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ABSTRACT

Solid-state nuclear magnetic resonance (SSNMR) has proven to be a useful tool in
the characterization of nesovalent interactions such as hydrogen bonding and eation
interactions. In recent yearghe scientific community has manifested a renewedaster
towards an important class of noavalent interaction, halogen bonding (XB), abas
applications in various fields such as crystal engineering and biological proc@ssss.
dissertation demonstrates that NMR parameters measured in the solatetatesitive to

changes in electronic structure, which are caused by halogen bonds.

A series of halogen bonded compounds exhibiting interactions between different
diiodoperfluorobenzengg- CsFalz2, 0- CeFal2, sym CeFsls, p- CsHal2) and variouhalogen
bond acceptors have been synthesized as part of this work. Tewedwlogen bonded
compounds wereharacterizeavith a combined theoretical and experimental SSNMR, X
ray diffraction (XRD) methods. The complete multinuclear magnetic resonance
spetroscopy of the nuclei involved directly in the halogen bdi@,(***™N, 3P, "'Se,
35137C| and"®®'Br) were recorded at multiple magnetic fields (4.7, 9.4, 11.75 and 21.1 T).
The gecialized SSNMR experiments provided higisolution spectra of quagolar
nuclei, which were WURSTQCPMG or solidecho type experiments combined with the
variable offset cumulative spectral (VOCS) method, as for spin 1/2 nuclei cross polarization

magic angle spinning (CPMAS) experiments were usually appropriate.

This disertation will discussuscessful applications of SSNMR spectroscopy to
characterize halogen bonds, it vdmonstratéhe significant changes in NMR observables

in the presence of XB interaction and thus establisiNNER parameters are very sensitive
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to halogen bondingnteraction Furthermore, this work explains why tR&R parameters
are correlated witthe halogen bonding interaction. The different trends observed between
the NMR observables and the halogen bonding were further understo@Z@RA-DFT

natural localized molecular orbital (NLMO) study.
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of

ant

Rel ative atom sizes are based on their
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Figure 4.133%Cl static SSNMR spectra of powdered halogen bonding compoundseatquir
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Experimental spectra are shown inac) 10, (e)2, (g) 8 and their simulated
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CF modd system. The red triangles and blue circles represent the
experimental values f6PCl and®'Br, respectively. (b) Plot of experimentally
determined values of the largest component of the EFG tens&Ciafred
triangles) and'Br (blue circles) versuthe value of the-1-CI&-:I angle for
compounds where two iodines interact with one halide anion. Solid lines
show the best linear fit/s:3'Br ) = 0.:0)0X0BG4 dnd/(3°Cl) =

0. O 01LEciB] -M.3383.....eeeeeeeeeeee et eerrt e e e e e ennnr e e e e e e e e a e 161

Figure 4.20Plots of calculated versus experimental EFG tensors for bromine (a, b) and
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Figure 5.4

Figure 5.5
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chlorine (¢). The principal components;, V22, andVii are repesented by

the red triangles, green squares, and blue diamonds, respecBadily lines
represent the best linear fia) Co(calc.) = 2.4448Cq(exp.) + 13.423R %=
0.8933 (b) calc\11) = 1.4926exp¥11) i 0.1952,R 2= 2.2722, calc\(z2) =
2.413expV22) T 0.0548,R?>= 0.9765, calc\(ss) = 2.4446expNz3) i 0.2185,
R?=0.8955; (c) calc\(11) = 2.1957expN11) T 0.0235,R?>= 0.8826, calc\(2»)
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Local halogen bonding geometries for compoundsRBge)p-DITFB) 11,
(PhsPSe)p-DITFB) 12, and (PhPSefsymCsFsls) 13 studied in this work,

from XRD. See angles and bond lengths in Table 5.2. Compddraatall13

have two crystallographically distinct selenium and phosphorus sites each.
Each atom is colouroded: selenium (red), phosphorus (orange), carbon
(grey), iodne (purple), fluorine (green) and hydrogen (white)...................... 175

Crystal packing of2in a 3 x 3 x 3 super cell viewed along thaxis (a) and
b axis (b). In (b) the extended network are observdte ghenyl rings on P
are omitted to more clearly show the netwark.............ccccceeiiieeceeiiiiiiiinee, 183

Crystal packing of a 3 x 3 x 3 unit cell fb8 along theb axis. There are two
crystallographically unique selenium siteslia One is highlighed by the

blue surface of a polyhedron which forms a one dimensional zigzag chain
along théb axis. The second site is within a discrete entity between the zigzag
chains. Thephenyl rings on P are omitted for clarity...............oooeeeeiiiiemeeneee, 184

Experimental PXRD patterns (red trace) for (a):f8e)p-DITFB), (b)
(PhsPSe)o-DITFB), (c) (PhPSe)éymTITFB) along with simulations in
black basen single crystal Xay data. All experiments were carried out

using a Rigaku Ultima |V instrument
increments of 0.02° at a rate of 0.6° per minute. Simulations were generated
using Mercury software available from t8€DC....................c.oirriceeiiiinnnn, 185

Experimental’C CPMAS SSNMR spectra acquired at 9.4 T are presented for
(a) (PhPSe)p-DITFB) with a MASrate of 8 kHz, (b) (P#Se)6-DITFB)

with a MAS rate of 5 kHz, and (c) (E#Se)6ymTITFB) with a MAS rate of

10 kHz. Red asterisks indicate spinning sidebands and the inset shows a
vertical expansion of the-Cregion. The peaks of interest, particufdr (b),

were further identified by experiments at different MAS rates.................... 187

Experimentaf'P CPMAS SSNMR spectra (@uacquired at 9.4 T for ()L
(MAS 3 kHz), (d) 12 (MAS 2.1 kHz), and ()13 (MAS 3 kHz). Their
respective simulated spectra are shown in black ((a), (c), (e)). Each inset
shows the centreband and thee>!P satellites due td-coupling o= 11.75
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crystallographically distinCt SB SIiteS.........ccuvviiiiiiiieeiiiicee e 190
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Figure 5.7

Figure 5.8

Figure 5.9

Experimental®P CPMAS SSNMR spectra acquired at 11.75 T with a
spinning frequency of 10 kHz are presented forl(h)(d) 12, (f) 13. Their
respective simulated spectra are shown in blue ((a), (c) and (e))................ 191

Experimental’'Se CPMAS SSNMR spectra acquired at 9.4 T with MAS rates
of 6.5 kHz (b) and 8 kHz (d) for compourdd. Simulations are shown in
black. The centteands for each of the two crystallographically distinct sites
are highlighted in blue bars. Each of these is split into a doublet d(/éSe,

S ) I o0 101 o] [T o OSSR 192

Experimental ’'Se CPMAS SSNMR spectra acquired at 9.4 T with MAS rates
of 3 kHz (b) and 5 kHz (d) for compoud@. Simulations are shown in black
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Figure 5.10Experimental’'Se CPMAS SSNMR spectra of @P$e)6-DITFB) acquired
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Figure 5.14(a) Calculated versus experimengfl’Se, 3!P) coupling constants for the

compounds in Table 5.4 (revPBE ZORA/TZP). Two models were used: blue
squares account for the modehave the molecule of the halogen bonding
acceptor and donor are included and the black circles omit all halogen bond
acceptor(s) in the model. The solid lines are linear fits: (a, blue squares)
J(''Sedpyal = 0.714J("'Se¥PP*- - 163 Hz,R?= 0.9719, RMSD = 37 Hz,

and (a, black circlesj("’SedPyac = 0.315J("'SelPy* - 458 Hz, R? =
0.8761. (b) Plot of the sum of Lewis and ndmwis largest NLMO
contributions ta)("’Se3'P) as a functioRxs for the (CH)sPSe:--ICE cluster
model (T@: blue diamonds represent the Se=P bonding orkital-0.81Rxs

1 251.5) and black squares represent the selenium lone pair dfb#tal 44.9

Rxs T 160.4). Bottom: red triangles represent the sum of the contributions from
the selenium lone pair orbifdhe phosphorus lone pair orbital, and the Se=P
bonding orbital K = -163.9Rxs T 505.6) while the turquoise circles represent
the total coupling including all other minor contributiolsX -169.6Rxg i
518.9)). (c) Experimentak’’Se,*'P) coupling constants for the compound in
Table 4 as a function d&g (J("'Se¥'Py*® = -752.6 Rz - 58.77 Hz,R?=
0.9304). (d) Calculated{’’Se,*'P) coupling constants as a functiorRuf for

the model compound (GhPSe:--ICE (J("'Sed'P)3c =2395.6 Rxs)? -
4411.5Rxs) + 1404.3 HzR?= 0.9699 od("'SedP)ac-= -174.15Rrs - 468.48

Hz, R?=0.8702.)For theRxs values in (c), when more than one halogen bond
donor interacts with the Se=P site, a cumulative value was Rged ( - (1-
Rxg(donorl))- (1-Rxg(dONOr2))- €  )ereereeeiiiiiiiiiiiiiiiiireee e e e e 203

Figure 5.15Selected NLMOs having the largest contributions to the isotidgpige,'P)

coupling values for halogdmonded systemsi? (b), 11 (c), 13 (d)) and
PhPSe (a). The percentages underneath the orbitals represent the contribution
from the selenium lone pair (LP Se), the bonding orbital between P and Se
(BD P-Se) orbital and the Roce orbital (CR P) or Se core orbital (CR Se) to

the isotropic)-coupling constant for each distinct selenium site. Note that the
totals do not sum to 100% because only the largest contributions are sho206

Figure 5.16lodine lone pair NLMOs having the nelgrgest contributions to the isotropic

Figure6.1

Figure 6.2

Figure 6.3

nuclear spirspin J("’Se®P) coupling values in 2 (a), 3 (b), and 1 (c). The
percatages underneath the orbitals represent the minor contributions to the
J("'Se?'P) coupling values for the XB SYStemsS..........ccccueeevvveeiieeieeeereeeene, 206

Halogen bonding environments around the thiocyanate and selenocyanate
anions in compound$4-17. (a) A view of a chain formed by the bidentate
anion SCNEin compoundL6, (n-BusNSCN)(@-CsFl»), along theb axis® (b)
Projection view along theb axis of the disordered compounti7,
(MesNSCN)(p-CsFal2)2 (short contact distance in blue text correspondsNo |

and black corresponds teSl) and (c) of one layer df5 (MesNSeCN)p-
CeFal2)2 and (d)14, (MesNSeCN)p-CsFal2)2 showing the halogen bondstivi
SeCN. The RN* cations have been omitted for clarity...........cccccceeevriiiiennnns 223

Compoundl? viewed along thé axis. The packing consists of alternating
layers ofp-DITFB and charged moieties. The layers consisting of theyetla
species alternate between cation {Nf§ and anion (SCH. In addition, the
aromatic molecules are oriented in two different directions, which is
concomitant with the halogen bonding interactions between the iodine and
TNIOCYANALE...... oo 226

