and low-
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temperature accessory. The backscattered (180fjticad was sampled. The useable
Stokes range was 50-3500 Cwith a spectral resolution of 2 €mA Nd:Yag laser with

a 1064-nm line was used for excitation of the sam@pectra were recorded on solution
samples in either 4-mm or %-in. FEP reactors ukager powers of 150-200 mW. All

the spectra were collected between the temperednge +35°C to —110°C.

2.8 Single Crystal X-ray Diffraction
2.8.1 Crystal Growth of [SR](HF)[SbF]

Approximately 0.018 g of [Sf{SbFs] was loaded in a ¥4” FEP T-reactor inside
the dry box followed by distillation of ca. 1.28 ndnhydrous HF. Upon warming to
room temperature, the solid dissolved completehys Teactor was placed in a cryo-bath
at —70°C. Anhydrous HF was slowly pumped off to %&0eaving behind pale yellow

crystals.

2.8.2 Low-Temperature Crystal Mounting

A low-temperature crystal mounting technique wailized for the thermally
unstable and moisture-sensitive crystals of;]J&H)[SbK]. The FEP reactor containing
crystals was cut open below the Kel-F valve undigova of dry nitrogen while the lower
part of the FEP reactor, which contained the ctyst@as immersed in dry ice at —78°C.
The crystals were then quickly transferred fromch#led tube into an aluminum trough
that was cooled by a flow of dry-nitrogen, whichsygassed through a 5-L Dewar of
liquid nitrogen (Figure 2.8.1). The temperature tbé trough had been adjusted to

approximately —85°C and had been measured withppereconstantan thermocouple
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inserted midway into the stream ca. 2-mm aboverthegh. A crystal was selected under
a microscope and mounted on a glass fibre usingnarn perfluorinated polyether,
Fomblin Z-25 (Ausimont Inc.) while being kept inethcold nitrogen stream. The
polyether selected for crystal mounting was sugfitly viscous to adhere to the crystal,
engulf it, and freeze quickly thereafter. The gléibse had previously been attached
using an epoxy to a metallic pin that was, in tungunted on a magnetic base, which
was attached to a magnetic wand, while pickingctlystal. The pin with the crystal was
quickly (<30 s) transferred from the wand to thaigmeter head of the X-ray instrument
using cryotongs, which had been chilled with lignittogen prior to use, and attached to

the magnetic base on the goniometer head.

cold N,

dry N,, —— 1 [

Figure 2.8.1 Crystal mounting apparatus comgjsi a five-liter liquid nitrogen Dewar
equipped with a rubber stopper, a glass dry nimmagket and a
silvered-glass cold nitrogen outlet with aluminigoid trough.

(M.Sc. thesis from Jared Nieboer).
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2.8.3 Collection and Reduction of X-ray data

X-ray data was collected at —120 °C on a Bruker SWAAPEX-II X-ray
diffractometer, which was equipped with an ApexHK charge-coupled device (CCD)
area detector, a Kryo-Flex low-temperature devére] a Mo K radiation § = 0.71073
A) source with a graphite monochrometer. The chtstaetector distance was 6.120 cm.
A hemisphere of data was collected with 30 s exosme. Cell reduction was carried
out using the PrograrBAINT® which applied Lorentz and polarization correctidns

three-dimensionally integrated diffraction spots.

2.8.4 Solution and Refinement of Structures

Calculations were performed using tf1ELXTL-plus v.6.14 packag@ for
structure determination, refinement and molecutaplgics. TheXprep program was used
to confirm the unit cell dimensions and the crydadtice. The crystal structure was
solved using direct method. Successive differermariEr syntheses revealed all lighter
atoms. The structures were minimized by least sguaafinement based on the square of
the structure factorsfF? (equivalent to intensity). Atom positions were imefi
anisotropically and the extinction coefficient waculated for the crystal structure. Both
residual valuesR; based orF and the weighted residual value®, based orF? are
available in the structure refinement tables alwityy the goodness of fiooF. They

represent the following equations:

=Z‘,llFOI—lFCII
> | Fol

The conventional R-factor based upon thectire factor.
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> [w(Fo? - Fc?)?] _
WR, = N The weighted R-factor based on the square of the
> [w(Fo*)?]

structure factors (observed and calculaFégbased

upon intensity).

> [w(Fo® — Fc?)] . . . .
GooF = ( ) TheGooF is based upon intensity wharés the number
n-p

of reflectionsp is the number of parameters refined.

2.9 NMR Spectroscopy
2.9.1 Solution-State NMR Spectroscopy

All the solution-state NMR spectra were recordedad300 MHz Bruker Avance
II NMR spectrometer. All the samples were contaimedi-mm FEP inliners and the
NMR spectra were collected unlocked and were ratere externally. Fluorine-19 NMR
spectra were referenced externally relative to @tk (5(**F) = 0 ppm)while *H and
13C NMR spectra were referenced relative to neat T8(SC) = 0 ppm; 5(*H) = 0 ppm)
at room temperature. The resonance frequenci€$ifdrF and**C were 300.13, 282.40

and 100.61 MHz, respectively, on the 300 MHz Brukeance Il NMR spectrometer.

2.9.2 Solid-state NMR

All the solid-state NMR spectra were recorded @®@ MHz Varian-Inova NMR
spectrometer. All of the synthesizeds;SEBalt samples were contained in 3.2-mm o.d.
FEP inserts and all NMR spectra were collected akdd at low temperature and were
referenced externally. Fluorine-19 NMR spectra weferenced externally relative to

neat hexafluorobenzené(f’F) = —166.4 ppm)while *H and *C NMR spectra were
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referenced relative to adamantan&°C) = —38.5 ppm; §(*H) = 1.63 ppm) at room
temperature. Trimethyltin fluoride was packed ie tlotors directly without the use of

FEP inserts.
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Chapter-3
3. Solid-State NMR Spectroscopy of Trimethyltin Floride
3.1 Introduction

Trimethyltin fluoride, M@SnF, is one of the examples of triorganotin fluesid
and is of current interest owing to its use as anroon fluorinating agent in
organofluorine chemistry It is pentacoordinate about tin in the solid-statéile being
monomeric in solutiod. Trimethyltin fluoride can be characterized by elifint
techniques, such as IR-spectroscopy, Raman spegprgssolution NMR spectroscopy,
and solid-state NMR spectroscopy.

Trimethyltin fluoride differs in many propertiesofn its halide analogs. It has a
very high melting point (>360°C), which is indioagi of its polymeric structufewhile
the other halides (-Cl, -Br and —I) have relatividy melting points (around 35°C).
Trimethyltin fluoride is only soluble in solventach as hot ethanol while the other halide
analogs are readily soluble in organic solvénf@imethyltin fluoride gives needle-
shaped crystals from hot ethanol in which trimeihy§jroups and fluorine atoms arrange
alternately along the needle axis (a-axis in FigBrg) as suggested by the X-ray
diffraction work by Clarket al.* The structure of trimethyltin fluoride, howeveanmot
be easily refined, since the structure exhibitesewisorder. Possible disordered models
of this chain polymer were suggested in which tinecture can be interpreted either in
terms of planaf’ trimethyltin groups' In one proposed structure, the trimethyltin group
is non-planar with a Sn-F covalent bond distanc2.dfA and a Sn- - - - F distance between
2.2 to 2.6 A The other model proposed trimethyltin groups beptanar and tilted

alternately with respect to the axis of the neenlisstals (a-axis in Figure 3.1). In both
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cases, Sn was assumed to be pentacoordinate aB8d-+tte—Sn bridges to be bent. The
infrared spectrum of M&nF reported by Okawaret al.  gave only one strong
absorption in the Sn-C stretching region at 555'cfrhis indicated a planar arrangement
of the SnG moiety, because a pyramidal arrangement about Suldwrender the
symmetric and asymmetric SpGtretching vibrations infrared actieBased on these
results a planar SnGnoiety was suggested for b8nF, in which the tin atom is five
coordinate with three methyl groups and two fluerimtoms. The ligands around tin
represents a trigonal bipyramidal configuration.eTimodel of the crystal structure
exploited by Yasudat al.” considers that planes of the planar trimethyl gsoare
parallel to one another while the fluorine atontisditernately by giving a SaF----- Sn
bond angle of 141°, a short SiF distance of 2.15 A and a calculated long StF---
distance of 2.45 A.In addition, the F-Sn- - - F angle in the disorder model was 141°,

instead of the previously assumed 180°.

b-axis

a-axis o F \
_F 5 141° VR T~/ gn-
\ Y S\ 141° S
\Sn,

CH3 \ H3

Figure 3.1: Structure of penta-coordinatesBieF- in solid-state

Polymeric organotin fluorides such as trimethyftuoride, triphenyltin fluoride,
tributyltin fluoride, and tri(iso-butyl)tin fluorid can be characterized by solid-state NMR

spectroscopy in powder form to determine its cawmtion number and obtain distance
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information®!%***2 |n the solid-state, distances between the tin #umtine can be
obtained with the help of dipolar-coupling inforriuat betweert'°sn and™°F.
Harris et al. studied M&nF by solid-state NMR spectroscopy. In their asialpf

the NMR spectra of M@nF, Harriset al.? utilized analytical expressions of the AX spin
system theory and it was assumed that@mdi tensors are axially symmetric and both

co-axial withﬁ, whose orientation is determined hy rthe internuclear vectas shown

in Scheme-IFf

(Scheme-I)

The spin Hamiltonian of an AX spin system was gibgnHarriset al. as shown in Eq.

3.7
-1 0 iso 1 aniso 2 2
A H= —Wy 1- (O] + ESA (3COS 0 — 1) lZA -
0 iso 1 aniso 2 2
wy |1 —10¥° + ESX (Bcos40 — 1) ¢|Izx +

Ji521za1zx — D'(3c0s20 — 1)izalzx (3.1)
Where vl = ¥, B, andw$ = Yy B, are the Larmor frequencies of A and X in the absen

of shielding, ando’s° and o%° are the isotropic A and X shielding constantse Th

73



chemical shift anisotropiesi™*°and 53"*° were defined as — oi° andoll — oif°,
respectively. The angle between the internuclestadce vector and the applied magnetic

field (B,) can be defined &s The effective dipolar coupling D’ is given in E3}2
D=D-73 (3.2)

whereAJ is the anisotropy of thiatensor, which can be shown to hé =], —],. The
symbol D is the dipolar coupling constant betweeadleus A and nucleus X given in Eq.

3.3.

D = 2 i8r (3.3)

where | is the internuclear distance between A and X nucl&he shielding is axially

symmetric and are defined by two uniqmna ando, components as shown in Scheme-II

for A or X nucleus. Thd-tensors can be defined in a similar manner.

GiﬁPAS
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PAS
(0
oL S
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XX

(Scheme-II)
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Note that for this treatment only the secular tesmheteronuclear coupling
interactions are considered and the homonuclearaations are ignorédThis is a
reasonable assumption for fast MAS. The transifregquencies of nucleus A can be
simplified to the form in Eq. 3.4, wherey is the spin quantum number of the X nucleus.

w, = 0] — [1 — {fo" + %52’“50(3(:0529 — 1)}] -
Jaxmy + D' (3cos26 — 1)my (3.4)
This can be reduced further to Eq. 3.5
wy = w§° — %wﬁ&ffﬁcosze — 1) — Jaxmy (3.5)

wheressT is the effective shielding tensor given by Eq.%3.6

eff _ ganiso _ 2D’

The sideband manifolds for each is separately analyzed to gidg"'s® and D’, which

is dependant ok andAJ as shown in Eq 3.7.
—p-_4 _Royarx A
D=D-—-=_ = (3.7)
The theory of an AX spin system can be extendeth@#oAX, spin system by

assuming tha and thef aretensors othe X nuclei and are equivalent and coaxial with

the X—A----- X bond axis, which would have to be lineasta®svn in Scheme-lIl.
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(Scheme-lll)

These assumptions are only suited to structuresthee the symmetry to allojv
and¢d to be axial as well as coaxial withxr If these conditions are met, the analytical
expression for AX spin-system can be adapted toAfe case€® However, for systems
where the two X-nuclei are magnetically inequivaleas for a bent configuration, such
analytical expressions would not be valid. In saatase the NMR spectra could only be
handled with numerical simulations using softwarehsas SIMPSON In this manner,
true values for the spectral parameters such addsig, scalar coupling, and dipolar
coupling tensors can be obtained. Software ofkind was not available prior to 2000.

The solid-state NMR study by R. K. Harris and HagpiBai for a variety of
polymeric triorganotin fluorides determined spelctpmrameters by assuming these
systems as AXspin systems with a linear AXnoiety?'* Spectral parameters obtained
by Harriset al. are given in Table 3.1. They found that polymerialkyl and triaryl
fluorides have very large®Sn chemical shift anisotropies, which would be ¢adive of
low symmetry around tinln their analysis, they determined the values foencical
shielding anisotropy and D’. The latter in turnrédated to D and\J **'%*"for each m
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value. In the Figure 3.2 a linear relationship lestw the J-anisotropies and the
internuclear distances of St is shown, where th&J values can be inferred from the

rax values obtained by X-ray crystallography.

Table 3.1'*%Sn NMR data for different solid triorganotin fludes

Compound  diso (F°SN)  1J(*Sn-F) 8aniso n Structure type
(ppm) (Hz) (ppm)
MesSnF +24.3 1300 -221 000 Polymeric
BusSnF -9.3 1291 -207 022  Polymeric
(iso-BukSnF -13.1 1260 —208 000 Polymeric
PhsSnF -211.9 1530 —255 0.00 Polymeric
MesSnF -82.2 2300 42 0.10 Monomeric

%axial symmetry between the chemical shift tensoes wssumed, henag = 0.00
(reference 14)°experimentally determined asymmetry (reference “@yperimentally
determined asymmetry (reference 14)

Harris et al.>** obtained a sideband manifold of triplets{= 24.3 ppm) in the
19%5n{*H} MAS NMR spectrum of MeSnF with*J(***Sn+°F) of 1300 Hz. To apply the
analytical expression for thé'Sn NMR frequencies, they assumed the magnetic
equivalence of the two fluorine nuclei and an aswtmynparameter of 0.00 for the Sn
shielding tensor. Based on this analysis they roeted that the chemical shift
anisotropy is 221 pprii.From the effective dipolar coupling they were atuleestimate
AJ = —800 Hz and +3500 Hz for the fluorine distanufe®.15A and 2.45A, respectively,

taken from the X-ray study by Yasudh al.” The former Sa-F distance was more
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accurately determined than the latter and thussdinge will be true for the corresponding

AJ's derived from this analysfs.