Packing of compount4 along thea axis. The packing consists of alternating
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Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

layers ofp-DITFB and charged moieties. The layerssisting of the charged
species alternate between cation {Nf¢ and anion (SeC\ Thep-DITFB
molecules form three types of unaligned columns, all with the iodine oriented
tOWArd the SECH........ei i 227

View of compoundl5 along thec axis. The packing consists of alternating
layers ofo-DITFB and charged moieties. The layers consisting of thegell
species alternate between cation {Nf@and anion (SeCH. There are three
different types of unaligned a¥-CsFil> columns; each one has an iodine
directed toward one of the two selenocyanate ions in that particular.layer.228

Experimentaf®N CPMAS SSNMR spectra acquired at 9.4 T of all San

SeCN salts (black) studied as well as related halegmmtaining complexes
(blue). KSCN, MeNSCN, andl7 are 98 %, ~50 % and < 50 % labeled with
15N thiocyanate, respectively. TH#N spectra of the other compounds were
acquired with™N in natural abundanceSpinning sidebands are represented
DY @STEIISKS. ...t 232

Experimental N CPMAS SSNMR spectra acquired at 9.4 T for (b)
MesNSCN (~50% SCN labeled®N), (d) (MeNSCN)p-CsFal2) (< 50 %

SCN labeled **N), and analytical simulations (a) and (c), respectively.
Isotropic peaks are indicated (224.0 ppm and 221.5 ppm) with spinning
frequencies of 2.5 kHz and 3.0 kHz for (bygd), respectively...................... 234

Experimental’®™N CPMAS SSNMR spectra acquired at 11.75 T for (b)
MesNSCN (~50 % SCNabeled®N) and analytical simulations (a). Isotropic
peak is indicated, 224.0 ppm, at a spinning frequency of 2.5.kHz............... 234

Experimentaf*N WURST-QCPMG SSNMR spectrum of KSCN acquired at
21.1 T (a). The N spectrum was obtained by acquiring only half of the
spectral region and symmetrizing it. This approach is only valid if the CSA is
negligible compared to the breath of thfethe spectrum.Experimentaf°N
CPMAS SSNMR spectrum of labellédN (98 %) KSCN acquired at 9.4 T (b)

and simulated SPECIIUM (C)a....ieeiieeeieeiiee e it e e e e 235

13C CPMAS SSNMR spectra (blue) of allNSCN, RNSeCN and related
halogencontaining complexes. Spinning sidebands are indicated with
asterisks and the aromatic carbon resonances are indicated by snowflakes.
Spectra were acquired at either 4.7 T (KSCN (99.93)% MeiNSCN (42 %

13C), n-BusNSCN, MeNSeCN) or 9.4 T (compoundk4, 15, 16, and 17
(<42% '3C)) using proton decoupling (SPINAL64). Residual dipolar
coupling betweertN (I = 1) and®*C (I = 1/2) of SCN or SeCN anion is
observed for certain compounds. The simulations of the isotropicgoeak

done using WSOLIDS1 under the assumption

The values 0€q(**N), Rop, and the*C chemical shifts can be found in Tables
0.3 AN B4 e e ————— et ———————— 236

Figure 6.10Experimental (a) and simulated spectra (b$*6f SSNMR KSCN (99.99 %

13C) under stationary conditions using a Hahn ec¢ko’( /-(2"-3-acq) pulse
sequence. Experiment&lC static CP SSNMR spectrum of < 42 G¢-
enriched (MeNSY“CN)(p-CsF4l2)2 (¢) and simulated spectrum (d). The peak

at ~60 ppm corresponds to the methyl groups. B&ISSNMR spectra were
acquired at 4.7 T. Di f f i c untinuities s i
experimentally in (a) are attributed to anisotropic dattice relaxation............ 240
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Figure 6.11Experimental "'Se CPMAS SEMR spectra acquired at 9.4 T for (b)
MesNSeCN (d) (MeNSeCN)p-CsFal2)2, (f) (MesNSeCN)p-CsFal2)2, and
simulated spectra (a), (c), and (e), respectively. Isotropic peaks are indicated
(-299.9 ppm;158.2 ppm anell89.0 ppm, respectively). Spinnifrgquencies
of 10 kHz, 8.5 kHz, and 6.0 kHz were used for (b), (d), and (f) respectively243

Figure 6.12Experimental’’'Se CPMASSSNMR spectra acquired at 11.75 T for (b)
(MesNSeCN)p-CsFal)2, (d) (MesNSeCN)p-CeF4l2)2, and simulated spectra
(b), and (c), respectively. Isotropic peaks are indicates3(2 ppm and
189.0 ppm, respectively). A spinning frequency of 8.0 kHz wad unskboth

Figure 6.13Calculatedselenium magnetic shielding tensor orientations l#rand 15
Selenocyanate being a linear anion results in selenium hasngite
symmetry when the ion is isolated. Note that in the limit that+1, the
computed directions af1; and S22 are not meaningful. For the compounds
shown hereCp site symmetry is nostrictly maintained and there are thus
small but measurable deviations from axial symmetry in the chemical shift
and magnetic shielding tENSOIS............uviiiiiiiie e 247

Figure 7.1 Summary of the halogen bond donors and acceptors used in this.work.....252

Figure 7.2 3P CPMAS NMRspectra acquired at 9.4 T of a single crystal ofRSe)6-
DITFB) as a function of the crystal orientation. Experimental time is two
hours for one®'P spectrum. The spectra were recorded following a 9°
increment ¢) about three different rotation axes.............ccceee e cceciiiivnnnns 261

Figure A.1 2 x 2 x 2 super cell of compourdalong theb axis. Hydrogens are omitted
FOF ClAIILY .ot 265

Figure A.2 3 x 3 x 3 super cell of compourishown along the axis. Hydrogens are
(o] g1 11 =To I (o] ol F=T 11 1Y PP 265

Figure A.3 Labelling scheme for calculatefi,(**C) values of GIPAW DFT calculations.
TSI = o] (T O 0 TP 266

Figure A.4 Labelling scheme for calculatefl,(**C) values. (See Tables 02 to 10.)......... 267

Figure B.1 Experimental PXRD patterns (red traces) of XB compounds 3, 4 and5
along with their respective simulations in black based on the singgéal X
ray structure data. All experimenigre carried out using a Rigaku Ultima

I'V instrument with 2d ranging between 5 a
rate of 0.6° per minute. Simulations were generated using Mercury software
available from CCDC.........coiiiiiiieie e a e 275

Figure B.2 Experimental PXRD patterns (red traces) of new XB compouds g 9,
and 10) along with their respective simulations in black based on single
crystal Xraystructure data. All experiments were carried out using a Rigaku
Ultima |V instrument with 2d ranging bet"
0.02° at a rate of 0.38(6, 5) or 0.2° 9, 10) per minute. Simulations were
generated using Mercury software asble from CCDC. Small differences
in intensities between the experimental and simulated powder patterns, along
with small highangle shifts, are known to be due to slight preferential
crystallite alignment and neuniform crystallite size (see Scardi, Beoni,
M. ADi ffraction | ine profilesActdrom polyd
Cryst. A 2001, 57, B046L3).......cueeeeiiiiiiieeiiiiieeee et 276
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Figure B.3 Full *C CPMAS SSNMR spectra of halogen bonded complexes for the series
of compounds where the halogen bonding donarHTFB: (b) 9, (c) 8,
recorded at 21.1 T. The spectrum of ppHRITFB is shown in (a).The insets
show vertical expansions and théesisks denote spinning sidebands............ 277

Figure B.4 Full *C CPMAS SSNMR spectra of halogen bonded complexes for the series
of compounds where the halogen bonding dona-IHTFB: (b) 9, (c) 8,
recorded at 9.4 T. The spectrum of pow2I TFB is shown in (a).The insets
show vertical expansions and the astediskotes a spinning sideband........... 278

Figure B.5 Full 3C CPMAS SSNMR spectra of starting matenaDITFB ((a) and (c))
and XB compand6 ((b) and (d)), recorded at 21.1 T and 9.4 T, respectively.
The asterisks indicate spinning sidebands (18 kHz MAS)e insets show
vertical EXPaNSIONS............ooiiiiiii e 278

Figure B.6 Full 3C CPMAS SSNMR spectra giDIB ((a) and (c)) and ((b) and (d))
recorded at 21.1 T and 9.4 T, respectively. The asterisks indicate spinning
sidebands (18 kHz MAS)The insets show vertical expansions.................... 279

Figure B.7 Figure showing the substituent labels for the butyl chains, where A is either
phosphorus or nitrogen and Xdklorine or bromine....................... v, 280

Figure B.8 ®Br solidstate NMR spectra of stationary powdered haldgamded
compounds acquired at 2IT1 Experimental spectra are shown(@ 4, (c)
9, (e)4, (9)7, (K) 5 and their respective simulated spectra with no CSA are in
(b), (d), (f), (h), and (j). Asterisks in (i) mark an impurity. Insets highlight
the mismatch between experimental andusated spectra when CSA is
excluded from the fitS..........uuiiii e 281

Figure B.9 Plot of calculated lone pair NLMO contributions Vs for **Cl in a RC8
[---Cl---1d CFs model system,where the I-CI--:] angle is varied
systematically between 85 and 180° in 5° increments. It can be observed that
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pulse direction

Coulombicforce

Coulomb functional

EFG tensor

EFG tensor principal componeiit{11, 22, 33)
EFG tensor in its principal axis system
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W electrical potential

W NBOs are expressed in atomic orbital

Z nucleus charge

Ub,o Euler angles

W, be, &z unit cell angles

U polarizability

| phase of structure factor

) gyromagnetic ratio

- electric field

qE difference between energy statas

(o)) J-coupling anisotropy

O®B1/2 line-width at half height

Y i breadth of the powder pattern of a quadrupolar nuclei
do EFG tensor asymmetry parameter

d generalangle

de glancing angle (XRD)

dp angle of maximum intensity pulse

dr angle betweeB, and the spinning axis for magic angle spinn
Ui CS tensor principal componerit{11, 22, 33)
Uiso isotropic chemical shift

9 chemical shift tensor skew

=S wavelength

M magnetic moment

Ho permeability ofT?)mee space
us microsecond

H induced dipolar moment

3 frequencyexpresseth Hz

3L Larmor frequency expressed in Hz

3mAs spinning speed

30 quadrupolar frequency

2 90degrees in radians

1 (r) electron density

a magnetic shielding second rank tensor

Ump mirror plane

d-hole positiveregion of electrostatic potential

Ui MS tensor principal component< 11, 22, 33)
Qras magnetic shielding tensor in its PAS
Q3,30 delays

%0 NLMO orbital

a Kohn-Sham orbitals
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q wavefunction

q chemical shift tensor span

dn set of strongly localized NBOs resembling Lewis dot formule
q off offset

Y1 transverse frequency

¥ eff effective field in frequency

YL Larmor frequency expressed in ratl s

Yot fram  angular frequency in the rotating frame

A symbol indicates a quantum mechanical operator

° degree
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THESIS SCOPE AND OBJECTIVES

Halogen bondare a class afonrcovalent interactions whidhave sparked interest
in the scientific community in the last two decades dubdwapplications in diverse areas
of research Therefore,Chapter lis dedicated tahe definitions of a chemical bondand
noncovalent interactiomfollowed by a brief perspective on the emergencéalbgen
bonds in the literature and the recently established definition of the halogen bond by the
International Union of Pure and Applied ChemidtityPAC). The nature of the halogen
bond will be describeth terms otthe forceghatinfluence the interaction. Finall§ection

1.3discussesvhy halogen bonds are highly interesting to the scientific community.