Figure 3.2 Relationship between the Sn-F interraraliéstance (r) and the anisotropy in
J-coupling,AJ (***sn+°F) for (a) MeSnF, (b) (i-Bu}SnF and (c) P¥SnF. Reprinted from
the Journal of Magnetic Resonance, 96, Bai, H.Hawdis, R.K., “The Effects of
Interplay of Shielding, Dipolar Coupling, and Inelit Coupling Tensors in the Tin-119
NMR Spectra of Solid Triorganyl Tin Fluorides”, 3@, copyright (1992), with
permission from Elsevier.

In the first'H NMR study on solid trimethyltin fluoride, the nemlular motions in
trimethyltin fluoride were studied by S. E. Ulriameasuring the second moments of the
CHs signal as a function of temperature on a statigpda’® Second moments are related
to the homonuclear dipolar coupling between twdgrs, which can be used to calculate
the internuclear distance between two protons. étecloded that the closest distance
between protons in the adjacent methyl groups énshme polymer chain is 1.77 A,

which is less than the sum of the van der Waalraofi two hydrogen atoms (2.4 Aj.
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The structural analysis of methyltin polymers usifiif solid-state NMR
spectroscopy by Lockhart and Manders provided apirézal relationship betweeh
(**%sn+3C) and Me—Sn—Me bond anglef) for a variety of organotin polymers, which
can be given as Eq. 38*#

1%l = (10.7 £ 0.5)) — (778 + 64) (3.8)
They determined théJ (*'sn+3C) for MesSnF to be 550 Hz, which correlates to a
calculated angle of 124.10 £ 0.18°, which is larpan that for a planar geometry.

In the past, solid-state NMR work was restrictedH or FX type dual-channel
probe experiments at moderate spinning speeds \ithewes impossible to decouptel
and*°F nuclei simultaneously and to remove, contribution to the sideband manifold,
making high-resolution in*°sn NMR spectroscopy elusive and accurate measuteshen
Sn shielding tensors difficult. Today with thé-"°F-"X (HFX) triple-channel probes, it is
possible to obtaifH and*°F double decoupled and single decoupf#d*H} as well as
'H{*®F} spectra, leading to high-resolution spectra.sTteichnique is not common due to
the experimental difficulty to decoupféd and fluorine*®F simultaneously, as their
resonance frequencies are very close (i.e., 499198 for *H and 469.79 MHz fot°F at
11.7 T).

Only the*C{*H}*>* and the''*sn{"H}'*** NMR spectra have been reported in
the literature for solid MéSnF.To the best of our knowledge there is no literature
available on the high-resolution, simultaneou$ly and*°F- decoupled solid-state NMR
spectra of'%n and™*C as well as one dimension#- decoupled®F solid-state NMR
spectra. It is of primary importance to obtain might resolution for all nuclei in a

system to obtain true values for the spectral patara independently.
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The solution-staté’®Sn NMR spectrum of MSnF dissolved in CsOH, showed
a doublet at +30.0 ppm with*a(***sn+°F) of 1630 Hz, while thé’F NMR spectrum has
a singlet at —156.0 ppm, with tin satellites havidg"°sn-°F) of 1630 Hz, which
supports its monomeric natuieThis is in contrast to the solid-staté’Sn spectra
containing triplets, thus inferring a penta-cooedéarrangement about Sn by assuming
equivalence of the fluorine atorfi&®

In one of the attempts to understand the structfreMe;SnF in detail,
dimethylphenyltin fluoride MgPhSnF was prepared and its structure was investigat
Beckmanret al. >° This compound has a melting point of 124-126°Cohlis lower than
the melting point of MgnF (360°C). The lower melting point of MEWSNF was
explained by the lower symmetry of trialkyltin gmin MePhSnF. Its structure is also
polymeric with a penta-coordinated tin. The X-rayalysis of MgPhSnF presents a
distorted rod-like polymeric arrangement with amast symmetric SA-F—Sn bridge
and F—Sn—F angle of 179.44(7)°. The S#F bond lengths are 2.162(1) and 2.179(1) A.
In the crystal lattice it forms stapled layers afallel and isolated polymer chains having
the shortest distance of 3.656(4) A between tfleifhe solid-state*°Sn{*H} NMR
spectra showed a triplet at —49.3 ppm wig**°Sn'°F) of 1235 Hz indicating its
polymeric structuré®

In an another attempt, [M8nF]" was prepared by combining the 5:2 molar ratio
of BWNF-3H,0 and MeSnCI? Its solution-state NMR study in methanol gaveiplét
in 11%n{*H} NMR spectrum at —20 ppm, and a singlet in tf&{*H} NMR spectrum at
—133.5 ppm with''°Sn satellites *0(***SnF) of 1318 Hz), indicating that the two

fluorine atoms are equivalefit.However, the X-ray structure of this anion revdate
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slightly distorted trigonal-bipyramidal anion geadmnye with axial fluorine atoms
deviating from linearity by an angle of 1.8°. Thweot Sn—F distances were 2.596 and
2.607 A% Thus one cannot assume that hand thei are axially symmetric and both
co-axial withD.

It is possible to get triplets ih*Sn{"H} NMR spectrum even when the twdF
are not equivalent, as a strongly coupled AXY gystean resemble to an AXspin
system if the resolution is not sufficient. Thiswa be true under fast MAS rate, where
the AJ and D effects have been largely removed. An elangd magnetically
inequivalent AXY spin system is shown in Scheme-Where angle represents the
angle x—A. .- .. Y and the X and Y atoms have different oagom with respect to A.
An example of such a strongly coupled spin systeaiccbe a bent+Sn---- - F system,
where the fluorine tensors no longer need to beghbof as being axially symmetric.
Even though the fluorine tensor components canb&tithe same, they will have different
orientations. Hence, their isotropic chemical sti#tues can be the same, yet the nuclei

are inequivalent.

AXY spin-system
nzo

(Scheme-IV)
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3.2 Solid-state NMR experiments

High-resolution'H, *°F, 1%n,*3C and'**sn{*H} solid-state MAS NMR spectra
were recorded using a Varian INOVA 500 wide-borectppmeter equipped with T-3
Varian four-channel HFXY probeand are shown in Figures 3.3, 3.4, 3.5, 3.6, 39, 3
3.9, The correct recycle delay for each nucleus wasrdened using the saturation
recovery experiment. The pulse widths were caldatdty using nutation measurements.
All spectra shown were recorded using either tben2n probe, the 3.2-mm probe, or the
4.0-mm four-channel HFXY probe with maximum MASaospinning rates of 30 kHz,
25 kHz, or 18 kHz, respectively. The maximum powessd for the 2.5-mm, 3.2-mm,
and 4.0-mm probes were 125, 100, and 62.5 kHz,lwtaecrespond to 90° pulse widths
of 2.0 us, 2.5ps, and 4.Qus, respectively. For each nucleus at least two rexpats at
different spinning frequencies ranging from 14-24zkwere recorded to determine the
isotropic chemical shift.

Chemical shielding anisotropg4isg is defined bysaniso= 622 — 6iso @and isotropic
chemical shieldingdso) is defined bybiso = (oxx + oyyt+ 627)/3 in the principal axis system
according to the Mehring conventiGhTo convertsiso(*°F) to chemical shiftdis,, CFCh
(oiso (“°F) = 0 ppm) was used as referentg,=ciso(r)— Oiso(sy Where the subscripts ‘r and
‘s’ refer to the reference and sample, respectivEhe asymmetry parameter)( which

indicates the deviation of the chemical shift terfsom cylindrical symmetry, is defined

sPAS_sPAS
asn = X—=

8aniso
High-resolution, simultaneousfiH and *°F double-decouplet®C NMR spectra

(Figure 3.3) were collected using the four-charti2imm probe in three-chanrfél-*°F-
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13C mode. The 90° pulse width for th®c{*H,**F} spectrum was 2.Qs using a recycle
delay of 30 s at a spinning rate of 21 kHz. Theugstion time for the spectrum was 20.0
ms for 2000 number of complex points, and the deliog powers on théH and*°F
channels were 60 and 40 kHz, respectively. A totahber of 1726 transients were
recorded. The signal has an isotropic chemicat siif.3 ppm with a line width of 80
Hz.

Direct-polarization and cross-polarization were cusge recordH{'*F} NMR
spectra (Figure 3.4). Direct-polarizatiti{ *°F} NMR spectra were collected using the
2.5-mm four-channel-HFXY probe in three-channel-HRGde. The 90° pulse width was
2.0ps long and a recycle delay of 15 s was used. Theisition time was 4.096 ms for
2048 complex points. A decoupling power of 50 kHaswised on th€F channel. The
line width was of 1506 Hz. A total number of 16ns&nts was recorded. THE- to'H-
cross-polarization technique was employed to rettoedH{ *°F} NMR spectrum (Figure
3.4b). For cross polarization the matching powesdusvas 40.6 kHz to match the
Hartmann-Hahn condition and the contact time usad 25 ms. A total of 136 number
of transients was recorded.

The *F{*H} NMR spectra at various spinning rates weréected using the
2.5-mm four-channel HFXY probe in three-chantgt'°F-*C mode (Figure 3.5 and
3.7). The 90° pulse width was 2.8 and the recycle delay was 360 s. The acquisition
time was 4.096 ms for 2048 complex points. The dpliog power used was 63 kHz.
The best line width achieved was 287 Hz at a sponrate of 24 kHz.

The high-resolution double-decouplédSn{*H,**F} NMR spectra (Figure 3.8)

were collected using 2.5-mm four-channel probéieé-channelH-'F-*°Sn mode. For
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the acquisition of th&*°Sn{*H,°F} NMR spectrum, a 90° pulse width of 418 was used
with a recycle delay of 30 s at a spinning ratel®fkHz. The acquisition time for the
spectrum was 4.096 ms for 2048 complex points. Puise phase-modulated (tppth)
decoupling was used on thd channel with a decoupling power of 125 kHz. Thése
width used for tppm decoupling waspS with a phase of 13°. The decoupling power
used on™°F channel was 46.8 kHz. A total number of 900 saaas collected, which
gave a signal-to-noise ratio of 50.2 and a linethviaf 461 Hz.

The high-resolution single-decouplédSn{*H} NMR spectra (Figure 3.9) were
collected using the 2.5-mm four-channel HFXY prdbethree-channefH-'°F-'1%Sn
mode at different spinning rates. The 90° pulsethvidsed was 2.7s with a recycle
delay of 30 s, and an acquisition time of 4.096was used for 2048 complex points. The
decoupling power on thtH channel was 57.8 kHz. A total of 1816 scans vakected

giving a signal-to-noise ratio of 85.7, and thetliee width obtained was of 231 Hz.

3.3 Results

The spectral parameters for tHéC and theH nuclei were determined
independently as th€C{*H,*°F} and *°*F{*H} NMR spectra are not influenced by each
other and by the remaining nuclei. In tHe{*H,"*F} and *F{*H} NMR spectra, the
effect of tin is seen as satellites, however, nothe central peaks of each sideband. In
contrast, theF and'**Sn nuclei share parameters in t&n{*H} NMR spectra and
thus their NMR spectra are strongly interdepend®he spectral parameters for tHe
and***sn nuclei can be determined independently by sitimglahe spectra over various
spinning rates and achieve self consistency in them
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Solid-state®>*C MAS NMR Spectroscopy

Double-decoupled®C{'H,*°F} MAS NMR spectroscopy of MySnF revealed
only a single resonance (Figure 3.3). The isotra@aidon chemical shift was 2.3 ppm
with satellites due to coupling to th&Sn nucleus witttJ(***Sn'3C) of 511.4 Hz. This
sole CH resonance peak in this spectrum indicates thevalgmce of all the methyl

groups on the NMR time scale.

J(19Sn-BC) = 511.4 Hz

1 1 1 1 1 1 1 11 1 1 1 1 1 1 1

60 50 40 30 20 10 0.0 -.0
d1s¢ (ppm from (CH,),Si)

Figure 3.33°C{*H,*°F} MAS NMR spectrum of MgSnF at a spinning rate of 21 kHz.
Acquisition parameters are: 90° pulse width of @&spacquisition time of 20.0 ms;
recycle delay of 30 s; decoupling power of 60 kiiZld channel and 40 kHz dfiF

channel; 1726 number of scans with signal-to-nmsie of 26.6.

Solid-state'H MAS NMR Spectroscopy
The *H{**F} MAS NMR spectrum contains two distinct protomyrsals, one of

which is assigned to the methyl protons at 0.3 @ another at around 7.0 ppm,
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corresponding to water (Figure 3.4). The preseriaaaisture was confirmed byF to

'H cross polarization, in which polarization tramsfem fluorine to water protons cannot
take place due to the high mobility of the waterenales and the large average distance
between thé®F and the'H nuclei. In this case, only one proton signal tfee CH; was

observed (Figure 3.4).

I T T TV S T T T T

L L | TR TR I T T N B
60 50 40 30 20 10 0 -10 20 -30 -40 -50
817 (ppm from (CHL),Si)

(b)

N T N T T T T T W Y S T N TS 1

[ L L Ly T T I
60 50 40 30 20 10 0 -10 20 -30 -40 -50
digg (ppm from (CH,),Si)

Figure 3.4 (afH{'°F} MAS NMR spectrum of MgSnF at a spinning rate of 24 kHz; and

(b) *H{**F} (*°F to'H CP) MAS NMR spectrum of M&nF. Acquisition parameters are:
90° pulse width of 2.@s; acquisition time 4.096 ms; recycle delay of des;oupling
power on'°F channel used was 50 kHz; 136 number of scaresylidth of 1506 Hz.
Additional parameters for cross polarization akessp 1300 and contact time 2.5 ms.

The peak marked with *’ is probably due to watethe crystal lattice because it is not

present in thé’F to'H cross-polarized experiment; ‘denote spinning sidebands.
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Solid-state’®F MAS NMR Spectroscopy

TheF{*H} MAS NMR spectrum shows a side-band pattern aest@round the
isotropic chemical shift of —134.3 ppm. Figure B)5¢hows the experimental spectrum
and Figure 3.5(a) depicts the simulated spectruhis pectrum contains additional
features due to couplings to tH&€Sn nuclei. The resolution was good enough to resolv
the 1%n satellite signals and, hence, to determinédfi&’sn-°F) coupling constant of
1320 Hz. The dipolar coupling values were optimiasdshown in Figure 3.5 and found
to be consistent at different spinning rates. fhed9 NMR parameters obtained from

spectral simulations using SIMPSON are given inTtable 3.2.
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(a)

D=6000 Hz

D=0Hz~§~ 1 _ 3500 Hz

v\ﬂ
| I S

Experimetal Spectrum

(b)

0 -100 -200 -300
81913 (ppm from CFCL)

Figure 3.5a) Simulated and (b) experimental spectof?F{*H} MAS NMR spectrum
of MesSnF at a spinning rate of 24 kHz. Acquisition pagters: 90° pulse width of 2.0
us; acquisition time of 4.096 ms; recycle delay 80 3; decoupling power di channel

used was of 63.0 kHz; 8 number of scans with $igraoise ratio of 398.