This thesis focuses ooharacterimg newly synthesizedhalogen bondedXB)
compoundsvith modern soliestate Nuclear Magnetic Resonance (SSNMR) techniques
NMR is a powerful toolpermitting the complete molecular and electronic structure
determinatiorof materials at the atomic leviel a nondestructive manneNMR also has
the advantage of observing dynamic processttsn amaterialand distinguisbsbetween
different polymorphs stictures for a given materiaSSNMR is aradvantageousethod
to study solidsasit characteries bulk material ofpowdered or amorphowgatesat the
atomic leveleven wherong-rangecrystalline order is abseninlikediffraction techniques

Thereasoning behindsingSSNMRto characterize XBs described later isection 2.4.

Furthermore, the work focuses tive reasonsvhy the NMR parameters willary
depending on the local halogen bonded environm&he three key objectives ard) to
acquire benchmark NMR parameters efuinalogen bonded compounds and describe them

in the context ofthe related NMR data(2) gathertheoretical results generated from
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guantum calculations tcomplimentthe experimental observed data, aBddefineclear

trends between the observed NMR parameters and the halmyeting interaction

Chapter 2 covers the theory of SSNMR, and the experimental methods used to
analye the novel halogen bonded compoundChapter 2 will alsocover basic
computational concepts such as density functional theory (DFT). The various software
packages thamplement this level of theonyill alsobepresentedlong with aroverview
of their dfferent advantages. Finallya brief sectionon the fundamdals of Xray
crystallography(XRD) and powder Xray diffraction (PXRD) will be included X-ray
crystallographywill be the method used to characterize the local halogen bayetedetry
of the various synthesizetbmpounds This work is a symbiosis of eerimental and
theoretical approaches correlating NMR observables and halogen bonded structures in the

solid state.

In Chapter 3halogen bonding compounds exhibiting @& I---X Ewhere X = Br
or Cl) halogen bonded motifsill be investigated using®C SSNMR. It will demonstrate
how the*C isotropic chemical shift of the carbon covalently bonded to ioq@fel---XB

is correlatedo the XB interaction.

In Chapter 4it will be shownthatthe quadrupolar NMR parameters are sensitive
probes of halogen bond# a series of compounds containing G--XE--18 C (where X
= Br or Cl) halogen bonded motifshis Chapterwill validatehow the "81Br and3*37Cl
guadrupolar coupling constanand asymmetry paramesevary as a function of the
| L L L XE L FThislexperimenially observedorrelationwill be explainedin terms of
simple molecular orbitals, whera natural localized molecular orbital (NLMO) analysis

conducted on a cluster modellidates the establishedperimental trends.

2
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In Chapter 5measurements d{>'P,’’Se) couplings in botA'P and’’Se CPMAS
SSNMR spectravill be presentedor the first timein compounds featuringP=Se---4C-
halogenbonded motifs Also, it will prove how theJ(3!P,’Se) values are dependent on
their halogen bonding environment. An NLMO analysil reveal the major contributing
orbitals toJ-coupling, as well as theelatiorship between the changén the J-coupling
constant@andthe halogen bondingnteraction. Thus Chapter 5will showhow a different
NMR observabléasa dependenaen the halogen bonding interaction through correlations

between their local halogen bonded geometry and electronic structure.

In Chapter 6is presenteda study ofthe bidentate haloge bond acceptors
thiocyanate (SCN and selenocyanate (SeQNnoieties in the ew halogen bonded
compounds of the form @RISCN)(p-CsF4l2)y and (RNSeCNx(o or p-CsFal2)y. XRD will
be used to elucidate their crystal structuedter which,correlations between the local
halogen bonding environment of the compounds and the biMRiical shiftensors of the
probednuclei(e.g.r*C, ’Se, and**™N) involved directly and indirectly ithehalogen bond
could be establishedrheresultsarecomparedvith simplethiocyanate and selenocyanate
saltswheredistinctchangs in the NMR parametersn the presence of halogen bonds are
observed Those resultarecorrelatedn terms of the XB interaction and interpreted in the
cont ext of oryRAddisorajlydirs orderto eorroborateexperimentafindings,

DFT will be used tacompute theshielding tensors of the synthesized compounds.
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1 INTRODUCTION TO HALOGEN BONDS

1.1 CHEMICAL BONDS

The formation ot moleculaesuls from various interactions between atoumgler
specific conditions.Chemists have multiple models to describe bonding in molecules, one
of them beingprbitals, which is an approximatiorio a wavefunctionof the electrons and
nuclei describing a systerh. From the BorrOppenheimer approximatiofBOA), it is
possible to separate thvavefurction into a product oélectronicwavefunctionrand nuclear
wavefunction The BOA allows the sole consideration of the electrarawefundion, and
orbitals also describe an area of probability for finding electrdhslinear combination
of atomic orbitals(LCAO) is asecond useful approximatidhat describes therbitals
mertionedaboveas acombimtionto define a molecule. Hence, orbitals are a visual model
for the chemistgeneratedby quantummechanicalcalculationsand are not physically
observable Lewis, as early a2916 2 describeathemical bondby using the orbital model.
For example, &hemicalbond isoften definedas thedistribution and delocalization of
electron density ovean entire moleculeand may be experimentally observed with
diffraction methods\ide infrg). The orbital modeWill predictthe presence of ahemical
bondwhen theinteractingatormic orbitalsoverlap thus indicatingharel electron density
Figure 1.1 shows anexample of an orbital energy level diagrdon dihydrogen The
diagram shows the lower energy bonding adbitf H> ({1s), which is the addition of the
constructive atomis orbitals of two hydrogen atonis possible because thés bond is
more stale upon formation.The antibonding orbitalls) is the sum of opposite phases
of the atomic hydrogeaorbitals, resulting in destructive interferenadess stable bond upon

formaion.
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Figurel.l Orbital energy diagram for Hmolecule.

The various types othemicalinteractiors areclassified depending on the atoms
involved in bonding(1) covalenbond (2) ionic bond, (3) metallic bond, (Abn-covalent
interactions> A covalent bondresults from sharing valence electromstween two
interacting atoms, anglields new chemical gecies with propertiediffering from the
original atoms or moleculeslonic bondsresult fromthe attractionbetween oppositely
charged ionssuch as in sodium chlorideMetallic bondsoccur in metals, which lose
electrons easily due to their low ionimatenergyL e t 6 s ¢ dalestiordsedmodelh e
the valence electrons come together from alatbesin the latticeand then are delocalized
over the entire metal. The metal is held together byptsitivdy charged metahtoms
attractng the sea of electron€ovalent, ionic and etallic bondsare usually considered

shortrange interactions with distances between the bonding atoms shorter than 2 A, and

5
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

are classified astrong londs and have range obond energes 60- 870 kJ-mol™ (Fz and
HCN, respectively)756 kJmol* (NaCl), 60-180kJ-mol* (Liz and L-Metal, respectively)
respectivelyfor example® Electrostatici or noncovalenti interactions are driven by
different types of intermolecular forcdstermolecular forcesvere first observed byan
der Waals, in 1873and often lead tomolecular clusterswhich affects the physical
properties of the observed systénNon-covalent interactins are considered weak they
areoneor two orders of magnitude smallt#van covalentoonds® The stabilizing energy of
a noncovalent interaction varies betwe#n84kJ-mol?, andthe interaction usuallyccuis

atdistance®f severalAngstrons. Presented helig a review of the intermolecular forces.
CoulombicForces

Coulombicforces(U¢) arisefrom ions separated by a distar{(ciand pointcharge

(Q) whichis definedin Equation 1.1:

v 2280 g

“ , ‘c
L

where g, is the elementary charge (1.6@0° C), and ¢, is the permeability constant
(8.8542012 C23'm).% Coulombic forcesrestronglongrangeinteractionstheycan arise

from dipoledipole interactions or dipol®n interactiongvide infra).

Dipolar Forcesand lonDipole Force

Dipolar forcesexist betweenall polar molecules By definition, mlar molecules
have permanent dipolethe barycenter of the positive and negative regodmhe molecule
do not coincide. The dipolar forcas a result of the attraction between the dipoles of the
neighborirg molecules or atomsTheir energyis equal tothe sum of theitCoulombic

contributions®

6
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An ion-dipole force occlg between mixtures of ionic compounds and polar
compounds.In the case of sodium chloride water,for examplethe cation interastwith
the negative dipole of ater. These interactions depend on the orientation of the dipole

with respect to then, and they play vital role insolvation

Polarization Forces
Polarizationforces exist between induced chargesong molecules or atomiBhey
inducea dipole moment(eing) thatis proportionalto the polarization field (Ep) and the

coefficient of proportionality of polariability (a,) as described in Equation £.2

‘ | 6% [1.2]

Polarizationforcesare also knowias Debye forces in the case of digatethermal rotation

neighboring a noipolar molecule.

DispersionForces

A dispersion interaction occufeom instantaneous arwbservablechanges in the
electron distribution within a molecule or atdniThat phenomenois also knowres an
instantaneous electric dipdleat fluctuatesrapidly; it will temporarilyinduce a dipole to
its neighbor thus creatingn instantaneous attraction tfedipole. The dispersion energy

(Ep) takes thdollowing form:

(e ! [1.3]

wherehvis the energyanddispersion is a short electrostatic interactiir( Dispersion
is not a weak interaction, it is the masitportantcontribution to attractivéorcesand is the

third termin the van der Waals interacticalso known ashe London dispersiofforce
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Charge Transfer

A charge transfer type bond requires a good electron accegtanigh electron
affinity) and an electrondonatingsystem(i.e. low ionization energy)® An example of a
charge transfer complex ig@iZsHe. In thatcomplex there is a flow of electrons from the
donor(p- system}o the acceptafiodine). The molecular interaction occurs @mthe pair
permits a low energy barrier overlap between the lowest unoccupied orbital of the acceptor
and the highest occupied molecular orbital of the donor permitting the flow of elettrons.
Usually, the interaction is accompaniegla change in intramlecular and intermolecular

distances, as well @schange in their relative orientation.

1.2 HALOGEN BONDING INTERACTION

This dissertation is interested in a particular typenafcovalentinteraction: the
halogen bond. A brief overview of the background of this-oovalent interaction wilbe
presentedollowed by a rigorouglefinition where the various intermolecular forces will
prove useful to explain thegture of the halogen bondrinally, the importance of halogen

bonds for the scientific communitywill be discussed.