88



(a)

(b)

1J(19Sn-F) = 1320 Hz

-132 134 -136  -138

819F(ppm from CFCL,)

-130

Figure 3.6sotropic line of th¢a) simulated and (b) experimental spectoff?F{*H}
MAS NMR spectrum of Mg¢SnF at a spinning rate of 24 kHz. Acquisition pagters:
90° pulse width of 2.Qs; acquisition time of 4.096 ms; recycle delay 60 3;
decoupling power ofH channel used was of 63.0 kHz; 8 number of saaitl signal-

to-noise ratio of 398.
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(a)

(b)

R T B

b

0 20 -40 60 -80 -100 -120 -140 -160 -180 -200 -220 -240

6191:- (ppm from CFCI,)
Figure 3.9a) Simulated and (b) experimental spectof?F{*H} MAS NMR spectrum
of MesSnF at a spinning rate of 18 kHz. Acquisition pagters: 90° pulse width of 2.0

us; acquisition time of 4.096 ms; recycle delay 8 3; decoupling power dii channel
used was of 63.0 kHz; 8 number of scans with $igraoise ratio of 398.
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Table 3.2 Parameters fOIF{*H} MAS NMR spectra

NMR parameters

NMR parameters

3iso (PPM) -134.3+0.1 Dipolar coupling tSn-"F,)° 4266
(H2)
Sanisdppmy’ -55.35 + 0.42 Dipolar couplingsSn-°F,) 3200
(H2)
n° 0.60 +0.05 Dipolar coupling¥F1-**F)° -1185
(Hz)
Sn- z * ngle ShF----- n
L(*sn**F) (Hz2) 1320 + 20 Angle SaF-----Sn (°) 141
AJ(MsSn*°F) (Hz) -800
AJ(**sn*®F,) (Hz) 3200 + 100

®aniss The range of chemical shifts of a molecule wiélspect to the external magnetic field

(according to M. Mehring conventiori}

asymmetry): It indicates the line shape deviation from ayialymmetric tensor (according to

M. Mehring conventiony®

“Dipolar coupling value is based on thg,_r;= 2.15 A, which was determined by X-ray

crystallography.

dEstimated dipolar coupling by comparing the experital and simulated spectra

Sn indicates that the-Sh

°Angle Sn—F

Sn moiety is bent along the axis of

fluorine atom, (known from X-ray crystallographyy).

"AJvalues were taken from Figure 3.2.
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Solid-state*°Sn MAS NMR Spectroscopy
Solid-state™°Sn{*H,'*F} MAS NMR Spectroscopy

The °Sn{*H,"*F} NMR spectra show only one spinning side-band ifoémh
indicating the presence of only one Sn environnagrd, thus, confirming that only one
tin is present in the crystallographic asymmetmdt Figure 3.8). Figure 3.8(b) is the
experimental spectrum and Figure 3.8(a) depictssitsulated spectra. The NMR
parameters fot**Sn{*H,*F} NMR spectrum obtained using SIMPSON simulatians
given in the Table 3.3. The isotropic chemical tsfuf the**°Sn nucleus is +24.3 + 0.1
ppm and the chemical shift anisotropy is 211.92G82pm. The asymmetry parameter
was determined as 0.60 + 0.05. Simulations showimg effect of variation in the
asymmetry parameter on the sideband pattern anensio Figure 3.8, which clearly
shows that 0.60 + 0.05 is the best fit for expentakspectrum. In a high-resolution
experiment using the tppm decoupling sequencéfamnd cw for°F, satellites could be
resolved around the isotropic signal (Figure 3M®ese satellites arise from thi*'°Sn-
17Sn) coupling. Notice that the isotropic signal @ims well resolved tin satellites well
above the baseline. TH(**°Sn!'’Sn) was determined by simulating the tin satellite
parameters using the shielding parameters of toleng determined previously. This is
the first observation of such?a(**°sn**’sn) coupling for this system in the solid-state.
This is likely a consequence of being able to‘doand*°F decoupling, giving a better

resolution compared to the earlier two channel (H%3n NMR studies.
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Figure 3.8 Effect of variation of the asymmetny parameter of CSA on the intensity of
the peaks in the simulatét?Sn{*H,"*F} MAS NMR spectrum of MgSnF at a spinning
rate of 18 kHz. Figure 3.8 (a) represents the satedl spectra and Figure 3.8 (b)
represents the experimental spectrum.

Table 3.3 Parameters fo'Sn{*H, *°F} MAS NMR spectra

b

diso (PPM) Janisc (ppm)a il
+24.3+0.1 -211.92 +2.68 0.60 £ 0.05

2 §aniss The range of chemical shifts of a molecule wigspect to the external magnetic field
(according to M. Mehring conventiof)

basymmetry1ﬁ): It indicates the line shape deviation from dyialymmetric tensor (according to
M. Mehring conventionj®
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(a)

o

(b)

2J(19 Sp-17Sn) = 3539 Hz

1 1 1 1 1 1 1 1
200 150 100 50 0 -50 -100 -150
8119¢, (ppm from (CHs)«Sn)

Figure 3.%olid-state"*sn{*H,'°F} MAS NMR spectrum of MgSnF at a spinning rate
of 18 kHz: (a) simulated and (b) experimental spaut Acquisition parameters: 90°
pulse width of 4.Qus; acquisition time of 4.096 ms; recycle delay @3 decoupling

power of 125 kHz onH channel with tppm decoupling and pw % decoupling power
used for°F of 56.8 kHz; 900 scan with a signal-to-noiseor&).2.

The isotope pattern resulting frofd(**°sn*’sn) coupling in thé**sn{*H,*°F}
NMR spectrum is better understood from the follagvidiscussion. The natural
abundance ot*°Sn nucleus is 8.58% and that'0fSn is 7.61%. The third NMR-active
nucleus'°Sn is only 0.35% abundant, so its presence carepkected. In this way the
relative abundances of the spin-inactiv&n and these nuclei with respect'tésn are

185 1% 15 = 11.01: 1.12 : 1.00.
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Table 3.4: Calculation of the intensity of peake do”J-coupling among tin isotopes

Sn—F—"%5n—"F —3sn Probability ratio of simultaneous Normalized

(mass no) (mass no)  occurrence of different isotopes Peak ratio
(%)

118 118 11.01x 11.01 = 121.22 100

117 118 1x11.01+11.0x 1= 22.02 18

118 117

119} 118 1.12x11.01 +11.0x 1.12 = 24.66 20

118 119

117 119

119 117 1x 112+ 112 1+ 1.12x 1.12 + 4.49 0.04*

119 119 1x1=

117 117

"hot observed, *can be neglected

On the basis of the calculation given in Table 3, relative intensity of the
1951 satellites in thé**sn{*H,"*F} NMR spectrum, due tdJ(***Sn*'%Sn) coupling
should be 20% with respect to the m&itsn signal. However, the spinning rate of the
sample is fast enough to eliminate tA&*'°Sn''°Sn) coupling anisotropy, thus
eliminating the possibility of observirfg(**°sn'%Sn) coupling. The relative intensity of
the!’sn satellites due t@(**°Sn+*’Sn) coupling should be 18% with respect to the main
195 signal, which was observed in tHé&sn{*H,’°F} NMR spectrum (Figure 3.9). The

2J(*%sn+*’sn) coupling was 3539 Hz for trimethyltin fluori¢Eable 3.3).

Solid-State**°sn{*H} NMR Spectroscopy

High-resolution proton-decoupled®sn{*H} MAS NMR spectra were collected
at various spinning rates as shown in Figure 3wy the corresponding simulated

spectra on the side. All the spectra consist aftsadd patterns of triplets. The shielding
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parameters and heteronuclear coupling parameter§“®n and'F nuclei have been
determined previously. These are now employed & dimulation of the'*Sn{*H}
spectra to determine the remaining coupling pararsetThe triplet in thé*°Sn{*H}
NMR spectrum is often considered as indicative qpfiealence between fluorine nuclei.
This would be true if the magic angle spinning riatesufficiently large to average the
dipolar couplings and-anisotropiesAJ). Note however that the triplets in tHéSn{*H}
MAS NMR spectra exhibit a roofing effect (unsymnmt intensities triplet),
presumably due to residual effects from ffleand dipolar coupling (Fig 3.14 and 3.15)
still present at this spinning rate, which indicateat the fluorine nuclei are not
equivalent. Consequently individual values shdagdbtained for each fluorine nucleus.
Estimates for botlAJ values were obtained through simulations astifitesd in
Figures 3.11 and 3.12. The effect of varying arfyyle-shown in Figure 3.13. The dipolar
coupling value for one of the fluorines is basedlw known internuclear distance from
X-ray crystallography. That of the parameter foe thther fluorine environment was
obtained through simulation, as shown in Figurdgt &and 3.15. The NMR parameters
consistent with the*°Sn{*H} NMR spectra obtained over various spinning raaes

given in the Table 3.5.
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Table 3.5 Parameters fo'Sn{*H} MAS NMR spectra

NMR parameters NMR parameters
diso (PPM) +24.3+0.1 AngleFSn----. F 165 + 3°
(O
Saniso (PPMY -211.92 + 2.68 Dipolar coupling 4266
AJ(*SnF) (Hz) -800 (**Sn+%Fy) (H2) [2.15]
[Ton—r(A)]
AJ(*Sn?F,) (Hz) 3200 + 100 Dipolar coupling 3200 + 100

(*%sn°F,) (Hz) [2.37 £0.02]

[rSn—F(A)]
L(**sn*%F) (H2) 1320 + 20
n° 0.60 + 0.05

(**sn%F,) (Hz) 1320 + 20

Sn-k, short Sr—F distance

Sn-k long Sn----- F distance

% daniss The range of chemical shifts of a molecule wigspect to the external magnetic field
(according to M. Mehring conventioff)

bangle —Sn- - - - - F): It indicates one of the angle between tWisn to'F chemical shift
tensors od-coupling tensor®’

‘asymmetry«): It indicates the line shape deviation from dyialymmetric tensor (according to
M. Mehring conventionj®

4AJvalues were taken from Figure 3.2.
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Figure 3.10 Summary of (A) experimeraaid (B) simulated*°Sn{*H} MAS NMR
195n{'H} spectra of MeSnF at different spinning rates from 5 kHz to 24kBimulated
spectra are on right hand side and experimentatrspare on left hand side. Acquisition
parameters are: 90° pulse width of gs7 acquisition time of 4.096 ms; recycle delay of
30 s; decoupling power dil channel of 57.8 kHz; 1816 number of scans wigimai-to-

noise ratio of 85.7.
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Figure 3.11 Effect of variation @tanisotropy of Sa-F, bond on the intensity of the

peaks in thé'*sn{*H} MAS NMR spectrum of MgSnF at spinning speed of 24 kHz.

The ofJ-anisotropy of SA-F; bond is fixed to -800 Hz. Dipolar coupling for-Sif;
bond and Sr-F, bond are 4266 and 3200 Hz respectively.
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Al =-5000 Hz

Figure 3.12 Effect of variation @tanisotropy of Sa-F, bond on the intensity of the
central peak in th&°Sn{*H} MAS NMR spectrum of MgSnF at MAS 24 kHz in Figure
3.10. The ofl-anisotropy of SA-F; bond is fixed to -800 Hz. Dipolar coupling for

Sn—F; bond and Sh-F, bond are 4266 and 3200 Hz respectively.
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Figure 3.13 Effect of variation of tifeangle (angle =Sn-- - -- F) on the intensity of the
peaks in the simulated®Sn{"H} MAS NMR spectrum of MgSnF at a spinning rate of
24 kHz. Dipolar couplings for the SAaF; and Sh—F, bond are 4266 and 3200 Hz,
respectivelyJ-anisotropy of Sa-F; bond and Sra-F, bond are -800 and 3200

respectively.
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Figure 3.14 Effect of variation of dipolar couplingSn—F, bond on the intensities of
the peaks in th&°Sn{*H} MAS NMR spectrum of MgSnF at MAS 24 kHz. The dipolar
coupling of SA—F; bond is fixed as 4266 Hz. AnglefSn----- Fis 165° ardd
anisotropy of SA-F; bond and Sn-F, bond are -800 and 3200 respectively.
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Figure 3.15 Effect of variation of dipolar couplingSn—F, bond on the intensity on one

of the sideband signal in th&Sn{*H} MAS NMR spectrum of MeSnF at MAS 24 kHz

in Figure 3.13. The dipolar coupling of -Sif; bond is fixed as 4266 Ha-anisotropy of
Sn—F; bond and Sr-F, bond are -800 and 3200 respectively.
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3.4 Discussion
Solid-State'*C NMR Spectroscopy

The single™*C resonance and the lack of spinning sidebandsnase likely the
result of very rapid interchange of the three miethsoups about tin at ambient
temperature, resulting in them being equivalentlen NMR time-scale. ThEC{'H}
NMR study of MeSnF by Lockhart and Mandéfsevealed dJ(**°Sn-*C) coupling of
550 Hz, which was not well resolved due to coupliad®F nuclei and poor signal-to-
noise ratio. The high-resolution double-decoupfé@{*H,"*F} NMR spectrum provided
the more accurate coupling fai(**°sn *3C) of 511.4 Hz (Figure 3.3) with a line width
of 80 Hz and good signal-to-noise ratio. Presumathlg fast motion about the S¥C
bond reduces the heteronuclear proton to carboalatioupling, facilitating proton
decoupling and, thus, improving the resolution gigantly. The Me—Sn—Me angle
was calculated from th&lsn.c (511.4 Hz) using the empirical relationship given by
Lockhart and Manders (Eq. 3.5)?'?2 giving value of 120.5 + 0.4°. This angle suppor

the average trigonal planar arrangement of the yhgtbups about tin.

Solid-State'H NMR Spectroscopy

One-channefH{**F} NMR work on trimethyltin fluoride is novel a¥{°F}
NMR methods are not commonly available. Th&*°F} CP NMR spectrum contains
one signal corresponding to the methyl protons.idally '"H NMR spectra are severely
broadened by the strong homonuclear dipolar cogplim contrast, the methyl signal in
the *H NMR spectrum is relatively narrow. This high rkgimn is presumably a
consequence of rapid motion of the £¢toups about SAC bond, where the dipolar
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coupling among protons are reduced. This is furthgported by the fact that the

sideband intensities are significantly reduced G4).

Solid-state’®F MAS NMR Spectroscopy

A singlet was obtained in theF{*H} NMR spectrum indicating that only one
fluorine environment can be discerned. The isotr@biemical shift at —134.3 ppm is in
good agreement with the solution-state value o6-Appm, where M&SnF is known to
be monomerié? TheJ(***Sn°F) coupling constant of 1320 Hz is also very clzsthat
found in solution state (1630 HZ)(Figure 3.6). The asymmetry parameter of 0.6005 0.
indicates the non-linearity of the S#----- Sn moiety (Table 3.2). This is in agreement
with the X-ray study by Clark. al.* At a spinning rate of 24 kHz, both, the homonuclea
and heteronuclear, dipolar couplings wifff are reduced and, thus, do not affect the
sideband intensities, allowing the true chemicallding tensor parameters to be

obtained with high accuracy.

Solid-state'*®sSn MAS NMR Spectroscopy
Solid-state**sSn{*H,'*F} MAS NMR Spectroscopy

In the case of'Sn{*H,"*F} NMR spectrum, an asymmetry parameter of 0.60 +
0.05 indicates the nonlinearity of thefsn- - - - - F moiety. This spectrum also revealed the
2J(*%sn#*’sn) coupling for the first time, which supports thelymeric structure of
MesSnF. The first observation of such %(*'°Sn*''Sn) coupling was made by R. K.
Harris in 1985 on tetrakis(trimethylstannyl)methamdich was 328 + 8 HZ In this

compound the carbon is tetrahedral and the spiarigation is propagated through
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bonds. ThefJ(***Sn'Sn) in MeSnF was found to be 3539 Hz. These types of large
2)(*%sn+17sn) scalar-couplings have been rarely mentionelitérature. For example,
the 2J(**°snt%sn) coupling constant for [(GHSnFe(CO)], was found to be 1798 Hz
and the’J(**°sn**sn) will be of the same order of magnitude, becahseatio ofy for
1951 to'*’sn is 1.046* The J-coupling can be explained in these compounds based
the alternate ways for the spin polarization, a@tgcan be propagated througihbonds

due to the participation of the higher orbitals.

Solid-state™°Sn{*H} MAS NMR Spectroscopy

Recall that the roofing effect in the triplets obvesl in the*'Sn{*H} MAS NMR
spectra indicate that the two fluorine atoms are magnetically equivalent. The two
distinctly different dipolar couplings ananisotropies give rise to slight differences in
the sideband intensities of the isotope peaks. I8tinns of the"*Sn{"H} NMR spectra
provided the dipolar coupling for the second flaerinucleus, for which the Sn----- F
bond length is not known exactly. The short-ga distance is known to be 2.15 A as
determined by X-ray crystallography. The dipolauging value obtained here provided
an estimate of 2.37(x0.02) A for the long Sn-- disfance, which is very close to the
value estimated in the literatutéurthermore, the £Sn-- - - F angle was estimated as
165°, which is a new observation. In summary, ttreictlure of M@SnF must be
considered as if the SAF----- Sn and-+Sn----- F groups are bent, with two different
bond lengths, and the methyl groups are on aveygar undergoing rapid motion. This

situation is illustrated in Scheme-V,
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(Scheme-V)

A comparison of the data of the present study Witise reported in literature is
given in Table 3.6. It is evident that high-resmotNMR spectroscopy is necessary to
get the accurate spectral parameters. It may apghatthe line width in thé*Sn{*H}
NMR spectrum is broad, however, previous measur&ngid not employ the double
decoupling, hence, their resolution and signalds® ratio may not have been sufficient
to appreciate the broad base to the peak strucauging them to underestimate the true

line-width.
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Table 3.6 Comparison of literature data with thespnt work data for M&nF

NMR experiment Literature Data Experimental Data
%c 8 (*C) = 2.3 ppm 5 (**C) = 2.3 ppm
13 *%sn *3C) = 550 Hz 13 (*™%sn 2*C) =511 .4 Hz
Line Width=120 Hz Line Width=80 Hz
Sn{tH} & (*°Sr) = 24.3 ppn 8 (*°Sr) = 24.3 ppn
13 (**%sn *°F) = 1300 Hz 13 (*%Sn #F) = 1320420 Hz
Line Width = 110 Hz Line Width = 225 Hz
S 1V i = & (*°Sr) = 24.3 ppn

2 (*%snt'%sn) = 3703 H
23 (**%Sntt'sn) = 3539 Hz
Line Width = 461 Hz

lgF{lH} ________________ ) (lgF) =-134.3 ppr
'3 (*Sn%F) = 1320 Hz
Line Width = 287 Hz

talculated

3.5 Conclusion

For the first time, high-resolution simultaneously- and **F-decoupled solid-
state NMR spectra were obtained 18 and**°Sn along with single proton-decoupled
F. The asymmetry of the shielding tensors for tid #uorine and the inequivalence of
the fluorine environments strongly support a stritetto MgSnF that is bent at both Sn
and F, as well as one Sn—F bond length is longar the second. Spectral simulations
showed the dependence of thESn NMR signal on the orientations and dipolar
couplings of the two fluorine atoms about Sn, whitfirmately provided the information
about the non-linearity of+=Sn----- F angle (Table 3.5). The simulation of tipelar
coupling gave the best estimation for the long SnF- distance as 2.37(x0.02) A. The

2J(*%sn#’sn) coupling constant was observed for the firsietifor MeSnF which is
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consistent with the polymeric structure of §8aF. In addition, the twt°Sn{*H,"%F} and
¥F{*H} NMR experiments are novel.

In the present work, the model for MaF based on one-dimensional NMR
spectroscopy was obtained (Scheme-V). A serieseof glow spinning (500 Hz to 2
kHz) *°Sn{"H} NMR spectra should offer the best chance to mere accuratel—
anisotropies for the two fluorine environments, daese at very slow spinning speed the
effect of J-anisotropies should be more pronounced and shreatdve any uncertainty
in the tensor measurements. With the help of RED&®Reriments? the dipolar
couplings may be best observed by the applicatiosome specialized homonuclear
dipolar coupling sequences under fast magic angiensg condition. A two-
dimensional heteronuclear spin-echo double-res@nanSEDOR}®  correlation
experiment represents the best opportunity to obstre relative tensor orientations of
the principal axis of the Sn and F tensors, whikimately leads to the determination of
the p-angle(F—Sn:---- F angléf. Also, Double-Quantum-Filtered (DQF)°
experiments can verify th&(***sn'%sn) and2J(***sn+'’sn) coupling constants based
on the antiphase modulations for theouplings. A series of-'Sn{'H,"*F} NMR spectra
may also be recorded to verify th§**°Sn-''Sn) couplings.

Also, an attempt can be made to grow better quatitgtals of MgSnF and try to
record new X-ray data. Because of the advancenreteshnology, it may be possible to

collect better quality data in comparison to thevjpus X-ray studies.
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Chapter-4
4. Adducts of Sk with Nitrogen-Containing Bases
4.1 Introduction

Sulfur tetrafluoride can act as a weak Lewis asidleamonstrated by its fluoride-
ion acceptor properties towards CsF and [N{GIH.> Sulfur tetrafluoride reacts with
nitrogen bases that have at least one hydrogenedaiachitrogen upon HF eliminatiGn.
For example, Nklreacts with Skyielding SN4. The reaction of SFwith nitrogen bases
that do not have hydrogen bonded to nitrogen hasen binvestigated only in a few
studies. In one of the publication in 1960 it waglghat pyridine and triethylamine form
a 1:1 adduct with SRo give Sk-py and Sk NEg adduct and it was said that the result
was based on a “crude tensometric” stlidyour types of adducts between,Sind
pyridine were suggested based on elemental analysisSE- py, Sk-2py, Sk 4py, and
SE-8py> Matrix-isolation infrared spectroscopy providedigidnal evidence for the 1:1
adduct between SFand pyridiné’. However, significant signal overlap resulted ithex
inconclusive results for the $py adductThese findings found their way into inorganic
chemistry textbook$although unambiguous characterization is stillsinig.

The significance of these types of reactions i$ tha study of these complexes
can provide information about reaction pathways @redexact nature of the nitrogen to
sulfur coordinate bond.

The goal of this study is to investigate the reactof SE with a variety of
nitrogen bases such as pyridine, lutidine, 4—pieli triethylamine, quinoline,
isoquinoline, 4,4'-bipyridine, 2,2'-bipyridine anstudy them by Raman and NMR
spectroscopy.
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4.2 Results and Discussion
4.2.1 Synthesis and Stability of SFAdducts

Pyridine was allowed to react with excess 8F-80°C. Removal of excess,SF
under dynamic vacuum at —60°C yielded a white s(i#ig. 4.1). The solid was stable
under dynamic vacuum below —42°C. The product wasliesd by low-temperature
Raman spectroscopy. When the adduct was warmed &88°C to remove SFRunder

dynamic vacuum, pyridine was recovered.

F F
X F. \ 80°C F.\\
A bl (4.1)
R - —— \\\\‘ /
= F / -38°C F
N
.. F F

The Sk- pyridine adduct formation mentioned in Eq. 4.1 ais® verified by low-
temperature solution-staté, *H, and™*C NMR spectroscopy.

Lutidine was reacted with excess sulfur tetraflderat —80°C. The reactor was
agitated to allow for proper mixing. The productswsudied by low-temperature Raman
spectroscopy which indicated the formation of a remnpound (Eq. 4.2). When the
adduct was warmed up to —38°C under dynamic vactoumemove Sk lutidine was

recovered with traces of HF

F F
\‘\_ F \ Fi \ -
AL soC L :
N/ N - /S T F\\“"j. -—: N \ / (4.2)
- F F

Similarly, 4-picoline and triethylamine were reattevith excess sulfur

tetrafluoride at —80°C (Eq. 4.3 and Eq. 4.4, re8pely). The reactors were agitated for
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proper mixing. The products were studied by lowjierature Raman spectroscopy
which indicated the product formation in the simigay as indicated above. When the
adduct was warmed up to —35°C to remove, SFpicoline and triethylamine were

recovered with traces of HF

F F
X F \ _80°C F \
+ }s: — Kk:s:-i—:m\ / (4.3
F\\ - o
7 | esc =/
N F F
F F
Et\ \ \ /Et
Fa -80°C Fang_
Et—/N : + “\\.I.S: —l"-: \“\..s: -— : N—Ft (4.4)
A\
Et F _35°C F / .
F F

A reaction took place in case of S&nhd 4,4'-bipyridine but the exact nature of
the product is not known so far. The reaction wasfied with low-temperature Raman
spectroscopy which gave rise to a set of signasdannot be attributed to the reactants.
Surprisingly, the product was stable upon warmim@mbient temperature even under
dynamic vacuum. The mass balance of this reaction suggests an apmte 1:1
stoichiometry.

The reactions of SFwith quinoline (Eq. 4.5), isoquinoline (Eq. 4.6nd 2,2'-
bipyridine (Eq. 4.7) were studied at low-temperatuBurprisingly, no adduct formation

took place in case of quinoline, isoquinoline, &@—bipyridine as shown by the Raman
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spectra, which contained only signals attributedh® reactants at —80°C. Apparently,
the donor strength for quinoline and isoquinolime aot sufficiently large for adduct
formation with the weak Lewis acid $FA reason for the failure to produce an adduct
with 2,2’-bipyridine could be given with the stemdfect, not allowing the bidentate

2,2'-bipyridine ligand to coordinate to sulfur ifr,S

F

\‘\ F, \
-80°C
\ —_— No Reaction (4.5)

\‘-“‘

/

'|'I

\\'\"" ! ( IE)

=N
X
U K
+ \;,3; —80C _»  No Reaction (4.7)
N
Ny
F

4.2.2 Raman Spectroscopy of Sfadducts
SF,- Pyridine Adduct
The Raman spectra of §Fpyridine, and Skpyridine were recorded at —110° C.

The Raman spectra are depicted in Fig. 4.2.1 amdibivational frequencies are listed in
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Table 4.1. In the Raman spectrum of liquid, 8F-110°C, two broad intense bands were
observed at 896 cthand 536 cr which can be assigned to the symmetric equatorial
and axial SEstretching, respectiveRThe weaker band at 857 €mcan be attributed to
the asymmetric stretch of the equatoriab §foup. The broad band at 536 ¢raverlaps
with the symmetric combination of the equatoriadl axial Sk scissoring vibrations. In
general the observed Raman spectrum is in exceltmeement with that observed in the
literature® The Raman spectrum of the S5yridine adduct contains bands that can be
attributed to the pyridine moiety in the adduct atsb sharp bands that are assigned to
vibrations of the SFgroup. Several Raman signals associated with yhdipe part of
the adduct are significantly shifted compared toséhof neat pyridine. The stretching
frequencies of the C—H vibrations of pyridine upmmplex formation are shifted, e.g.,
the signal at 3055 crhin free pyridine is shifted to 3068 ¢mA similar shift of this CH
strechting frequency has been observed for 1:1 @dolupyridine with trifluoroacetic
anhydride'® Upon complexation of pyridine with trifluoroacetmhydride, a shift of the
C—C stretching mode at 1580 to 1630 timas been observé§ A similar shift from
1581 to 1622 ciit was observed in the current study for the-Bfidine adduct. The
most intense band in the Raman spectrum of nedtipgris at 990 c, which
corresponds to the symmetrigNCring stretch. This band is shifted to 1003 tin the
SE:-pyridine adduct, compared to 1024 ¢rfor the pyridine-trifluoroacetic anhydride
adduct'® These shifts provide clear evidence for the corgilen of pyridine. Since the
frequency shifts are smaller than for other adductseaker Lewis acid/base interaction

is found in the Sk pyridine adduct, reflecting the weak Lewis acidifySF,.
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In contrast to the Raman spectrum of neat, SElatively sharp signals are
observed in the S—F stretching region. The symmetnd asymmetric stretching S—F
frequencies for equatorial position are shiftedrfr896 and 857 cmin neat Skto 852
and 776 cm' in the adduct, respectively. The stretching foiab$—F has been shifted
from 536 cm® to 513 cm’. These observations also support the formatica edmplex
between SkFand pyridine. The shift of the S—F stretching lsatal lower frequencies
reflects the weaker S—F bonds in the adduct cordpargee Sk

The mass balance for the reaction of &kh pyridine suggests the formation of a
1:1 adduct. When the mixture was allowed to warntasp38°C under dynamic vacuum,
the adduct dissociates and pyridine was recoveredggthe same bands in the Raman

spectrum as were present in the original spectrupyradine.
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(a) pyridine

(b) SE.-pyridine

Raman Intensity

1600 1400

1200 1000 800 600 400 200
Wavenumber cm’'