1.2.1 History of Halogen Bonds

The recognitionof a halogen bonding interaction is noéw but remained until
recently mostly undefinedGuthrie, nh 1863, reported thist dihalogen moleculorming
a complexwith a Lewis base2INH3.2 Benesiand Hildebrangin 1948, publishedthe first

donoracceptomolecule between and benzeng 1 Mulliken, in 1950, observed similar
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complexesamongethers and carbonyl derivatives, and explained the interaction in terms
of charge transfetlype bonag.'* 2 Bent, in 1968,published a reviewf the similarities of
hydrogen and halogen bondittyHassel (Nobel Prize in Chemistry 1969) demonstrated
in 1970, the importance of halogen atoms in molecular-astfembly phenomené.He

also described the interactions as charge transfer b@ndeaset al.was the first to name

the charge transfer type bondredogen bondor complexesontainingpyridine, TH-, or

anisoleandsilamethaner tetrahalomethan®@.

Although halogen bonds haviead a direct impact on all research fieldsere
molecular recognition and sedssembly processes are imporf&ntip until the 1990syery
few studes had been conducted on thspecific nature and underlying mechanism
surrounding thénalogen bond Sincethen the scientific communithas rallied around the

guestion: how talefine thisforgottennon-covalent interaction?

1.2.2 Halogen Bonding Definition
A workshop funded by the International Union of Pure and Applied Chemistry
(IUPAC) in 2012 0n halogen bond$XB)!’ released ayeneral definitiorof the halogen

bond

fA halogen bond occurs when there is evidence of a net attractive interaction
between an electrophilic region associated with a halogen atom in a molecular
entity and a nucleophilic region in another,the same, molecular entity A
typical halogen bonts denoted by the three dotsRd X---Yd Z. Rd X isthe

halogen bond dongiX is any halogen atom with an electrophilic (electpmor)
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region, and R is a group (see p. 1118 in r&f.cbvalentlybound to X. In some
cases, X may be covalently bound to entiran one group (see p. 1118 in r&j. 1
It may also form more than one halogen bond. Y ishiddegen bond acceptor
and is typically a molecular entity (see p. 1142 in réf.dossessing at least one

nucleophilic (electromrich) regiono®

1.2.2.1 Sigmaole

Halogens are electronegatiammsandare usually viewed as negativecharacter
when participating ina covalent bond. BrinkMurray, and Politzer used molecular
electrostatic potential surfac® explainsuchan interaction between the halogen and
nucleophilic site2® The electrostatic potential is a real physical propémgt may be
obtained by diffraction methodsf( Section 2.3 or theoretically with quantum calculations.

It describes the complete charge distribution in a syatedis describedn Equation 1.6

Firstly,| e teéakC o u | o mb @Egquatiorolrlpvbich is an interactiobetween
two-point charges separated by a dista(de The integration of thatorce (Uy) will

provide its energy as shovwmEquation 1.4

w ~.

yo Y Qi . 0—&éi o4

wherek is a constant and is the angle betweemandUg. An electric field(()) and an
electiostaticpotential(V(y)) arecreatedy apoint chargen its surrounding spacandthose

phenomeaare mathematicallgescribedn Equation 1.5:

'i‘fjd)”‘r' 7600
-1 QRAT A QoL

10
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

Secondly, it is convenient to takento consideration that fomolecules or
complexes, thauclei and electrons can be viewed as point chaydsrce (U) is felt at
a point charggQ) whenplacedat a distancér) from a seconepoint charge Q). That
force is equal to the product the (y and the chargfJn= QUn), and itsassociated energy

is proportional to thelectricpotential(gExn= QV(n).

Finally, theV( created at any poimtcan be obtained by the sum over all nuclei and
the integration of electron dens{y(r)). The electrostatic potentialdescribedih Equation

1.6for a nucleus A with chargélocated ata:

1 >
B I o

= [16]

where Njesignates the infinite number of points iasp.

Calculatedelectrostatic potentias usuallycomputedfor the molecular surface of
the moleculewith a contourequal to arelectronic density 00.001au?? The V) surface
of a covalently bonded halogeeveals anisotropy:a positiveelectrostatic potentiakgion
at the far end of the & X bond whichis surrounded by negative electrostatic poteftial.
24 The positive regioms knownas theli-hole? 25 2728 29,30 andits magnitude depends on
the nature of the halogen nucleus and the elestthdrawing power othe R fragment
In general the strengthof the halogen bonding interaction increases with increasing
polarization ability of the atom: E< Cl < Br <I. In particularcases, [iorine has been
observedto form a halogen bond: GNF, K, FOF, (NQ)sCd F.30 31323334 Thjs is
possi bl e bheleisilessamegdtiveahanithe surrounding negative electrostatic

potentialsurfaceand the nucleophile has alectric fieldstrong enough to induce a positive
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region on fluorine. Depicted in Figure 12 are the electrositic potentiad of the

trifluoromethane haloge?®w h e r e-hdlelis@res@rin red

| ___SNNNNNCEERRREE
SREREERERERERRRRREEE

Figurel.2 The molecular electrostatic potential, in Hartrees at Cad01sodensity surface of
(a) Ch, (b) CRCI, (c) CRBr, and (d)CRl evidencethe increasing presencé a s-hole, whereg

the negative electron densitydesignatedby the blue region and the positive regisrshownin

red. (Figure adapted from Clas¢ al?)

Halogen bonding interactions are highly directicha to thepositivenature of the
G-hole. Thepositionof the(-hole alongthe Rd X bond explains the near linearity (close
to 180) of the interactio®>? Another characteristic feature afhalogen bond isheir
ability to form short contacts with the nucleophgite The conditions for a short contact
is thedistance betweethe halogenand the nucleophiled...y) must beess than the sum
of the van der Waals raéif’ of the respective atomsh{aw).}° The normalized distance
parameterRxs = dx...y / dxvaw) is the ratio of those distans@nd is one measure of the

extent of the hlogen bonding interaction (i.€.Rxs < 1, thenXB interaction is present)
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Figurel.3 Scheme describing the key features bibbgen bonding interaction.

1.2.2.2 Nature of Halogen Bonding Interaction

The exact nature of the halogen bond is still disputed, the bonding contributions of
this nonrcovalent interaction often depend upon the individual interacting specigbeand
various intermolecular forcesare: (1) electrostatic effects, (2) charge transfer, (3)
polarization and (4) dispersion.

Bent, Hassel and Mulliken first described halogen bonding as a charge transfer
type bondt 3 |t is still sometimes described as having a significant donor/acceptor
compament. In some casessharge transfeoccursfrom the negative site Y to &*-
antibonding orbital of the halogen bond dord, X.38 The damge transfer phenomenon
is shownin Figurel.4for the symmetric trihalid€ls’, which is an extreme case of halogen

bonding®®
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Figurel.4  Orbital energy level diagram oEld CI---ClI, representing the electron donation

from the p lone pair orbital a | t&cthe(* antibonding orbital ofCI-ClI.

The nature of a halogen bond #@so described aslectrostatially-driven 3°
However there are other effecthat may goverrthe interaction such as polarization and
dispersion. Polarization describes the electronic density af-Hude for halogen bonded
complexes. The electric fields of the nucleophilic site and the positivale induce
electronic density redistributicaround the halogen atioenucleophilicsite fedistribution
in the direction following Y to X Y2 8 07 :).%% 4 Dispersion effects involving
nuclearelectronic interactions can also play a role in thisoovalent interaction when the

d-hole is weaklypositive#? 43 44

Computatioral studies can be misleading becatlgelevel of theory and basses
used(Section 2.2)nay render the polarization and charge transfer effects indistinguishable.
Wanget al.stress that the tweffects, aforementionedareexperimentHy distinguishable

Hence theyaredistinctivephysicalphenomen&® Charge transferare due texcitation of
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the electrons between the halogen bond donor and acoefptlar polarization effects are

due tothedelocalizatiorof the eletrons inside the halogen bonded components

1.2.2.3 Similarities to Hydrogen Bonding

Halogenbondsare in many ways analogous lgdrogen bond¢HB).*® Halogen
andhydrogen bonding cabe treatechsan attractivanteractions betweemeelectrophile
(the hydrogen or halogerdnd a nucleophilic site*’ Both interactionsdonate electron
density from thenucleophilicto electophilic part of the molecule. Hydrogen bonding is
the mostwell-known electron acceptor ambn-covalent interactiort® Notably, the
directionalities of the two types of bondingeractions tend to diffe® Politzer and his
group also determined the presence oftele along the hydrogen boA! Thepositive
region of theelectrostatic potentiaurface of a hydrogen bond tertdfbemore spherical
hence preseh theentirety of thesurfacelike a Lewis acid®?> Consequently, thepherical

distribution of theV(r) createdess directionainteractionghan the analogous XB.

Hydrogen bonds cover a wide rangeboind energy. Theangeincludes weak
interactionswith energies as low a&kJ-mol? (e.g. CH---OH,)>3 to strongr interactions
with interactionenerges as high as 167 kdol?! (e.g. B H---F).>* Hence, he energy
associateavith halogen bonds8¢40kJ moltt)?®33s intermediate between weak and strong
hydrogen bond®> For example, ydrogen bondwill be stronger than halogen bonds when
fluorine or chlorinedonoss are involved, and they will hawbe same order of magnitude
for thebromine or iodine In the latter casayhen the halogen bond donor is iodine-(I

, 200 kJ mol) or astating(At), the interactiomwill be stronger than HB®
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Furthermore, these interactioffsalogen and hydrogen bonasill compete when

placed in the samenedia*

Di Paolo andSandfordy observedthe phenomenon

experimentallydifferentIR bandsappearedor compound crystallizedin the presence of

reagens capable of halogen bondirf§ Their study statedhat compounds thato-

crystallize with eitherhydrogenor halogen bonds will preferentialjo sovia the halogen

moiety>® However, Aakerdy and Sparemphasizé the similaritiesbetweerthestrength

of the hydrogerandhalogenbonddonos. In their study, the competing interacsdead

to compliatedstructural analysign order to determine thdominantone®® For example,

in the case of the eorystal 4,4-bipyridyl-N,N"-dioxide para-diiodotetrafluorobenzeng{

DITFB), bothHB and XB interactions compete for one acceptor moleanidthe N-oxide

(i.e. acceptor site) simultaneously engage both non-covalentinteractiors through a

bifurcated bond® Structures of starting material of cocrystal are shown in FigureAL.5.

study by Jonest al. of the XB complex,methyldiphenylphosphinexide p-DITFB (see

Figure 1.5) demonstrate thatchangs in thereaction conditions will affect the donant

non-covalentinteraction, XB or HB, as is the case when the stoichiometric amounts of

initial components are variéd.