Figure 4.2.1 Raman spectra of (a) pyridine, (b)3ke pyridine adduct, and (c) $&t —
110°C. Asterisks (*) denote bands arising fromREE® sample tube.
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Table 4.1 Raman frequencies (relative intensities)” of Sk, pyridine and SFpyridine
at —110°C together with their tentative assignments

vibrational frequencie

assignmen
pyridiné SE SE,- pyridiné pyridine SE¢ SF,- pyridine
3173(1) 3180(1) )
3156(1) 3153(3)
3143(3) 3143(1)
3088(5) 3092(8)
3070(2) 3077(21)
3060(sh) 3068(48) > v(C-H) v(C-H)
3055(39) 3058(sh)
3033(5 3044(7)
3020(5) 3030(6)
3001(2) )
2987(2) 2987(1) overtones overtones and
2954(2) 2962(5) and combination bands
2917(2) 2926(2) combination
bands
1622(2)
1599(5) 1593(29) v(C-C) v(C-C)
1581(9) 1581(7)
1571(7) 1576(15) .
1514(2)
1481(3) 1486(5) v(C-N) v(C-N)
1448(2)
1383(1) 1383(11)
1242(2) 3
1228(3) 1230(1)
1222(18) 1222(sh
1217(33?
1211(2) 1212(sh) >
1203(5) 1203(5) 3(C-H) 3(C-H)
1157(7
1145(2 11453
1072(5)
1060(2) 1068(4) J
1031(100) in-plane in-plane ring-def
1031(75) 1023(22) } ring-def
1009(16)
990(100 1003(96 ve(CsN ring) ve(CsN ring)
980(1 991(37
896(65) 852(95) V(Sh e v(S-F)
857(32) 776(76) VadSF e V(S-F)
749(10)
702(3) out-of-plane C-H
def.
650(5, 651(17
617(6) in-plane in-plane ring-def
ring-def
604(3; 605(3
578(1) 578(3)
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536(100) 522(6) } V(SR a) V(SF2ax)

513(18) 6sciss(SFZ,ax)"' BSciSJSFZ,ax)'*
8sciss(SFZ,ec) 6scis:(SFZ,ec)

461(10) 497(9) Sk. wagging Skeqwagging
408(1) 426(2) out-of-plane out-of-plane
381(2) 412(2) ring def ring def
313(1) 382(8)
294(1) 311(2)

237(8) 274(11) Bscisd SPo,a0— Bscisd SF2,a0—

8scis:(s I:2 ec) 8scis:(s I:2 ec)

# The Raman spectrum was recorded in a ¥s—in FEPaibE10°C. Signals from the FEP
sample tube were observed at 294(2), 385(3), 733@306(1), 1382(2) cm ° The
Raman spectrum was recorded in a ¥s—in FEP tub&l1&X°C. Signals from the FEP
sample tube were observed at 294(8), 385(12), B33(216(5), 1306(16), 1382(19) tm
! Bands at 1382(19), 804(9), 772(11) tmere observed for(S—0O) SOE, v(S—F) SOk
andv(S—F) Sk respectively.“ The Raman spectrum was recorded in a ¥%—in FEPatube
—110°C. Signals from the FEP sample tube were wbdeat 294(6), 385(8), 733(35),
1216(2), 1306(5), 1382(9) cth®Pyridine bands have been assigned based on refsrenc
11-15.% Sulfur tetrafluoride bands have been assigned basedferences 8,90verlap
with FEP band.

Two isomers are possible for the ,8¥yridine adduct (Figure 4.2); one isomer
with a nearly square planar S§eometry and one with retention of the,SEesaw
geometry. Based on the Raman spectroscopic datagrs(a) with the approximate SF
seesaw geometry is expected to be the prepareatadihe SE Raman frequencies are
shifted, but the relative intensities are generaiBintained. A square planar SHRoiety
would give rise to completely different relativaansities of the Sfstretching bands in
the Raman spectrum due to a complete change df dgoanetry. Computational work
done by Héléne P. A. Mercier at McMaster Univer§ifpund that the two isomers (a)
and (b) are minima on the potential energy surfddee DFT calculation based on
B3LYP/cc-pVTZ basis set showed that the isomerigapore stable than isomer (b) by

61.4 kJmotl' supporting our assignment. Interestingly, the Wated distance between

sulfur and nitrogen is 2.573 A in the more stalslemer (a) as compared to 1.971 A in
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isomer (b). The S—N bond length in the more stadmener is still significantly shorter

than the sum of the van der Waal’s radii of suéfod nitrogen atom (3.35A.

F->

(a)

(b)

Figure 4.2 Structures of two possible isomers isgmend isomer(b) used for DFT
calculation of Skwith pyridine adduct.

SF,- Lutidine Adduct

Raman spectra of $Hutidine, and Sk lutidine at —110°C were recorded and are
depicted in Fig. 4.2.2. The vibrational frequenaesl tentative assignments are listed in
Table 4.2. In the Raman spectrum of the-&fidine adduct three bands in the equatorial
Sk, stretching region were observed at 810, 820, &idcd1”. Only two S—F bands are
expected in this region, however, vibrational cauplof molecules in a unit cell may

explain the appearance of the two bands at 81(BaAc¢m*. The symmetric stretching
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for the axial SE moiety is shifted from 536 crhin free Sk to 522 cm’ in the adduct.
These frequencies are in general agreement wietfound for the pyridine adduct. The
Raman spectra of the lutidine adduct shows vibmatidbands attributed to the lutidine
group. In comparison with the Raman spectrum & fteidine, many vibrational bands
are shifted and the number of observed bands reased. The latter is a result of the
lowering in symmetry upon adduct formation. Shdts observed for the C—H stretching
frequencies with the signal at 3050 being shif@8a81 cri' upon adduct formation. In
the literature, a C—C stretching band in the irfdaspectrum of a lutidine adduct with the
Lewis acidic surface of AH(OH)o4 at 1610 crit was found to be characteristic for a
Lewis acid/base addutt.The observation of a Raman band at 1602 dor the Sk
adduct suggests a weaker Lewis acid-base intera@imilar to the pyridine adduct, the
symmetric GN ring stretch has been shifted from 997 for fratidine to 1009 cit for
the adduct. These facts indicate the formationrofdduct between $Fand lutidine.
Also the mass balance of this reaction indicatdslastoichiometry between $fand
lutidine. When the mixture was warmed up to —38%dar dynamic vacuum to remove
Sk, the adduct dissociates and lutidine was recowerddHF,™ as an impurity (560 cm

Yand 1022 cil). The impurity peaks are in agreement with therditure data for HF'®
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Raman Intensity

(a) lutidine

(b) SF, lutidine

1600 1400 1200 1000 800 600 400 200
Wavenumber cm™

Figure 4.2.2 Raman Spectrum of (a) lutidine, (b)- Bfidine adduct, and (c) &t
—110°C. Asterisks (*) denote bands arising fromRE#® sample tube.
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Table 4.2 Raman frequencies (relative intensitias)” of Sk, lutidine, and SFlutidine
adduct at —110°C

lutidin€e® SF,° lutidine SE,° assignmen
lutiding’ SF° lutidine- Sk
3160(1) 3159(2) Y
3081(29)
3075(20) 3073(sh)
3061(4) > v(C-H) v(C-H)
3050(11) 3054(4) (aromatic ring) (aromatic ring)
3046(4)
3027(19) 3028(6)
2999(17) 2991(24) N
2982(5) v(C-H) v(C-H)
2956(17) 2961(4) - (CHg) (CHy)
2938(50)
2918(52) 2926(16) _
2854(6) 2861(2) overtones and overtones and
2726(8) 2733(2) } combination bands combination
band:
1597(11) 1602(4)
1590(9
1580(28) 1583(26) v(C-C) +§(C-H) v(C-C) +5(C-H)
1565(1) 1565(1)
1472(8)
1461(4) v(C-N) v(C-N)
1455(8)
1449(2) 1448(5)
1435(1) 1436(14)
1419(1)
1402(4) 1406(4) 3(CHy) 3(CHy)
1379(41)
1373(40) 1372(31)
1310(1)
1278(13) 1282(24) in-plane in-plane
1264(28) 1267(33) 3(C-H) 3(C-H)
1221(2)
1172(2 1162(21 in-plane
1094(17) 1104(6) ring-deform.
1047(2)
997(62) 1009(43) vs(CsN ring) vs(CsN ring)
976(3)
888(2)
896(65) 861(100) Vs(Sh,eq v(S-F)
857(32) 820(66) Va(SF.ed v(S-F)
810(70)
786(2
out-of plane out-of-plane
718(100 721(95 C-H deform C-H deform
559(36) 559(68) } in-plane ring in-plane ring
550(28) 541(56) deform. deform.
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542(36)

536(100) 522(43) } Vs(SF2)ax V(SF)ax
505(35) 8scis&SFZ,ax)"' 8scis{SFZax) +
Bscisisa,et) 6sciss(SFZ,eo)
461(10) 491(48) Skq SF, .qWagging
wagging
434(6) 445(2)
430(2)
312(1)
294128 295(10f in-plane in-plane
ring deform. ring deform.
237(6) 266(3) 6scis{SFZax) 6scisiSFZax) -
_SsciSJSFZ,eU) 6scis&SFZ,eo)
232(6)
200(27) 218(19) out-of-plane out-of-plane
ring deform ring deform

#The Raman spectrum was recorded in a ¥—in FEPaiubEL0°C. Signals from the FEP
sample tube were observed at 294(10), 385(6), A33(B06(1), 1382(2) cth ° The
Raman spectrum was recorded in a ¥s—in FEP tub&1&XC. Signals from the FEP
sample tube were observed at 294(8), 385(12), B331216(2), 1306(1), 1382(2) ¢cn
Bands at 1382(19), 804(9), 772(11) ¢rwere observed fov(S—0) SOF, v(S—F) SOk
andv(S—F) Sk respectively’ The Raman spectrum was recorded in a Ys—in FEPdibe
110°C. Signals from the FEP sample tube were obdeat 294(6), 385(5), 733(24),
1216(1), 1306(1), 1379(41) cm The bands folutidine have been assigned based on
references 1< Sulfur tetrafluoride bands have been assigned baseeferences 8,9.
Overlap with FEP band.

SF4-4-Picoline Adduct
The Raman spectra of §H-picoline and SF4-picoline were recorded at —

110°C (Fig 4.2.3). The vibrational frequencies &nmeir tentative assignments are listed
in Table 4.3. In the Raman of $E-picoline adduct S-F stretching bands were oleserv
at 841 and 821 ctit* The symmetric stretching band for axial,$it is shifted from
536 cm® to 530 cm’. Several peaks from neat 4-picoline have also Iséfted upon
formation of the SF4-picoline adduct. The aromatic C—H stretchingjdencies for 4-
picoline appear above 3000 ©mas expected, while the aliphatic C—H stretching

frequencies for Ckigroup appear in the region from 2908 to 2992'cifhe stretching
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frequencies of the  C—H vibrations of 4-picoliae shifted upon complex formation,
e.g., the signal at 3049 chhas been shifted to 3065 €mThe C-C stretch at 1608 has
been shifted to 1612 ¢th The symmetric stretch in the 4-picoline for theNGing has
been shifted from 998 to 1008 tmThese observations support the formation of an
adduct between QFand 4-picoline. The mass balance of the reactmlicates a 1:1
stoichiometry between $Fand 4-picoline. When the adduct was warmed u@BEC
under dynamic vacuum to remove s;SEhe adduct dissociated and 4-picoline was

recovered with HE as an impurity (560 and 1022 T
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(a) 4-picoline

!

-

(b) SF-4-picoline

Raman Intensity

1600 1400 1200 1000 800 600 400 200
Wavenumber, cm™

Figure 4.2.3 Raman spectrum of,;S#picoline, and Sf4-picoline adduct at —110°C.
Asterisks (*) denote bands arising from the FEParnube.
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Table 4.3 Raman frequencies (relative intensiti@s)® of Sk, 4-picoline and SF4-
picoline adduct at —110°C

4— SE? 4— assignments
picoline® picoline- SI,°
4-picolind SK¢ 4-picoline- Si
3065(44
3049(93) 3045(14) v(C-H) v(C-H)
3033(38) 3034(7) (aromatics) (aromatics)
3003(3
2992(17) 2993(19) v(C-H) v(C-H)
2965(12) 2964(7) (CHg) (CHg)
2922(49) 2929(28)
2908(sh) 2905(2)
2861(12) 2893(2)
2819(5) 2874(2) overtones and overtones and
2739(10) 2737(9) combination combination bands
2462(12) 2493(2) bands
1608(53) 1612(27)
1599(2) 1602(3)
1579(2 v(C-C) v(C-C)
1563(15) 1566(5)
1505(5) 1503(18)
1460(3) 1451(5) v(C-N) v(C-N)
1419(3) 1419(5) }
1390(15)
1382(sh 1384(20'
1345(24) 1333(18)
1306(5)
1243(22) 1275(11)
in-plane in-plane
1246(6) > 3(C-H) 3(C-H)
1231(16) 1227(16)
1224(49) 1220(28)
1213(15) 1211(29)
1071(24) 1072(12) in-plane in-plane
1046(3 J ring def ring def
998(91) 1008(44) vs(CsN ring) vs(CsN ring)
987(15
977(10)
971(9)
883(3)
896(65) 841(100) Ve(SFzeq) v(S-F)
857(32) 821(29) } Vad(SFoeo) v(S-F)
808(100) 804(93) v(C-Me) v(C-Me)
774(2) 783(12)
731(1) 726(sh)
671(56) out-of-plane out-of-plane
C-H deform. C-H deform.

667(16)
625(4)
578(3) }
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536(100) 530(22) } Vo(SP)ax Vs(SF)ax

514(18) 6scis{SFZ,ax) + 6scis{SFZax) +
6scis:(SFZ,ec) 6scis:(SFZ,ec)
518(28) 507(sh)
489(10) 501(31)
461(10) 428(5) Sko) SPo(eq Wagging
wagging
352(24) 348(3) out-of-plane out-of-plane ring-
ring-deform. deform.
237(6) 274(16) 6scisiSFZ,ax)_ 8scis{SFZ,ax)_
6sciss(SFZec) 6sciss(SFZec)
212(26 233(5

2 The Raman spectrum was recorded in glass NMR &ibe110°C.” The Raman
spectrum was recorded in a ¥-in FEP tube at —118ifghals from the FEP sample tube
were observed at 294(8), 385(12), 733(53), 1216(3n6(1), 1382(2) cth Bands at
1382(19), 804(9), 772(11) chwere observed for(S-O) SOE, v(S-F) SOk andv(S-F)
SFKs respectively.” The Raman spectrum was recorded in a Ys-in FEP aub&10°C.
Signals from the FEP sample tube were observe®4i6?, 386(6), 733(20), 1306(1),
1382(3) cm’. ¢ 4—picoline bands have been assigned based onmeésr®0-21° Sulfur
tetrafluoride bands have been assigned based erenets 8,9.Overlap with FEP band.

SF,- Triethylamine Adduct

The Raman spectra of §HRriethylamine and Sftriethylamine were recorded
(Fig 4.2.4). The vibrational frequencies and theintative assignments are listed in Table
4.4. In the Raman spectrum of ;Sfethylamine adduct SF stretching bands were
observed at 816 and 826 ¢which are shifted from 896 and 857 ¢rim neat Sk The
symmetric axial SFstretching mode is shifted from 536 for, 3B 498 cm’ for the
adduct. Changes in the Raman bands were observédetbylamine upon formation of
the Sk-triethylamine adduct. The number of bands inciasgnificantly, reflecting the
lower symmetry of the triethylamine in the addughe aliphatic C—H stretching
frequencies for triethylamine appear below 3000"cas expected for the alkyl group,
while more splitting were observed for Sffiethylamine adduct. The C-N stretch at

1455 is split into three bands at 1483, 1461, aftblcm™. These facts clearly support
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the formation of an adduct between,Sinhd triethylamine. The mass balance of the
reaction indicates a 1:1 stereochemistry betwearaBér triethylamine. When the adduct
was warmed up to —35°C and ,SWas removed under dynamic vacuum, the adduct
dissociates and triethylamine was recovered with 15 an impurity (560 cifand 1022
cm™), giving the same peaks in the Raman spectrum eas yresent in the original

triethylamine.
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(a) triecthylamine

(b) SF,-tricthylamine

Raman Intensity

1400 1200 1000 800 600 400 200
Wavenumber, cm*

Figure 4.2.4 Raman Spectrum ofsStiethylamine, and SRriethylamine adduct at —
110°C. Asterisks (*) denote bands arising fromREE® sample tube.
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Table 4.4 Raman frequencies (relative intensitias)’ of S, triethylamine and
Sk triethylamine adduct at —110°C.

triethyl SE? triethyl Assignments
aminée amine-S,°
triethyl SK¢ triethylamine- SE
amin¢
2994 (22) Y
2980 (40)
2967(75 2970 (34
2948(24
2934(100) 2933(12) > v(C-H) v(C-H)
2914(12)
2923(sh) 2898(12)
2899(49)
2871(60) 2881(24)
2795(39) 2854(14) J
2776(19) 2749(2)
2750(18) 2726(2) overtones overtones
2734(14) 2720(2)
2709(19)
1483(2
1455(58 1461(40 v(C-N) v(C-N)
1445(26)
13936
1383(2) 1380(14)
1369(2) 1363(6)
1359(2 1336(10
1316(2 1301(6'
1292(15) 1293(10)
1268(2) 3(C-H) 3(C-H)
1205(3) 1197(6) >
1185(1)
1150(1) 1156(24)
1121(5) 1104(3)
1085(20) 1091(14)
1066(20) 1072(10)
1058(10
1048(8)
1000(13) 1009(22) CHs-rock. CHa-rock.
919(18)
901(15) 918(6)
907(12)
896(65) 826(60) V(Shaeq v(S-F)
857(32) 816(100) VadSFzeq V(S-F)
790(1)
774(1)
721(19) 736(42)
691(80)
608(3)
535(2) 558(22) ¢N deform. GN deform.
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536(100) 513(12) v{(Sh)ax vy(SR)ax

498(28) 6scis{SFZax) + 6scis{SFZ,ax) +
6scis:(SFZ,ec) 8scis{SFZ,eo)
491(18)
483(10) 484(24)
474(10)
461(10 SF,(eq) waggin:
440(16) 431(5
427(15) 381(8;
345(3) gggg;
237(6) 291(28) Sscis{ SF2.a0—
. : 6sciss(SF2 ax)_
6scls S el '
S( F2() 8sciss(SFZec)

2 The Raman spectrum was recorded in glass NMR &ibe110°C.°” The Raman
spectrum was recorded in a ¥—in FEP tube at —118iYDals from the FEP sample tube
were observed at 294(8), 385(12), 733(53), 1216(3D6(1), 1382(2) cm. Bands at
1382(19), 804(9), 772(11) ¢hwere observed forv(S—0O) SOE, v(S—F) SOE andv(S—

F) SF respectively® The Raman spectrum was recorded in a ¥%-in FEPatib&10°C.
Signals from the FEP sample tube were observe@%sh), 385(6), 1216, 1306(sh) tm
! 9 Triethyl amine bands have been assigned based feremees 22—23° Sulfur
tetrafluoride bands have been assigned based erenets 8,9.Overlap with FEP band.

A comparison of the S—F stretching bands in the &alducts relative to SFare
summarized in Table 4.5. For all four adducts @imihifts in the S—F stretching
frequencies to lower frequencies have been obsawegbared to free QFThis reflects
the weaker SF bonding in the adduct compared & 3ig. Donor numbers are available
for pyridine (33.1) and triethylamine (61), indiceg the larger Lewis basicity of
triethylamine®* In fact, the S—F stretching mode at 826 trfor triethylamine is
significantly lower than 852 crhfor pyridine. The observation is paralleled by kineer
frequency for the symmetric axial Smode in triethylamine. The opposite trend for the
SF stretching bands at 776 and 816 tmeems counterintuitive and needs to be
investigated by computational means. Although Ingds expected to be a stronger base

than pyridine, the SF stretching frequencies ofadgluct appear at higher temperature.
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This observation may be a consequence of the dialicfrom the ortho methyl groups

of lutidine.

Table 4.5 Comparison of S—F stretching 8ad{SF.a)+ dscis{ SF2.e9 frequencies (cil)
in free SRand in different adducts determined by Raman spsobpy at —110°C.

SF, pyridine-SI  lutidine-SIk,  4-picoline-Sl, triethylamine-S,  assignmen
4
896(65) 852(95) 861(100) 841(100) 826(60)
857(32 776(76 820(66 821(22 816(100 V(SF2,e9)
810(70)
536(100 522(6 526(39 530(22 513(12 } V(SF2,a0)
513(18) 505(35) 514(18) 498(28) Oscisd SF2.a9+
8scise(SFZ,eo)

4.2.3 NMR Spectroscopy of the Pyridine- SFAdduct

The adduct formation between Sinhd pyridine was also studied by solution-state
'H, % and"*C NMR spectroscopy at low temperature in excessaSkhe solvent.

The sulfur tetrafluoride and the Spyridine adducts were characterized by low-
temperature solution-staté= NMR spectroscopy. The NMR spectra are depictegign
4.2.5. The®F NMR spectrum of neat $ft —60°C shows a very broad signal at 59.2
ppm which shows the fast exchange between the ai@ equatorial fluorine
environments in SFat —60°C, likely as a consequence of an HF imp@tiffwo sharp
signals at 57.4 ppm and 72.0 ppm are observed atigetimpurities of Sf~and SOF
present in commercial samples of,SBpon formation of the SFpyridine adduct at —
60°C, the Sksignal becomes narrower and shifts to 54.2 ppntaltiee shielding by the

electrons present on nitrogen of pyridine.
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SF,

(a)

SOF,

(b)

96 88 80 72 64 56 48 40 32 24
BmF (ppm from CFCl,)

Figure 4.2.50lution-staté’F NMR spectra of (a) neat $&nd (b) Sk pyridine in liquid
Sk at —-60°C

The'H NMR spectra of Pyridine and the Spyridine adduct were characterized
by low- temperature solution-statel NMR spectroscopy. ThéH NMR spectra are
depicted in Fig. 4.2.6. TH#1 NMR spectroscopy of pyridine at -56°C shows thresad
peaks. The peak at 8.6 ppm can be assigned torthenp ortho to the nitrogen. The
protons, in the meta position to the nitrogen, appeat 7.1 ppm and the signal for the
proton para to the nitrogen appears at 7.5 ppmuire pyridine. Upon the adduct
formation of Sk with pyridine at —60°C, the signal for the protdmsving ortho, meta
and para position to the nitrogen in pyridine haeen shifted to 8.4, 7.2 and 7.6 ppm
respectively, which is consistent with the formataf a N-S bond. This is consistent with
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the literature published for the adduct betweendgaye and trifluoroacetic anhydride at -
78°C, where the peaks for ortho, meta and parapsovere shifted from 8.03, 6.89, and

6.52 ppm in pyridine to 8.0 ppm, 7.2(br) ppm an@(dr) ppm in the adduct,

respectively?

(a) pyridine

(b) SF,-pyridine

0_

1 | 1
9.2 9.2 8.8 8.4 8.0 7.6 7.2 6.8 6.4
dipy (Ppmy from (CH,),S1)

Figure 4.2.650lution-statéH NMR spectra of (a) neat pyridine at -56°C anctftie)
Sk pyridine adduct in excess liquid S&t —60°C.

Pyridine and the SFpyridine adducts were characterized by low-tentpeza
solution-state’>C NMR spectroscopy. The NMR spectra are depictedFign 4.2.7.
Carbon-13 NMR spectroscopy of pyridine, at —-561ves three broad peaks. The peak

at 158.1 ppm, 145.4 ppm and 132.0 ppm can be a&sbignthe carbons, ortho to the
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nitrogen, para to the nitrogen, and meta to thegén, in pyridine. In the SFpyridine
adduct, the signal at 158.1 ppm is shifted to 1418, the signal at 145.4 ppm is shifted
to 146.8 ppm and the signal at 132.0 ppm is shittet33.0 ppm at —60°C, indicating the
formation of N—S bond. In the the adduct formato@tween pyridine and trifluoroacetic
anhydride at -78°C, the peaks for ortho, meta aard parbons were shifted from 150.0,
135.8, and 123.8 ppm in pyridine to 143 ppm, 143(pm and 125(br) ppm in the

adduct, respectivelt.

(a) pyridine

O- p-

(b) SF,-pyridine

166 162 158 154 150 146 142 138 134 130 126 122
O3 (ppm from (CH,) Si)

Figure 4.2.5olution-staté*C NMR spectra of (a) neat pyridine at -56°C andtfk)
SFK4- pyridine adduct in excess liquid S& —60°C.
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8.

9.

4.3 Conclusion:

Adducts of Sk with four nitrogen bases were prepared and cheviaet! by
Raman spectroscopy and by NMR spectroscopy indke of the pyridine- QEomplex.
This study presents the first unambiguous speatpis@vidence for adducts of SWwith
nitrogen bases. It has been found that these wadikces formation process is reversible
in nature. No adduct formation of Swith quinoline, isoquinoline and 2,2’-bipyridine

was observed at —80°C, as shown by Raman spegbyosco
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Chapter-5

Phase-Behavior of [SE][MF ¢}, M = As, Sb

5.1 Introduction

Sulfur tetrafluoride is very well known for its fiide-ion-donor properties
towards strong Lewis acids such assBA&sFs, SbFs to form salts of the type [SFBF4],
[SR:][AsFg] and [SE][SbFs]." Muetterties and coworkers suggested the validftyaro
ionic formulation of [SE|[SbFs] based on solution-statéF NMR study of [SE[AsF],
because thé’F NMR spectrum of the [SFAsF.] system at temperatures as low as —
60°C showed only one type of fluorine environment a®asequence of rapid exchange
of fluorine atoms between the cations and anfoAssociation and dissociation of a
simple acid-base adduct would not provide a mesharior exchange of fluorine atoms
bonded to arsenic with those bonded to sulfur.ds w&lso predicted that the F{BbFs]
salt exhibits fluorine bridging in between SRnd SbE so that [SE] would attain a
pseudo octahedral symmefnOn the basis of vibrational spectroscopy, Gillesphd
coworkers found that the $Rdducts with BE; AsF, and SbE were essentially SF
salts; however, they interpreted deviations of ¢hserved spectra from the idealized
ionic formulation in terms of fluorine bridging beten anions and catiofs.

Neil Bartlett and coworkers presented X-ray crystabphic data on [SHBF,]
showing SE" cations with short contacts of 2.624(2) A (2x) &893(3) A with fluorine
atoms of the three closest BFroups, increasing the coordination number ofusuib

six.* On the other hand, the X-ray structure of J§FbFs] has not been determined due to
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the powder nature of the salt, and the quality hef X-ray crystallographic data on
[SR;][AsF¢] was poof: As a consequence no structural information coeldlitained.

Several thermally unstable salts of;S®ith GeR*, Gek™, SQF and CESO;
have also been prepared. All the salts were ctexiaetl by Raman spectroscopin
addition, a crystal structure of [$T,[GeR?] was reported, also showing short anion-
cation contacts.

The stability order of known SF salts may be given as: [$SbFs] (m.p.
253°C) > [SH|[AsFe] > [SKllrFe] > [SK][BF4] > [SK|[PFe] > [(SRs)2][GeFe] >

[SR][AsF4] (M.p. —20°C)’

5.2 Results and Discussion
5.2.1 Raman Spectroscopy
5.2.1.1 Raman spectroscopy of [SH[SbF¢]

Variable-temperature Raman spectra of 3JfgbF] were recorded at
temperatures between ambient temperature and —-1p5ore 5.1). The observed
Raman spectrum of [SH[SbFs] at ambient temperature agrees well with the spect
reported by Azeerat al.! Vibrational frequencies of [SFSbFs] at —25°C, —65°C and —
125°C are listed in Table 5.1 together with theisignments. The free $Fcation and
SbF; anion are expected to addpy, andOy, point symmetries, respectively, on the basis
of the VSEPR model. Hence, the symmetry labelt®€t, andOy, point groups are used

in the discussion of the Raman spectra.
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Figure 5.1Variable-temperature Raman spectra of$¥fs. ‘RT’ denotes room-
temperature.
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Table 5.1 Raman frequencies (relative intensitis) their assignments for [§SbF]

Frequency (ci) Assignments
—25°C ~65°C ~125°C SR (Cav) SbR (On)
956(14) 955(20)
946(79) 943(50) 939(95)  vi(A1), v{(SF)
928(sh) 938(sh)  929(15) 1 vs(E), vadSF)
926(24) 923(23) }
669(sh) 671(29) v3(T1u) , vad SbF)
652(100)  650(100) 658(100) vi(A1g), vs(SbF)
643(sh) 634(8)
617(8)
598(6) )
593(6)
581(sh) 580(17) 585(15) va(Eg), vad SBF)
575(3) >
557(8)
552(46) 552(20) 550(23) |
533(sh)
532(21) 529(13) 527(14)  va(A1), 8(SR)
411(12) 410(11) 410(9) va(E), 5(SF)
406(12) 406(6) }
301(8) 288(25)
283(57) 286(22) 281(15)} ve(T2g), 5(SbR)
274(12) 276(sh)
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At —25°C, a Raman band for §Fat 946 crit is observed and can be assigned to
the symmetric cation stretching mode. The shouided28 crit can be assigned to the
asymmetric stretching mode for $Based on the assignment made by Azeieah! The
broad Raman bands at 532 and 411 can be attributed to the;&And E bending modes
of SR, respectively. Another broad band is observedsatdn® having a little shoulder
at 669 crit. The band at 652 cirhas been assigned taystretching mode of the SpF
anion, and the shoulder at 669 tran be assigned tq imode for Sbg anion, which is

formally Raman forbidden.

The observation of a formally Raman forbidden modéhe Raman spectrum of
solid [SK][SbFs] indicates severe distortion of the anion fromabetdral symmetry. The
broad signals at 552 and 283 tman also be attributed to SpRanion modes. The
overall broadness of bands in the Raman spectrur2%C can be attributed to some
motion at the Raman time scale. This modificatibfiSé"][SbFs ] has been denoted as

theo-phase of [SF][SbFs].