4,4"-bipyridyl-N,N"-dioxide

0
||
CHj

methyldiphenylphosphine oxide

7 7 F
- — 0 xH0

F I
F

para-diiodotetraflucrobenzene
(p- DITFB)

Figurel5

Scheme of starting materials in the-a@gstal 4,4 -bipyridyl-N,N"-dioxide para-
diiodotetrafluorobenzene amdethyldiphenylphosphinexide p-DITFB.
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1.2.2.4 OtheNonCovalemnteractions

Other weltknown nonrcovalent interactionsuch as cation-",%2 anion--",%3 " -’
stacking,®* CH---" ®> are commonly studieth supramolecular chemistrgéction 1.3.8
and have energies varying betweerl20 kJ moll. Moreover, Politzer and his group
demonstrated that thehole is a phenomenarot only limited in explairing thehydrogen
or halogen bond but also bonding in general fostheratoms inGroupsfrom the periodic
table*! The ekctrostatic potential of other Grouglsoindicateda positiveregionof Vi,
surrounded by a negative regiof V). They coined this phenomendrhole bonding
which refergo the positivaegionof electrosttic potential participating in theon-covalent
interaction. However, the Politzer group emphasizes that the observation of suchsa bond
not new:they havebeen observedifty years ago, between covalently bonded attnos
periodic Groups 146 and Lewis bas&$.%” Later, Metrangolat al. publistedan article
to establish a convention for namitige various noitovalentinteractions. The proposed
terminology takes into accoudthole bonding and identifies it according to the periodic

Groupcontaining the atom representitige electophilic site of the compleX®

The chalcogen bonds dgeate an interaction betweetements of Group 16 as an
electrophile®® An example of this type of borigl observedetween sulfur and chloride in

a derivative of thiamig whichis a vitamin of the B comple¥.

Analogous to chalcogen bonds, Group 14 anelé®entslemonstrate the capability
to interact with anucleoplilic site. The interactionserenamedetralbonds (Groud4)*
2and pnicogen bonds (Group)I'374> Politzeret al. revealed that the less polarizable
andthe moselectronegative atoms of Group-18(C, N, O and [Fwill not have a positive

electrostatic regioftt Still, as mentionedfluorine can form a halogen bond erh the
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conditions are favorablgecall Section 1.2.2.1, this is applicable farholein tetral bond)
Some alculations have demstrated the possible presenceatfal bonds in compounds
where carbon is thelectrophile’5"’® Also, the molecular electrostatic potential surface
shows evidence otrongtetralbonds betweethesiliconatonsfor a cluster of threEsSid

08 SiFs (108 and 15%J motY).”®

1.3 APPLICATIONS OF HALOGEN BONDING INTERACTIONS
1.3.3 CrystalEngineering Applications

The goal of supramolecular chemistry is to estalslisktegieshatpermit thedesign
of a specificsystem. Thesstrategiesre basedninformed choicesyhere,as arexample
the properties of thestarting material componen&ge known Crystal engineering is a
branch of supramolecular chemistry that uses intermolecular forces to sssestdaular
component§® Usefulconceps used ircrystal engineering agelfassemblyandsynthon
Self-assemblys aspontaneouprocessunder thermodynamic contraf small chemical
entitiesto form a largesystenP! A supramoleculasynthonis a structural unit #t is part
of the supermoleculewhich canbe assembledavith intermolecular interactionby a

conceivable synthetic patfay.®?

Only in the last decade or $mvehalogen bonds taken a more prominent role in
crystal engineering, partly because they are more directionatltbanalogoublydrogen
bonds and have the property of betngable Tunabilityis a term often used to describe
the variation in the strength of the interactaepending on the halogen bond acceptor or
donor involved in a system. Tlaeljustmenof the strength of # interactioralsoaffects

the properties of théalogen bonded complexFurthermore, halogen bonds have the
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capacity toalign their components with specific orientatipmdiich are appealing in the
architecture of supramoleculd® or functional materials such as anieorganic
framework$§*8® and crystalline assemblf€$” with applications in liquid crystaf§ and

conducting materials or magnetic molecular mateffaf§.

Imakubo and Katoin 1995,introduced the first conducting materiahgineered
with halogen bonsl It consistedf an organization ohradicalcationbetween dalogen
bond donorthe cationiciodotetrathifulvalencEDT-TFF1), and halgen bond acceptor
composedof bromide or iodide Ag(CN)E salts®® Yamamotoet al. reported a
supranolecular conducting nanowire composadan insulating sheeselfassembled by
halogen bondbetweertetraiodoethenand counter anions (BrlB around the conducting

material EDT-TFF).%?

Metrangoloet al.develogd basic approaches to syntheseandtwo dimensional
(1D, or 2D, respectively) architectures using halogen bordiegactions A 1D network
involvesditopic halogerbond donors and acceptdfsUsually, theditopic halogen bond
donor isDITFB. The halogefibond acceptor will either haved electron lone pairs or will
have two different acceptor site§he literature aboudswith examples of such assemblies
where infinite 1D zigzag chaingre formedwith such building blocks.Examplesexist
where thenon-covaleninteraction propagatekrough the XB motif inle following crystal
structuresthe I---Nd aryl motif is found in 2,3,5;8etramethyl1,4-benzodicarbonitrilg-
DITFB,**the I---NI C motif is formed in 1,4is(3-quinolyl)-1,3-butadiynep-DITFB,%
the I---N-aryl motif is present in 4;4oipyridine 1,3 or o- DITFB®’ and in the analogous

4.4 -bipyridine 1,3 or 1,2 dibromotetrafluorobenzengsee structureof moleculesin
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Figure 1.6)°® In this dissertation, most XBietworksform 1D architecturesusng this

approach.

-C M
NZ e

Me
2,3,5,6-tetramethyl-
1,4-benzodicarbonitrile

F | F

| F | F | |

F | F F F F
F F F

1,4-bis(3-quinolyl)-1,3-butadiyne

4,4 -bipyridine

Br F
Br- F Br Br
F F F F
F F

2,3,5,6tetramethyll,4-benzodicarbonitrile p-DITFB,
DITFB, 1,3 or DITFB,

dibromotetrafluorobenzene

4,4 -bipyridine o-

1,4 or p-DITFB 1,2- or o- DITFB 1,3- or m- DITFB 1,2- or o- DBrTFB 1,3- or m- DBITFB
diiodotetrafluorobenzene dibromotetrafluorobenzene
Figurel.6 Scheme of starting material compounds ircogstals forming 1D XB network

|2}

1,4-bis(3-quinolyl)-1,3-butadiyne p-

and 4,4 -bipyridine 1,3 or 1,2

Similarly, a halogen bond acceptacting adridentatecomponentgeneratgwo-

dimensionahetworks A tridentate componentill orient thenon-covalentinteraction in

a roughly orthogonal directionSeltassembly of onium halides withhalocarbongorms

honeycomiypestructureswvith I---15 C type XB motifs. A examplas depictedn Figure

1.7.
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tetraethyl(phosphoniums.ammoniungs) iodide and sym CgFsls. %

Two-dimensional halogen bondedhoneycomb network for co-crystals o
Figure generatedwith

Diamond4.0 software and the crystal structure code in CCDEbE601.

Akin, threedimensional(3D) architectures can be formed by using tetradentate

modules Such networks are present in the halogen mmmplextetraphenylphosphonium

iodide diiodoacetylene or tetrakis{@yridyl)pentaerythtol 1,6-diiodoperfluorohexane

(See Figure 1.8Y° 101 Aakerdy and coworkers successfulijmployed thdinear property

of XB interactions combinedith the knowledge of2D crystal engineeringp predict the

formaion of a dimeric halogebondeddiscrete capsule whetle:-N motifs are present

betweencalixarenes.!%? Tothadiand Desariju synthesid8D halogen bonded complexes

by incorporatingooth hydrogen and halogen bondgheir crystal engineering strategy

basedonthesize and shape tifie starting molecules, as well astablishedynthonssuch

as acid--amide and-l-ON: interactionst®
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diiodoperfluorohexane
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Scheme of starting material compounds ircogstals forming 3D XBnetworks

1,6

1.3.4 Biological Applications

The importarce of lalogenbonds hadeen shownn the formation of complexes

with halogensubstituted ligands and their biological substr&tés/ost biological systems

are not naturally halogenatetiialogens are beingcorpomatedinto proteins, nucleic acids,

binding ligand or recognition systesto solve their crystal structisesingXRD (Section

23) 105, 106

The proper understanding of halogen bonding Welp establish their

significancen biological systemsyherethey have been observed in molecular recognition

and folding processeas well as idigand binding!?” 108 109

A surveyrealizedin 2004in the search engine tfe Protein Data Bank (PDB) first

identified the halogen bonds in biomolecular systétfishe halogen bondvas found to

be widespread throught the database and prompted the usual interaction between a

halogen bond acceptor (O, N, S) and donor (halogen) forming short coactsdyaw)

with a near linear angle between the acceptor and déhdnore recent surveys of the

PDB now list 600 biomolecular halogehonds!!'112 113 demonstrating howhey are

essentiato structures abiomacromoleculesuch as and proteins nucleic acidslt should
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be notedthat the geometry of halogen bonds is the property used to identify the
intermolecula interaction in biological systemslo avoid misinterpreting a short contact
arising from close packing from a trb@alogen bongdthe distance criterias key. Hence,

the presence of a halogen bond in a biomolecuedsptedvhenRxs ©00.96, 0.97, 0.98

for CI, Br andl, respectively.

The hyroid hormonesre examples afaturally iodinatednolecules. Molecular
recognitionenableghe halogen bond donohyroxineto interact with the thyroid hormone
receptors (T3 or T4) to regulatestimetabolism Also, thyroxingecognizsits extracellular

transport protein transthyrett*1511€ This is shown in Figuré.9.

N -y

Figurel.9 Interactionof thyroid hormone receptor TR (a) with 3,5,3-triiodo-L-thyroning
(T3) (PDB code 1XZX).(Figure inspired from P.S. HB).

The crystal structuref the enzyme aldose reductase with agahated inhibitor
revealed short Br-O halogen bonding interactiorfsrcing the deoxyribonucleic acid

(DNA) into fourstranded Holliday junctianThese interactions account for the fold
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selectivity against binding of the inhibitand is also an examptd the effectof halogen

bondson molecular conformatiot?®

Also, because they have potential in pharmacolagyinteresting class of halogen
bond donos are inhibitorsof proteirs. The protein kinasearean example where halogen
bonds havébeen observetb act as inhibitors!® Proten kinase isa primary target for
treatment of chronic inflammatory diseasaeurodegenerative disordecances!’ and

othes.

Furthermore20 % ofpharmacological compounds presently usefdwndin clinical
trials are halogenated molecule$8. Hence, XB havebeen heraldetbr their potentialin
drug desigrto generaténhibitors against critical target$® 11°129 |n a tutorial review by
Parisini et al, small halogenated moleculesere analyzedor their affinity to their
biological counterpart They studiedessentiadrugs such as inhibitors of HIY reverse
transcriptase and systematically determined patterns of substituents which could potentially
direct halogen bonds and increase binding affitfityFurther, applicationgor halogen
bonds to transpognionsacrosdipid bilayer membranes has proven successdtiey are
more lipophilic than the analogous hydrogen tzaickady used in the fief? The interest

of anion transpoiis also driverby the possible medicinal usetieatingcystic fibrosis!?3

1.4 BENCHMAR K DATA FOR HALOGEN BOND S
Over the pastlecadehalogen bonds have been extensively charactebnyetray
diffraction (XRD) in the solid staté® 1> or with computational predictiori$® Multiple

groups have investigated how perform quantum calculation® bestreproducethis
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particular type of electrostatic interaction, halogen lsoniihe Hobza group haseen
involvedin reproducing accuraemergyand geometrgalculations anth thedetermination
of the nature of halogen bonlg developingsemiempirical quantum mechanical methods
to describe XB?6127128 Apother invested theoretical group involved in theoretical

characterization of halogen borateKarpfe12°

Simultaneously, Legon and coworkers have made significant contributions to
understanding halogen bonds in the gas ph#&&. They have examined pgrimentally
how the structures of halogéronded complexes depend on the nature of the halogen and
the Lewis base with the use of rotational spectroscopy. Among the paratnateasbe
extractedrom such experiments are the halogen nuclear quadrupml@ling constants,
Co, Which give quantitative information about the electric field redistribution associated

with the halogen bonding proce'ss!®3

Also, XB has sparked interest in the developma#ranion binding34 135 136 137, 138
and catalysi$3® The Taylor group has madprogresso report thermodynamic data for
thesenon-covalentinteractiorsin the design of multidentateceptordesignin the solution
phaset#0141142143 TheErdelyi group has also committed to the charazégion of halogen
bonds in he solution phase with NMR#+145146.147 1n gqddition infrared and Raman
spectroscopy hee proven to besuccessful methadfor characteding XB in cryogenic
solutiors as the halogen stretching frequency is Raman active for the stadiegaland

halogen bondesgystenm!48 149

Using the search engine Web of Science, there are now 1071 publications in the
literature for thekeywordshalogen bondas a topic search (from 2001 to M), @015).

This representsn increaseof 267 % compared tthe years 1900 to 2000 (yielded 401
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results), thus demonstrating the growing interest of the scientific community towards this
particular norcovalent bond. Here, themain focus was describing the nature of the
interaction and its main applications. Téere many more interesting reviews on the
subject of halogen bondbkat may be consultedor more in-depthinformation on the

subjectt®0151

Thework in this dissertatiofiocuseson the characteration of halogen bonds with
NMR in the solid state. AsiWbe discussed in more detail the followingChapters, the
analogous hydrogen bond has been successfully characterize8S\NMR methods->?
Hence it will be shownthat the same method cha employedor halogen bondsuch is

the objective of the psentthesis.

1.5 REFERENCES FOR CHAPTER 1

1J. Autschbach, (2012). Chem. Edu39, 1032.

2 G. N. Lewis, (1923)Valencend the Structure of Atoms and Molecul€semical Catalog Co.,
New York, NY.

3N. J. Tro, (2013)Principles of Chemistry : A Molecular Approach second edi&enview, IL,

Pearson Education, Inc.

26
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

4J. D. van der Waals, 988, On the Continuity of the &eous and Liquid Statek S. Rowlinson
(Ed.), Mineola, NY, Dover Phoenix Editions

5 K. Mller-Dethlefs, P. Hobza, (2000Fhem. Rey100, 143.

6 A. Gerschel, (1995).iaisons intermoléculaires : Les forces en jeu dans la matiére condensée
Paris,France, CNRS Editions.

7 C. J. Bender, (1986;hem. Soc. Rewl5, 475.

8 F. Guthrie,(1863) J. Chem So¢16, 239.

9H. A. BenesiJ.H. Hildebrand, (1948)l. Am. Chem. SqcZ0, 2832.

10H. A. BenesiJ.H. Hildebrand, (1949)l. Am. Chem. Sqc/1, 2703

11R. S. Mulliken, (1950)J. Am. Chem. Sq&Z2, 600.

12R. S. Mulliken, (1952)J. Phys. Chem56, 801.

13H. A. Bent, (1968)Chem. Rey68, 587.

14 0. Hassel(1970),Science497.

15J.71 M. Dumas, M. Kern, J. L. Jani®ubry, (1976)Bull. Soc. ChimFrance 1785.

16 P. Metrangolo, F. Meyer, T. PilaG. Resnati and G. Terrang@008),Angew. Chem. Int. Ed.
47,6114,

17D. L. Bryce,(2012, Chem. Int,. 34, 27.

18 P. Muller. (1994)Pure Appl. Chem66, 1077.

19G. R. Desiraju, P. S. Ho, L. Kloo, A. C. Legon, R. Marquardt, P. Metrangolo, P. A. Politzer, G.
Resnati, K. Rissanen, (2018uyre Appl.Chem, 85, 1711.

20T. Brinck, J. S. Murray, P. Politzer, (1998)f. Quantum Chem43, 73.

21P. Politzer, J. S. Muay, T. Clark, (2015)Top. Curr. Chem 358, 19.

22R. F. W. Bader, M. T. Carroll, J. R. Cheeseman, C. Chang, (188%)). Chem. Sqd.09, 7968.

23 P. Politzer, J. S. Murray2013, ChemPhysCheirl4, 278.

24T. Clark,M. Hennemann). S. Murray, PPalitzer, 007, J. Mol. Model, 13, 291.

25J. S. Murray, K. Paulsen, P. Politzer, (19%¥pc Indian AcadSci. Chem. S¢il06, 267.

26 F. F. Awwadi, R. D. Willett, K. A. Peterson, B. Twamley, (200®&hem. Eur. J.12, 8652.

27 P. Politzer, P. Lane, MC. Concha, Y. Ma, J. S. Murray, (2003) Mol. Model, 13, 305.

28T. Clark, M. Henemann, J. S. Murray, Pokzer, (2007),J. Mol. Model, 13, 291.

29P. Politzer, J. S. Murray, T. Clark, (2018hys. Chem. Chem. Phys2, 7748.

30P. Politzer, J. S. Muay, M. C. Concha, (2007), Mol. Model, 13, 643.

31 M. Gobbel, B. H. Tchichananov, J. S. Murray, P. Politzer, T. M. Klapétke, (28@9) Chem.1,
229.

32D. Chopra, T. N. Guru Row, (2010yystEngComnil3, 2175.

27
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

33 P. Metrangolo, J. S. Murray, T. PiiatP. Politzer, G.Resnati, G. Terraneo(2011),
CrystEngComml3, 6593.

34 P. Metrangolo, J. S. Muray, T. Pilg®. Politzer, G. Resnati, Gefraneo(2011),Cryst. Growth
Des, 11, 4238.

35R. W. Troff, T. M2akel?2, F. Topi [(2013pEur.V.al kone |
Org. Chem.1617.

36 A. Bondi, (1964, J. Phys. Chem68, 441.

37R. D. Shannon(1976, Acta Crystallogr., Sect. A: Found. Crystallo@2, 751.

38B. Pinter, N.Nagels, W. A. Herrebout, F. De Proft, (201Ghem. Eur. J.15, 519.

39A. S. Jones, (2013), Am. Chem. Sqd35, 7005.

40 M. Solimannejad, M. Malokani, I. Alkorta, (201@). Phys. Chem.,A14, 12106.

41 P. Politzer, K. E. Riley, F. A. Bulat, J. S. May;, (2012),Comput Theo. Chenf98, 2.

42K. E. Riley, J. S. Murray, P. Politzer, M. C. Concha, P. Ho{#)9),J. Chem. Theory Compyt.
5, 155.

43K. E. Riley, P. Hobza;2008),J. Chem. Theory Compp#, 232.

44 K. E. Riley, P. Hobza, (2@), Phys. Chem. Chem. Phy%5, 17742.

45C. Wang, D. Danovich, Y. Mo, S. Shai{2014),J. Chem. Theory Comput0, 3726.

46 E. Parisini, P. Metrangolo, T. Pilati, G. Resnati, G. Terraf&,1), Chem. Soc. Rewv0, 2267.

47E. Arunan, G. R. Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, D. C. Clary, R. H.
Crabtree, J. J. Dannenberg, P. Hobza, H. G. Kjaergaard, A. C. Legon, B. Mennucci, D. J.
Nesbhitt,(2011), Pure Appl. Chem83, 1637.

48 P. Metrangolo, H. Naich, T. Pilati and G. Resnai{2005) Acc. Chem. Res38, 386.

49Z. P. Shields, J. S. Murray, P. Politzg010, Int. J. Quant. Chem110, 2823.

50J. S. Murray, M. C. Concha, P. Lane, Hobza, P. Politzer, (2008%l. Model, 14, 699.

51Z. P. Shields). S. Murray, P. Politzer, (2010pt. J. Quantum Chenl10, 2823.

52S. J. Grabowski, (2013Phys. Chem. Chem. Phy%5, 7249.

53J. J. Novoa, B. Tarron, M. H. Whangbo, J. M. Williams, (19918 hem. Phys95, 5179.

54S. Gronert, (1993)JJ. Am. ChemSoc, 115, 10258.

55A. Mukherjee, S. Tothadi, G. R. Desiraju, (20143¢c. Chem. Res47, 2514.

56 C. B. Aakerdy, M. Fasulo, N. Schultheiss, J. Desper, C. Moore, (2D0%n. Chem. Sqd 29,
13772.

57 T. Di Paolo,C. Sandorfy, (1974 Chem. Phys. Left26, 466.

58E. Corradi, S. VMeille, M. T. Meissina, P. Metrangolo, G. Resn&#ip00),Angew.Chem., Int.
Ed, 39, 1782.

28
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

59C. B. Aakerdy, C. L. Spartz, (28}, Top. Curr. Chem.358, 155.

60M. T. Messina, P. Metrangolo, W. Panzeri, T. Pilati, G. Res(20D1),Tetrahedron57, 8543.

61S. Y. Oh , C. W. Ni ckel s, F CrysEng&animad, 6100 Jones,

62 H. J. Schneider, (2009\ngew. Chem., Int. EX}8, 3924.

63P. Gamez, T. J. Mooibroek, S. J. Teat, J. Ree@@p07),Acc.Chem. Res40, 435.

64 C. Janiak(2000),J. Chem. Soc., Dalton Tran8885.

65 M. Nishio, (2004),CrystEngComn6, 130.

66 D. B. Miller, H. H. Sisler(1955),J. A. Chem. Soc77, 4998.

67J. A. Kapecki, J. E. Baldwin, (1969, Am. Chem. Sq@1, 1120.

68 G. Cavallo, P. Metrangolo, T. Pilati, G. Resnati, G. Terra(@@i4),Cryst. Growth and Des.
14, 2697

69 G. E. GarrettG. L. Gibson,R. N. StrausD. S.SeferosM. S.; Taylor,(2015), J. Am., Chem.
Soc., (dois: 10.1021/ja512183e).