As the temperature is lowered to —45°C, the sigrt@some significantly
narrower allowing to resolve the formally Ramancinge T, mode for SbEanion at
671 cni', which results from significant distortion of tleetahedral Shf anion in the
solid state. The deviation of the anion symmetoyrfroctahedral is corroborated by the
observation of splitting for thex(E,) (552 cm') and (T»g) (286 cni') modes into two
and three signals, respectively. Th€R) asymmetric stretching mode of SBeems to
split into two peaks likely because of lowering ation symmetry (926 and 938(sh)

cm ). These changes could arise because of contirslmrgening of the Raman bands
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upon decreasing the temperature or the existeneedistinctly different modification.
The latter explanation is supported by solid-stdMR spectroscopy (vide infra). The

modification that is stable between —-45 and —858Cassigned to th@-phase of

[SF'ISbFs].

As the temperature is further lowered below —838@her changes are observed.
For example, a different triplet splitting pattdan the \&(T>g) mode of Sbk is observed
compared to the pattern observed at —65°C. Alsditiadal splitting of the WEg) mode
for SbR™ around 575 and 585 c¢his observed. The complex splitting pattern of the
v2(Eg) mode could be a consequence of vibrational cogpdif the anions within a unit
cell. The signal at 671cimthat was attributed to the Raman forbidden fode of
octahedral Shf is not observed in Raman spectrum at —125°C arginmidrese changes
suggest a third distinctly different modificatioor {SF'][SbFs] at this temperature and
in the present work it has been assigned to4/8F:"][SbFs ] phase. Hence, on the basis
of variable-temperature Raman spectroscopy transiimperatures between the three

phases for [SF][SbFs] have been determined as given in Eq. 5.1.

) 2510 45T ) —8510-105C )
a-[SF,][SbF,] «——= B-[SF,][SbF,] «<—— yI[SF,][SbF] (5.1)

5.2.1.2 Raman Spectroscopy of [SH[ASFs]

In order to investigate the phase behavior of;][®BFg], variable-temperature Raman
spectra were recorded. No significant changes wbserved in the Raman spectra of

[SR:'|[AsFs] between room-temperature and —145°C. The obsesmettrum of
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[SR:'][AsF¢ ] at ambient temperature (Fig 5.2) agrees well Withspectrum recorded by
Azeemet al. available in literaturé The frequencies at 926 and 945 toan be assigned
to Sk' stretching bands while at 686, 563 and 587'coan be assigned to AsF

stretching frequencies.

AsF .

SE."

Raman Intensity

1000 900 800 700 600 500 400
Wavenumbers (cm™)

Figure 5.2Raman spectrum of [SfAsFs] at ambient temperature
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Table 5.2 Assignment of Raman frequencies g ASFs

Frequency (cm) Assignment
SK' (Ca) AsFs™ (Or)
960 (sh)
945(81) vi(A1), v§(SFy)
926(29) V3(E), vadSFs)
686(100) Vi(A1g) , vadAsFe)
587(23)
6332 va(Eg), VadASFs)
530(20) v2 (A1), 8(SF)
411(22) va(E), 3(SF)
379(44) vs(T2g), 3(ASFs)

5.2.2 Solid-StateF MAS NMR Spectroscopy
5.2.2.1 Solid-Staté’F MAS NMR Spectroscopy of [SE]|[SbFg]

Variable-temperature solid-statéer MAS NMR spectra of [Sf[SbR] inside a
FEP insert were recorded between —25°C to —125R£5(B). The'*F NMR spectrum at
—25°C shows resonances attributed to th¢ 8&ion at +37.5 ppm and SHFnion at —
115.6 ppm, besides an isotropic peak at —119.8 gphits spinning side bands manifold
due to the FEP insert. In the solution-staeNMR spectra, resonances were found at —
27.1 ppm and +124.3 ppm for thesSEation and ShF anion in anhydrous HF solvent,
respectively. The observation of one cation and one anion resmnin the solid state

indicates the fast exchange of fluorine environmemthe cation and in the anion on the
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NMR time scale. The singlet of SYFanion can be attributed to the fast exchange of
different fluorine atoms around antimony and fasaxing quadrupolat*’Sbh and"**sSh
nuclides due to the presence of a significant etefield gradient.

Lowering the temperature below —25°C results inngesa in the Shf anion
signal, as well as in the $Fcation signal. The new resonances can be attdtatéhep-
phase of [SF][SbFs]. At —45°C, a multiplet for the SlgFanion appears, and for the
Sk cation an additional broad singlet resonance eeseat)33.6 ppm besides the singlet
at 37.5 ppm (Fig 5.3). At —65°C, the singlet ats3@pm essentially disappears. The line-
width of the singlet at 33.6 ppm is significantyyder than that at 37.5 ppm. In addition,
the observation of spinning side bands for the smglet at 33.6 ppm can be explained
by a significant inequivalence of the shieldingsiens of the fluorine environments in the
SK" cation of p-[SF;'][SbFs] compared to that of the-modification. The narrow’F
resonance fon-[SF;'|[SbFs ] that shows no significant spinning sidebands aés/¢he
similarity of the fluorine shielding tensors in tB&" cation. At —65°C, the multiplet in
the Sbk region is best resolved (Fig 5.5). The multipreFigure 5.4 and 5.5 arises from
coupling betweer’F and Sb. Antimony has two quadrupolar nuclides, #'Sb (natural
abundance: 57.21%, spih= 5/2) and?*Sb (natural abundance: 42.79%, spir: 7/2).
As a result of coupling t&*’Sb and*?*Sb the superposition (equal interaction) of sextet
and octet subspectra are observed. Because ofasteqtiadrupolar relaxatiort)—
coupling betweer®F and'#'Sb as well a¢*Sb is frequently not observed {fF NMR
spectra. Scalar—coupling to the quadrupolar nusleinly observed for very symmetric
(e.g. octahedral) environments about Sb, wheretieetive electric field gradient about

the quadrupolar nucleus is zero. This has beennadx$en the HF solution of NaSbF
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where the values fod(**'Sb-*F) and*J(***sb-°F) were found to be 1945 + 5 Hz and
1055+5 Hz, respectivel{Due to the coupling between a quadrupolar nucledsaaspin-
1/2 nucleus, residual dipolar coupling effects abserved in the-couplings between
antimony and fluorine nucleus as has been explaméde section 1.5.1.9. Rather than
observing a constant spacing between lines, a mmifocrease in spacing is observed
going from low to high frequency in the multipl&ig 5.4).

Upon lowering the temperature to —105°C, the midgtipattern for the ShF
anion disappears and a new singlet forgSkappears at —115.5 ppm. This observation is
paralleled by the appearance of a sharp singleth®ISE" cation at +38.1 ppm with no
significant spinning sidebands, indicating agaie thst exchange of the fluorine atoms
on NMR time scale. (Fig. 5.4). The broad singlettfee Sbk™ anion is an indication of
the reintroduction of the electric field gradiehat results in fast quadrupolar relaxation
of the'?!Sb and"*sb nuclides and the restriction on fluxionalityfarorines due to low-
temperature.

Thus, three modifications are observed betweenG-26/d —145°C by solid-state
F NMR spectroscopy (Eq. 5.1), paralleling the Rarsectroscopic observations. The
¥ chemical shift of S and the'F signal of SbE are different for these
modifications.

In summary, the fluorine environments in all thpgmses are in the fast exchange
regime. In thex-phase (above —45°C) the single peaks foff 8Rd SbE are the result of
fast exchange of fluorine environment on both"Sfation and ShF anion along with
fast relaxing quadrupoldfSb and"?*Sb nuclides in case of SpFanion. In the3-phase

(between —45°C to —85°C), because the rapidasmgd of the fluorine environments in
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the anion emulates perfect octahedral anion synyméte electric field gradient is
average to essentially zero. Hence, the splittiatepn due to the coupling between the
quadrupolar antimony nuclides with tH€& nucleus is seen. At the same time the fluorine
environment around sulfur is becoming inequivaleggulting in an additional broad
peak. In the-phase (below —85°C) the new singlets fog'S#hd ShE are the result of
again fast exchange of fluorine environment on b8f" cation and ShF anion
alongwith the fast relaxing quadrupof&fSb and"®*sb nuclides in case of SbFanion.
However, the broadness in the $b&nion peak is a result of the slow-down in motdn
this temperature.

The difference between Raman and NMR spectroscojily wespect top-
[SR:'|[SbFs] is a consequence of their different time-scalesRaman spectroscopy the
lifetime of excited states is much shorter tharNMR spectroscopy, where relaxation

processes take place in seconds.
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Figure 5.3Variable low temperatur€F solid state MAS 16 kHz NMR spectra of
[SK][SbFs] where asterisks (*) denote the spinning sidelraadifold arising from FEP
sample tube&s, = —123.6 ppm).
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JRYTAN
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12'Sh(5/2) - 57.21%
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1923 | 1934 | 1944 | 1954

"BSh(7/2) - 42.79%
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Figure 5.4(a) Antimony nuclei (spin- 5/2 &7/2) to fluorine (spibi2) coupling pattern
shown by solid—stateF NMR spectrum of [S§[SbFs] at -65°C (b) coupling pattern of
1215h (spin-5/2) with°F nucleus (c) coupling pattern BfSb (spin-7/2) witH°F nucleus.
Asterisk (*) denotes the overlap of the multiplethwthe FEP signal. The low-frequency

spacings could not be determined accurately beazuseerlap with the FEP signal.

5.2.2.2 Solid-Staté’F MAS NMR Spectroscopy of [SE]|[AsF]

In the solid-state®F MAS NMR spectrum of [Sf[AsFg], a singlet with the
spinning sidebands is observed at 32.3 ppm fai $file for Ask™ a broad peak is

observed at —61.9 ppm (Figure 5.5), which is indyagreement with literature whef#
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NMR spectrum was recorded in liquid S0r Cso(AsFs)x (—64.5 ppm§ The single broad
AsF;~ anion peak is due to the fast relaxing arsenicdgumolar nucleus. The fast
relaxing arsenic nucleus provides 1¥"°As-'*F) scalar coupling. HowevelJ("As-*F)
has been observed by solution-stae NMR spectroscopy with B("°As-*°F) coupling
constant of 930 HZ2.The spinning sideband pattern of ;SFeation indicates the
significant inequivalence of the shielding tensarfs the three cation fluorines, as
observed for thg-modification of [SE][SbFs]. The FEP isotropic peak shows up at —
123.6 ppm with spinning sideband manifold. Thealale low-temperature solid-stat#
NMR spectroscopy of [SHAsFs] shows no significant changes from —25°C to —125°C
(Figure 5.6), and this result is consistent withrialsle low-temperature Raman

spectroscopy.

50 0 -50 -100 -150
S1op (ppm from CFCI,)

Figure 5.5Solid-state MAS 14 kHZ’F NMR spectra of [Sf{AsFs]. Asterisks(*) denote
the spinning sideband manifold arising from the B&Rple tube (isotropic peak at —
123.6 ppm).
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Figure 5.6Variable-temperature solid-stdf& NMR spectra of [Sf[AsF¢] at MAS 14
kHz. Asterisks (*) denote the spinning sideband ifeéharising from the FEP sample
tube (isotropic peak at —123.6 ppm). The AsEsonance shows overlap with one of the
sideband from FEP.
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5.2.3 X-ray Crystallography of SE*(HF)SbFs

In order to structurally characterize the three sgisaof [SE][SbFs], crystal
growth was attempted from anhydrous HF, becausgdaous HF is a good solvent for
SK;' salts and is inert. Crystallization from anhydrdis at low-temperature furnished
colorless crystals of [SH(HF)[SbFR] instead. The crystals were grown and manipulated
at low temperature, i.e., below =70 °C. The {RFHF)[SbFs] crystallizes in the
monoclinic space grouB2;/c with four formula units [SF](HF)[SbFRs] in the unit cell.

A comparison for the known [$H structures, i.e, [SF](HF)[SbR], [SKT[BF4]* and

[(SR).'][GeRs*],° is summarized in the Table 5.3.

The crystal structure contains $SEation, SbE anion, as well as a HF solvent
molecule that is bridging a $Fcation and a SkF anion. In the crystal structure of
[SF:'](HF)[SbFRs ], the Sbk has a distorted octahedral structure. Big" cation adopts
a trigonal pyramidal geometry with approximatg, 8ymmetry and S—F bond lengths
ranging from 1.506(9) to 1.510(9) A. The coordinatisphere about S is expanded by
contacts to two fluorine atoms of two SbEnions (2.567(1) and 2.533(1) A) and to the
fluorine of one HF molecule (2.528(1) A), increasgithe total coordination number of
sulfur to six (Fig. 5.7(c) and Fig. 5.9). The S-cdntacts seem to avoid the lone pair on
the SE" cation. All of these secondary contacts are shdhan the sum of van der
Waal's radii (2.65 A)° The fluorine contacts between $Sfand SbE in this structure
(Fig 5.7) are similar to those found in [SIBF,] (2.593(3) and 2.624(2)A),but

significantly longer than those in [$T[GeR?] (2.367(2) and 2.420(1)R) The F(10)-
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S—-F(1) angle is essentially linear (179.05(5)°)t Bwe F(2)-S—F(8B) and F(3)-S—F(4A)

angles are 174.84(5)° and 174.55(5)°, respectivetyich deviate from linearity.

This crystal structure is one of the few knownstures of an HF solvate. Other
crystal structures available for HF solvate systemne [OsQF][HF][SbF],
[OsOsF][HF][AsFs]*, La(HFu(AsFs)s and  [§°>-CsMes)NbFy(HF)AsR]».2 The
distance between the hydrogen-bonded fluorines)&(i@ F(6) is 2.6294(17) A, which is
smaller than the sum of the van der Waal radii4289'° and is close to the F---F
distance found in f-CsMes)NbRy(HF)AsR], (2.686A)* Compared to the osmium
compounds [OsgF][HF][SbFR] (2.38(2) A) and [OsEF][HF]J[AsFe** (2.429(8)A and

2.512(8)A), the F- - - F distances are longer inT&FF)[SbFR;] (Figure 5.8).