70N. H. Hu, W. Liu, K. Aoki, (2000),Bull. Chem. Soc. Jpnz3, 1043.

71S. P. Thomas, M. S. Pavan, T. N. Guru Row, (20CAgm.Commun.50, 49.

72S. J. Grabowski, (2014phys. Chem. Chem. Phy$6, 1824.

73J. E. Del Bene, I. Alkorta, G. Sanch8anz, J. Elguero, (2012), Phys. ChenA, 116, 3056.

74 S. Scheiner, (20138cc.Chem. Res46, 280.

75S. Zahn, R. Frank, E. Hetawkins, B. Kirchner, (2011Chem. Eur. J.17, 6034.

76 Q. Li, X. Guo, X. Yang, W. Li, J. Cheng, B. Li, (2014),Phys.Chem. Chem. Phydl.6, 11617.

77P. R. Varadwaj, A. Varadwaj, &. Jin, (2014) Phys. Chem. Chem. Phy%6, 17238.

78D. Mani, E. Arunan, (2014)l. PhysChem. A118, 10081.

79A. Bauz, T.J. Mooibroek, A. Frontera, (2013ngew. Chem. Int. Eb2, 12317.

80J. M. Lehn, (1988)Angew. Chem. Int. EQR7, 89.

81L. F. Lindoy, I. M. Atkinson{2000),SelfAssembly in Supermolecular Syste@ambrige, UK,
The Royal Society of Chemistry Cambrédg

82G. R. Desiraju, (1995Angew. Chem. Int. Ed34, 2311.

83L. Meazza, J. A. Foster, K. Fucke, P. Metrangolo, G. Resnati, J. W. Steed, (R@t3Fhem.
5,42.

84 H. M. Yamamoto, J.I. Yamaura, R. J. Kato, (1998). Am. Chem. Sqcl20, 5905.

85J. Lieffrig, O. Jeannin, M. Fourmigué, (2013),Am.Chem. So¢.135, 6200.

86 P. Metrangolo, Y. Carcenac, M. Lahtinen, T. Pilati, K. Rissanen, A. Vij, G. Resnati, (2009),
Science323, 1461.

29
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

87H. S. EtSheshtawy, B. S. Bassil, K. I. Assaf, U. Kortz, W. MuNé&012),J. Am. Chem. Sqc.
134, 19935.

88 D. W. Bruce, (2008), Halogelmonded Liquid Crystals, P. Metrangolo, G. Resnati (Eds.),
Halogen Bonding: Fundamentals and Applications: Structure and Bonpdl61180),
Berlin, UK, Springer.

89 M. Fourmigué, (R08), Halogen Bonding in Conducting or Magnetic Molecular Materi&s
Metrangolo, G. Resnati (Eds.}jalogen Bonding: Fundamentals and Applications:
Structure and Bondindpp.181207), Berlin, UK, Springer.

90 M. Fourmigué, (2009)Curr. Opin. SolidState Mater. Scil13, 36.

91T. Imakubo, H. Sawa, R. Kat(1.995, Synth. Met.73, 117 2.

92H. M. Yamamoto, Y. Kosaka, R. Maeda, J. Yamaura, A. Nakao, T. Nakamura, R. Kato, (2008),
ACS Nanp?2, 143.

93 P. Metrangolo, G. Resnati, T. Pilati, S. Biella, (206&logen Bonding in Crystal Engineering
P. Metrangolo, G. Resnati (EdsHalogen Bonding: Fundamentals and Applications:
Structure and Bondingpp.105136),Berlin, UK, Springer

94 A. Crihfield, J. Hartwell, D. Phelps, R. B. Walsh, J. L. Harris, Rd&yne, W. T. Pennington, T.
W. Hanks, (2003)Cryst. Growth Des3, 313.

95D. Britton, W. B. Gleason, (20023cta Crystallogr. Sect. E Struct. Rep. On|isg, 01375.

96 R. Liantonio, P. Metrangolo, T. Pilati, G. Resnati, (20@2}a Crystallogr.SectE Struct. Rep.
Onling 58, 0575.

97 P. Metrangolo, F. Meyer, T. Pilati, R. Resnati, G. Terraneo, (2@@T3, Crystallogr.Sect. E
Struct. Rep. Online3, 04243.

98R. B. Walsh, C. W. Padgett, P. Metrangolo, Resnati, T. W. Hanks, W. T. Penni{&fi0h),
Cryst. Growth Desl, 65.

99J. Grebe, G. Geiseler, K. Harms, K. Dehniqd®99),Z. Naturforsch B: Chem. Scb4, 77.

100M. Ghassemzadeh, K. Harms, K. Dehnicke, (19668em. Ber.126, 259.

101P. Metrangolo, F. Meyer, T. Pilati, D. M. Prosperpio, G.riis (2007) Chem. Eur. J.13,
5765.

102C. B. Aakerdy, A. Rajbanshi, J. Desp@011) Chem.Commun.47, 11411.

103S. Tohadi, G. R. Desiraju, (201&hem. Commun49, 7791.

104E. Parisini, P. Metrangolo, T. Pilati, G. Resnati, G. Terraf&X,1), Chem. SoRev, 40, 2267.

105J. Xie, L. Wang, N. Wu, A. Brock, G. Spraggon, P. G. Schultz, (200&k),Biotechnol, 22,
1297.

30
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

106T. Beck, T. Gruene, G. M. Sheldrick, (2018%ta Crystallogr, SectD: Biol. Crystallogr, 66,
374,

107M. G. Sarwar,D. Ajami, G. Theodorakopoulod, D. Petsalakis). J.Rebek Jr.(2013, J. Am.
Chem. So¢ 135, 13672.

108D. Manna, G. Mugesh, (2012), Am. Chem. Sqd 34, 4269.

109P. Auffinger, F. A. Hays, E. Westhof, P. S. Ho, (20@pc. Natl. Acad. Sci. U. S. AL01,
16789.

110P. S. Ho, (2015)Biomolecular Halogen Bongdsdalogen Bonding I, Impact on Materials
Chemistry and Life Sciencésp. 241276), P. Metrangolo, G. Resnati (eds.),Switzerland,
Springer.

111M. R. Scholfield, C. M. Vander Zander, M. Carter, P. S. Ho, (2A@)ein Sci,22, 139.

112P. Zou, F. Tian, J. Zou, Z. Shar{gp10),Mini Rev. MedChem, 10, 309.

113S. K. Panigrahi, G. R. Desiraj(2007), Proteins 67, 128.

114 A. Wojtczak, V. Cody, JR. Luft, W. Pangborn, (2001Acta Crystallogr., SectD: Biol.
Crystallogr, 57, 1061.

115D. Manna, G. Mugesh, (2012), Am. Chem. Sqcl34, 42609.

116N. F. Valadares, L. B. Salum, I. Polikarpov, A. D.AndricopuloCRGarratt(2009) J. Chem.
Inf. Mocel., 49, 2606.

117N. Yamaguchi, Y. Yamamura, K. Koyama, E. Ohtsuiji, J. Imanishi, T. Ahishara, (1S&®er
Res, 50, 7008.

118Y. Lu. T. Shi, Y. Wang, H. Yang, X. Yan, X. Luo, H. Jiang, W. Z{2009, J. Med. Chem.
52, 2854.

119A. R. Voth, P. S. Ho(2007), Curr. Top. Med. Chem7, 1336.

120R. Wilcken, X. Liu, M. O. Zimmermann, T. J. Rutherford, A. R. Fersht, A. C. Joerger, F. M.
Boeckler,(2012),J. Am. Chem. Sqd 34, 6810.

121E. Parisini, P. Metrangolo, T. Pilati, G. Resnati, G. Terraneo, (2CGh&n. 8c. Rev.40, 2267.

122 A. Varga Jentszsh, S. Matil@015),Top.Curr. Chem, 358, 205.

123P. A. Gale, R. Pérezomas, R. Quesadg013),Acc.Chem. Res46, 2801.

124T. J.Mooibroek,P. Gamez (2013, CrystEngComml5, 4565.

125Q. Z. Li, B. Jing, R. Li, ZB. Liu, W. Z. Li, F. Luan, J. B. Cheng, B. A. Gong, J. Z. Sun, (2011),
Phys. Chem. Chem. Phyk3, 2266.

126 M. Dubecky, R. Derian, P. Jurecka, L. Mitas, P. Hobza, M. Otyepka, (2Bb4¥s. Chem.
Chem. Phys.16, 20915.

127M. H. Kolar, P. Carloni, P. Hobza, (201#hys. Chem. Chem. Phy$6, 19111.

31
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

128M. Dubecky P.J u r eR. xedan P.Hobzg M. Otyepka L. Mitas, (2013),J. Chem. Theory,
Comput, 9, 4287.

129 A. Karpfen, (2008),Theoretical Characterization of the Trends Halogen Bonding P.
Metrangolo, G. Resnati (Eds.}jalogen Bonding: Fundamentals and Applications:
Structure and Bondindpp.1-15), Berlin, UK, Springer

130A. C. Legon, (2010)Phys. Chem. Chem. Phy2, 7736.

131J. Grant Hill, A. C. Legon, D. P. TeW. R. Walker, (2015)Top. Curr. Chem.358, 43.

132A. C. Legon,(2008),The Interaction of Dihalogens and Hydrogen Halides with Lewis Bases
in the Gas Phase: An experimental Comparison of the Halogen Bond and Hydrogen Bond
P. Metrangolo, G. ResnafEds.), Halogen Bonding: Fundamentals and Applications:
Structure and Bondingpp.17-64), Berlin, UK, Springer

133A. C. Legon,(1999),Angew. Chem. Int. EA38, 2686.

134N. L. Kilah, M. D. Wise, C. J. Serpell, A. L. Thompson, N. G. White, K. E. ChristerizeD.
Beer, (2010)J. Am. Chem. Sqd 32, 11893.

135M. G. Chudzinski, C. A. McClary, M. S. Taylor, (2013),Am. Chem. Sqc 33, 10559.

136F. Zapata, A. Caballero, N. G. White, T. D. W. Claridge, P. J. Costa, V. Félix, P. D. Beer,
(2012),J. Am. ChenSoc, 134, 11533.

137L. C. Gilday, T. Lang, A. Caballero, P. J. Costa, V. Félix, P. D. Beer, (26b8gw. Chem.

Int. Ed, 52, 4356.

138A. C. Jentzsch, D. Emery, J. Mareda, S. Nayak, P. Metrangolo, G. Resnati, N. Sakai, S. Matile,
(2012),Nat. Commun 3, 1.

139S. Walter, F. Kniep, E. Herdtweck, S. M. Huber, (20Bhgew. Chem. Int. E&O0, 7187.