Figure: 5.7 Structure of $Fcation in the crystal of [SH(HF)[SbFs] from X-ray
crystallography. Thermal ellipsoids are drawn at306% probability level.
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Table 5.3 Bond lengths and contacts and bond afwi¢SF'] in three different
compounds

S—F bond length S---F contacts F-S—F bond Reference

(A) (A) Angle (°)
[SF] [BF4] 1.499(2) 2.593(3) 97.62(7) 4
1.495(2) 2.624(2) 97.39(12)
[SR']» [GeR?] 1.515(2) 2.420(1) 96.23(10) 5
1.519(1) 2.367(2) 96.12(8)
[SFs] (HF)[SbR]  1.508(10) 2.533(1) 97.69(7)  Present
1.506(9) 2.567(1) 97.89(6) work
1.510(9) 2.528(1) 97.45(6)

Figure: 5.8 Structure of [SH(HF)[SbFs] in the crystal of [SE](HF)[SbRs] from X-ray
crystallography. Thermal ellipsoids are drawn at%0% probability level.
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Figure: 5.9 Structure of [SH(HF)[SbFs] showing contacts in the crystal of
[SF:'](HF)[SbFRs] from X-ray crystallography. Thermal ellipsoidsairawn at the 50%
probability level.

Table 5.4: Bond lengths and bond angles in theyXstaucture of [SE](HF)[SbFs]

Bond Lengths and Contacts, A Bond angle,®
S1—F2 1.5066(1) F2—S1—F1 97.69(7)
S1—F1 1.5082(1) F2—S1—F3 97.45(6)
S1—F3 1.5099(1) F1—S1—F3 97.89(6)
S1---F(8B) 2.5330(1) F7—Sb1—F9 90.69(5)
S1---F(4A) 2.5670(1) F7—Sb1—F5 179.16(5)
S1---F(10) 2.5280(1) F9—Sb1—F5 89.83(5)
Sb1—F7 1.8574(1) F7—Sb1—F6 90.26(5)
Sb1—F9 1.8630(1) F9—Sb1—F6 91.32(5)
Sb1—F5 1.8631(1) F5—Sb1—F6 90.38(5)
Sb1—F6 1.8748(1) F7—Sb1—F4 90.60(5)
Sb1—F4 1.8883(1) F9—Sb1—F4 178.11(4)
Sb1—F8 1.8905(1) F5—Sb1—F4 88.86(5)
F6—Sh1—F4 90.05(5)
F7—Sb1—F8 89.90(5)
F9—Sb1—F8 90.50(5)
F5—Sb1—F8 89.44(5)
F6—Sb1—F8 178.18(5)
F4—Sb1—F8 88.13(5)
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Table 5.5Crystal Data and structure Refinement forJ§fF)[SbF]

Empirical formula HRBSSb
Formula weight, g mél 344.82
Temperature, K 153
Wavelength, pm 71.073
Crystal System Monoclinic
Space group P2;,/c
Unit cell dimensions, a=560@)
b =21(1)A
c =.8Q(1)A

B =100.30(10) °
Volume, 16 A3 7.36(1)
Z 4
Density(calculated), mg mif 188
Absorption coefficient, mi .28
F(000) 632
Crystal size, mrh 0.43 x 0.28 x 0.19
Theta range for data collection 2.56° - 27.55°
Index ranges <7h<7,

-13< k<13,

-16< 1<16
Reflections collected 8134

Independent reflections
Completeness to theta[27.55°]
Refinement method
Data/restraints/parameters
Goodness-of-fit on ¥

Refine diff density_max

Refine diff density _ min

1664 [R= 0.017]
99.2%

Full matrix Least-squaom B

1664/1/114
1.092
0.515
—-0.400
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5.3 Conclusion

With the help of variable-temperature solid-statfe MAS NMR spectra of
[SK][SbF]. it was shown that three different phases ofShbi; exist between —25 and —
145°C. These phases were further confirmed withiakbe-temperature Raman
spectroscopy. On the other hand, {P&sFs] showed no phase change in the same
temperature range. The interpretation of the phaseqSK][SbF] is tentative.
Unambiguous correlation of the Raman and NMR spawtth structural features of the
three modifications awaits crystallographic charagation. Crystal growth of
[SK;][SbFs] was attempted at —70°C using anhydrous HF as d9olVeae SbE anion acts
as a weakly coordinating anion leaving thes'SRighly electrophilic, so that an HF
molecule is entrapped in the coordination spherh®fSE" cation. The crystal structure

of [SR;'J(HF)[SbR] represents one of the few HF solvate structures.
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Chapter-6

Future Work

No two-dimensional NMR spectroscopic studies haweenb reported for
trimethyltin fluoride. Several 2D NMR experimentdle very helpful in completing its
unambiguous NMR characterization. Two-dimensidreikronuclear spin-echo double-
resonance (SEDOR) experiments should be carriednoartder to obtain exact relative
tensor orientations for the two fluorine environtseabout tin. In addition, a series of
variable slow-spinning**sn{*H} NMR spectra is necessary to determine more pedgi
the J-anisotropies of the coupling betweéh’Sn and its adjacent two fluorine
environments. A series df 'Sn{*H,*°F} NMR spectra should be recorded allowing to
verify the2J(**°sn+’Sn) coupling constant observed in the present study

The present Raman spectroscopic characterizatiaheofeaction between $F
and nitrogen bases provided the first spectroscppiof for adduction formation. A
complete computational study of all prepared addwail aid the complete assignment of
the Raman spectra. Crystal growth of, &éducts has to be attempted from exces08F
solvents such as CFLCIA crystal structure of these Lewis acid base atidwvould
provide unambiguous proof of the predicted struegur

In the present work, three modifications were idimtt for [SR][SbF].
Conclusive interpretation of the spectroscopic ltssawaits X-ray crystallographic
characterization of these phases. In the futurgstalr growth of [SE[SbFs] can be
attempted by crystallization from (a) molten {§EbF], (b) anhydrous HF with large
excess Sbfat low temperature, (c) SbBolvent, and (d) by a solvothermal process of

[SKs][SbRs] with small amounts of anhydrous HF at elevatedperatures.
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Appendix-1
SIMPSON simulation input file for solid-stat¥ MAS NMR spectrum at MAS 24 kHz
spinsys {
channels 19F 119Sn
nuclei 19F 19F 119Sn
shift 1 -134 -26000 0.6 00 0
shift 2 -134 -26000 0.6 0 141 0
shift 3-160400000
jcoupling12000000
jecoupling131320-8000000
jecoupling 2 3132032000000
dipole 12-1152000
dipole 1 34266 000
dipole 2 3 3150 0 0 0}

par {
start_operator 11z
detect_operator I1p
sw 500000
spin_rate 24000
gamma_angles 20
variable dwell le6/sw
crystal_file rep30
np 4096
verbose 1101
variable rfl 138888.8
variable t90 0.25e6/rf1
proton_frequency  500.13e6}

proc pulseq {} {
global par

maxdt 1.0
reset

pulse $par(t90) $par(rfl) x 0 0

acq

for {set i 1} {$i < $par(np)} {incr i} {

delay $par(dwell)
acq} }
proc main {} {
global par
set f [fsimpson]
fzerofill $f 65536
faddlb $f 250 0.5
fft $f

fphase $f -rp -13 -Ip -130 -scale 200.06
fsave $f $par(name).spe}
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Appendix-2
SIMPSON simulation input file for solid-statd~ MAS NMR spectrum NMR spectrum
at MAS 24 kHz
spinsys {
channels 19F 119Sn
nuclei 19F 19F 119Sn

shift 1 -134 -26000 0.6 00 0
shift 2 -134 -26000 0.6 0 141 0

shift 3-1604 00000

jcoupling12000000
jcoupling1 3000000
jcoupling23000000

dipole 120000
dipole 130000
dipole230000}

par {

start_operator 11z
detect_operator I1p

Sw 500000
spin_rate 24000
gamma_angles 20
variable dwell le6/sw
crystal_file rep30

np 4096
verbose 1101
variable rfl 138888.8
variable t90 0.25e6/rf1
proton_frequency  500.13e6}

proc pulseq {} {
global par

maxdt 1.0
reset

pulse $par(t90) $par(rfl) x 0 O

acq

for {seti 1} {$i < $par(np)} {incr i} {

delay $par(dwell)
acq} }
proc main {} {
global par
set f [fsimpson]
fzerofill $f 65536
faddlb $f 250 0.5
fft $f

fphase $f -rp -13 -Ip -130 -scale 200.06
fsave $f $par(name).spe}
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Appendix-3
SIMPSON simulation input file for solid-statésn{*H,"°F}MAS NMR spectrum at
MAS 18 kHz
spinsys {
channels 119Sn 117Sn

nuclei 119Sn 117Sn 117Sn
shift 1 109 -39500 0.6 0 0 0
shift 2 -1604 4260000 0
shift 3-1604 426000 141 0
jcoupling1 2353900000
jcoupling1 3353900000
jcoupling23000000

dipole 12-166 000
dipole 12-166 000

dipole 23 00 0 0}
par {

start_operator 11z
detect_operator [1m

Sw 500000
spin_rate 18000
gamma_angles 20
variable dwell 1le6/sw
crystal_file rep30

np 1024
verbose 1101
variable rfl 138888.8
variable t90 0.25e6/rf1
proton_frequency 500.13e6}

proc pulseq {} {
global par

maxdt 1.0
reset

pulse $par(t90) $par(rfl) x 0 O

acq

for {seti 1} {$i < $par(np)} {incr i} {

delay $par(dwell)
acq} }
proc main {} {
global par
set f [fsimpson]
fzerofill $f 32768
faddlb $f 300 0.5
fft $f

fphase $f -rp -13 -Ip -130 -scale 200.06
fsave $f $par(name).spe}
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Appendix-4
SIMPSON simulation input file for solid-statésn{*H,"°F}MAS NMR spectrum at
MAS 24 kHz
spinsys {
channels 119Sn 19F
nuclei 119Sn 19F 19F
shift 1 424 -39500 0.60 0 165 0
shift 2 -293 -260000000
shift 3 -293 -2600000150
jcoupling121320-8000000
jcoupling 1 3132032000000
jcoupling23000000
dipole 12 4266 00 0
dipole 133200000
dipole 23-1152000}

par {
start_operator 11z
detect_operator I1m
Sw 500000
spin_rate 24000
gamma_angles 20
variable dwell le6/sw
crystal_file rep30
np 1024
verbose 1101
variable rfl 138888.8
variable t90 0.25e6/rf1
proton_frequency  500.13e6}

proc pulseq {} {
global par

maxdt 1.0
reset

pulse $par(t90) $par(rfl) x 0 O

acq

for {seti 1} {$i < $par(np)} {incr i} {

delay $par(dwell)
acq } }
proc main {} {
global par
set f [fsimpson]
fzerofill $f 32768
faddlb $f 300 0.5
fft $f

fphase $f -rp -13 -Ip -130 -scale 200.06
fsave $f $par(name).spe}
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Appendix-5

Atomic coordinates and isotropic or equivalentrispic displacement parameters’(A

for [SK](HF)[SbF]
X Yy z Usc*/U ec

Sbl 0.378435 (17) 0.253048 (8) 0.034554 (8) 0.01883

S1 0.95062 (7) 0.46906 (3) 0.79248 (3) 0.01747 (9)
F1 0.61421 (18) 0.15188 (10) —-0.01446 (9) 0.0338 (2
F2 0.60122 (18) 0.38723 (9) 0.06788 (9) 0.0326 (2)
F3 0.46551 (17) 0.18477 (10) 0.17072 (7) 0.0300 (2)
F4 0.15166 (17) 0.12028 (9) 0.00043 (8) 0.0285 (2)
F5 0.13740 (16) 0.35693 (9) 0.07955 (8) 0.0278 (2)
F6 0.27931 (17) 0.32162 (9) -0.10315 (7) 0.0268 (2)
F7 0.97720 (17) 0.36485 (9) 0.71268 (7) 0.0254 (2)
F8 0.79335 (17) 0.39374 (9) 0.85518 (8) 0.0249 (2)
Fo 0.75191 (17) 0.54580 (9) 0.72409 (7) 0.0270 (2)
F10 0.7921 (2) 0.09734 (11) 0.81412 (9) 0.0344 (3)
H1 0.762 (5) 0.108 (3) 0.869 (2) 0.080 (10)*
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Appendix-6

Anisotropic displacement parameters for {8#F)[SbF]. The anisotropic displacement

factor exponent takes the formn?Ph?a*?U™+....... +2hka*b*U
Ull U22 U33 U12 UlE UZE

Sbl 0.01288(8) 0.01607 (8)  0.01552(8)  0.00179 (3) 024 (5) 0.00031 (3)
S1  0.01682(17) 0.01953(18) 0.01600(18)  0.00094 (13).00280 (12)  —0.00084 (13)
F1 0.0288(5) 0.0374 (6) 0.0388 (6) 0.0142 (4) 0.0(90 0.0006 (5)

F2 0.0270(5) 0.0301 (5) 0.0377 (6) -0.0112 (4)  -0%(0D 0.0020 (4)
F3 0.0272(5) 0.0399 (6) 0.0215 (5) 0.0028 (4) 0.0095 0.0112 (4)
F4 0.0273(5)  0.0240 (5) 0.0335 (6) -0.0083 (4)  0.0081  -0.0039 (4)

F5 0.0225(5) 0.0312 (5) 0.0304 (5) 0.0081 (4) 0.0094  —0.0086 (4)
F6 0.0297 (5)  0.0305 (5) 0.0190 (5) 0.0037 (4) 0.0012 0.0057 (4)
F7 0.0260(5) 0.0288 (5) 0.0215 (5) 0.0024 (4) 0.0042  -0.0078 (4)
F8 0.0244(5) 0.0267 (5) 0.0257 (5) -0.0034 (4)  0.0098 0.0001 (4)
FO 0.0237(5) 0.0312 (5) 0.0241 (5) 0.0069 (4)  -0.0gD9  0.0037 (4)
F10 0.0384(6)  0.0423 (6) 0.0239 (6) 0.0045 (5) 0.0(6  —0.0054 (5)

169



Appendix-7

Bond Lengths (A) and Angles (°) for [§EHF)[SbF]

Sb1—F1
Sb1—F2
Sb1—F3
Sb1—F4
Sb1—F5
Sb1—F6
Si—F7
S1—F8
S1—F9

F2—Sb1—F4
F2—Sb1—F3
F4—Sb1—F3
F2—Sb1—F1
F4A—Sbl1—F1
F3—Sbl1—F1
F2—Sb1—F6
FA—Sb1—F6
F3—Sb1—F6
F1—Sb1—F6
F2—Sb1—F5
F4A—Sb1—F5
F3—Sb1—F5
F1—Sb1—F5
F6—Sb1—F5
F7—S1—F8
F7—S1—F9
F8—S1I—F9

1.8743(9)
1.8566(9)
1.8617(9)
1.8613(9)
1.8895(9)
1.8878(9)
1.5055(9)
1.5072(10)
1.5091(9)

179.18(4)
90.68(5)
89.84(4)
90.24(5)
90.39(5)
91.30(5)
90.62(4)
88.85(4)
178.12(4)
90.06(4)
89.87(4)
89.48(4)
90.50(4)
178.19(4)
88.13(4)
97.74(6)
97.45(6)
97.87(6)
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