140 M. G. ChudzinskiC. A. McClary, M. S. Taylor, 2011, J. Am. Chem. Sqc133,10559

141 M .G. Chudzinski, M. S. Taylo(2012, J. Org. Chem.77, 3483

142T. M. Beale, M. G. Chudzinski, M. G. Sarwar, M. S. Tayl@013, Chem. Soc. Rev42,
1667.

143M. G. Sarwar, BDragisic, E. Dimitrijevic, M. S. Taylor;2013, Chem. Eur. J. 19, 2050

144 M. Bedin,A. Karim, M. Reitti,A.-C.C.CarlssonF. Topic, M. Cetina, F. Pan, V. Havel, F. Al
Ameri, V. Sindelar, K RissanenJ. Gréafenstein, M Erdelyi, (2015, Chem. Scj.(doi:
10.1039/C5SC01053E

145 A.-C.C. Carlsson, A.X. Veiga, M. Erdelyi, (2015, Top. Curr. Chem. (doi
10.1007/128_2014 607

146S. B. Hakkert; M. Erdelyi(2015, J. Phys. Org. Chem28, 226.

147 M. Erdelyi, (2014, Nature Chemistry6, 762.

32
Chaptdr. Introduction to Halogen Bonds



http://pubs.acs.org/doi/abs/10.1021/ja202096f
http://pubs.acs.org/doi/abs/10.1021/jo300279m?prevSearch=chudzinski&searchHistoryKey=
http://pubs.rsc.org/en/content/articlelanding/2013/cs/c2cs35213c
http://pubs.rsc.org/en/content/articlelanding/2013/cs/c2cs35213c
http://onlinelibrary.wiley.com/doi/10.1002/chem.201202689/abstract

Jasmine Vigeavel

148D. Hauchecorne, A. Moiana, B. J. van der Veken, W. A. Herrebout, (281yl3, Chem. Chem.
Phys, 13, 10204.

149D. Hauchecorne, R. Szotak, W. A. HerreboutJBvan der Veken, (2009GhemPhysChem
10, 2105.

150P. Metrangolo, G. Resnati, (2008)alogen Bonding, Structure and Bonding. M. Mingos
(ed.), Heidelberg, Germany, Spinger.

151P. Metrangolo, G. Resnati (eds.), (20133logen Bonding |, Impact on Materials Chemistry
and Life SciencesSwitzerland, Spriger.

152A. E. Aliev, K. D. M. Harris, (2004)Probing Hydrogen Bonding in Solids Using Solid State
NMR Spectroscopp. M. P. Mingos (Ed, Supramolecular Assembly via Hydrogen Bonds
[, Structure and Bondinfpp. 154), Berlin, Germany, Spinger.

33
Chaptdr. Introduction to Halogen Bonds




Jasmine Vigeavel

2 SOLID -STATE NUCLEAR MAGNETIC RESONANCE, QUANTUM
CALCULATIONS AND X-RAY CRYSTALLOGRAPHY: THEORY AND
METHOD S

2.1 INTRODUCTION TO PRINCIP LES OF SSNMR
Particlesare composedf atoms, which arghemselvescomposed of electrons and
nuclei. Thescientificfield of nuclear magnetic resonance (NMR) spectroscopy focuses on

the physical properties of atomic nuclei, in particular, nuclear magnetism.

When a magnetic nualsis in the presence of a magnetic fieRb) it is associated
with a magnetic momengy and its energyHmag Will be given bythe dot product of the

vectors
Qoo HI. 121

In 1922 Otto Stern (Nobel Prize Rnysics 1943) and Walter Gerlach conducted an
experiment that demonstratdtat all nuclei possesm intrinsic physical property known
asspinl In 1928, Wolfgang Pauli (Nobel Prize Rinysics 1945) experimentally observed
and explained the presence of (electspihin a magnetic field. It was Paul Dirac (Nobel
Prize inPhysics 1933) who fully formulated the relativistic quantum theory wisgiaand

positronemerged naturally?

The next theoretical sections will demonstrate houclear spinscontribute

significantly to themathematical manipulations used to derivee MR principles.

2.1.1 The Zeeman Interaction
Spinpossesses an intrinsic angular momentum. Quantum mechanics is necessary

for the correct description of spin angular momentur@pin angular momentum is
34
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guantized and is representeyglthe spin quantum numbeéfl = 0, 1/ 2, 1, 3/ 2,
spin magnetic quantum numbay (m=1,1-1 , -B.,Nuclei that possedsgreater than

zero are said to ldMR active Spin angular momentum is different from classical angular
momentum, whiclis visualizedas a rotating object along an axis with a direcimector.

Since it is difficult to visualize a phenomenon such as spin, it is sometimes represented
similarly to the way a top revolves about an adieréafterknown asprecessionand

depicted inFigure2.1). The magnitude of the spin angular moment&ms(given by:
Y 0 00 p [22]

wherek is Planck's constant31.0546- 1034J s). Any nuclei with a spin quantum number
generates magnetic moment proportional to the spin angular momentum as shown in

Equation 2.3:

H 1 23

where o is the gyromagnetic ratio (an isotopeoperty) and the” symbol indicates a
quantum mechanical operafor.

B B

o o

y>0 v<0

Figure2.1 Nuclear precession for a nucleus with a positive and negative gyromagnetic ratio.

(Figure inspired from Levit).
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When a nucleus placedn an externamagnetic field Bo) the energy levels are no
longer degenerate; they arigided into eigenstates(21). This interactioms knownas the

Zeeman effect! The energyof each statés givenby Equation 2.4 and the difference

between energy statelSK) is shown in Equation 2.5.

(@) a iré [24]
YO ré [25
Figure 2.2 shows the energy level diagrams for a spin 1/2euschnd a spin 3/2

nucleus with a positive.

my=-3/2
(a) (b)
A A l"{AE — '}’FIBO
m=+1/2 i
7 / m = +1/2
o 1=12 el 1=32 /.7 f
g —{\ AE = yhB, g —c AE=yhB,
B,=0 i . my=+1/2
my=+1/2 N
B,=0 B,>0 ‘\\AE = yhBo
N my=+3/2
B,>0

Figure2.2 Zeemarenergy states for a nuclei with (aF 1/2 and (b) 3/2 with a> 0.

One can determine the energy for a macroscopic sample consisting of a population
of nuclear spins, but not for a single nucleus. The eigenstates in a magnetardield
associatedwith different energies and will follow the Boltzmann distributionlhe
Boltzmam distribution predicts that the nuclear spin populatinaf a state{or b) lower

36
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in energy is more populated and decreases exponentially for higher energy &vel
constant temperatur@); Equation 2.6 describes the difference in nuclear gppulation

expected with the Boltzmann distribution.

y il

<~ Q" Q- [26

wherekg is the Boltzmann constant (1.3&1023J K1) 8

To increase the difference in spin populatiNy/s), one can increase the magnetic
field, which will increase the energy gap between the eigenstates, or one can lower the

temperature and use nuclei with largeatio values.

2.1.2 NMR Signal Detection

To manipulate the spin populations from one enstgge to the other when they are
placed in a magnetic field, electromagnetic radiation equal to the energy gap (the
radiofrequency (RF) radiation in the electromagnetic spectrum) is Uséussection the
response of nuclear spins to an applied RId fis explainedbefore reviewing the

fundamental NMR interactions.

Once the sample of interest is placed in a magnetic field, the sum jobtheach
particle will yield a net bulk magnetizatiorector known as the nuclear spin magnetic
momentM. M will align along the-axis as shown ifrigure2.3(a). When an RF field is
applied via the coil situated intheyp | ane, t he magneti zation vVvec
from thez-axis and will rotate like a sweeping a cone with a constant angle b|s®g

Figure2.3(b). This motion of the nuclear spin angular momenismeferredto asspin
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precessiorf® Thefrequency of such precessioiis known as the Larmor frequency and is

equal to:

o
2

I Oy 16: [27]

0g

The Larmor frequency is dependent Bs and 2 of the nucleus observed and che
expresseth Hz (3.) or rads? (u). This permits the detection of a signal for #a@ndy-
component of the magnetizatioectorof M, which exhibits precession along thexis

oscillating at a frequencys: as described by the Equations in Z&(re2.3(c)).

I, -iengdl Ay 1i Q1 s
B @) B, . (b) ©
S\ il

) |

Mgty | NS L g
\f‘ff m\ 4
I
\; \\ X y i » X

bulk magnetization vector, M M precession along z- axis

Figure2.3 (&) Scheme of the bulk magnetization of individual magnetic moments, (b) the
vector model of Larmor precession, andtf@ x-component of magnitudd through the tilting

of theangleb asdetected by NMR. (Figure inspired from Ke€lgr.

When an RF pulses appliedto the coil along the-axis, it generates a magnetic
field (B1) about that axis, which oscillates into two cousrteating component§B:’).
Figure 2.4 shows theB; component rotating in the clockwise (negative sense) oscillating
frequency ofuit. In a rotating frame where the oscillating frequency is equadiothe
field will appear static. Moving the rotating frame rem®its time dependencto the

field.®
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laboratory frame rotating frame

Figure2.4 The By field is in a fixed axis system in the laboratory frame, whereas the¢ axis

system is mobile in the rotating frame.

In the rotating frame at an angular frequencywef ram, the magnetization appears
to precesstahe differencebetweenn and therotating framefrequencyand is called the
offset, Woft (Wott = - Weot. frame aNAOB = -Wort/2). The applied magnetic field in the rotating
frame of reference is affected by the magnetic field of the applied RF j@i)sand the
reducedield caused by the offset. The resulteffectivefield is shownin Figure2.5 and
described in Equation 2.9. Hence, in the rotating framefefence, the reduced field along

thez-axis can be much smaller than the applied magnetic field and can infBence

” ” W W oceai B6°
O'Q "Q“Q O‘:)c r— [2.9]

&
|
'

Figure2.5 Effectivefield in the rotating frame of referend&igure inspired from Keelé).

A more detailed description tfie specificNMR experiments for solids relevant to

this work will be explained in detail in the later sectibh.4 SolidState NMR Methods.
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2.1.3 Fundamental Nuclear Magnetic Interactions

Explanation of the concepts and conventions used when discussing SSNMR
spectroscopy ofC, 1NN, 77Se,33Cl, and”®Br nuclei(directly involved in the halogen
bonding interactionfollows. The Hamiltonian operatofQ) for a given nucleus in an

external magnetic field is:
O 0O 'O O O "0 [210

where'O represents the Zeeman Hamiltoni&@,is the Hamiltonian for the quadrupolar
interaction, ' is the magnetic shielding Hamiltoniai® is the direct dipolar coupling
Hamiltonian, andQ is the indirect nalear spirspin coupling Hamiltonian. The four
interactions (quadrupolar, magnetic shielding, direct dipolar coupling, and indirect nuclear
spinspin coupling) are treated as perturbations to the Zeeman interaction. As the Zeeman
interaction has alreadpeen addressediide suprd, the Hamiltonian operator@;)

describing this interaction can be written as:
Q@ r0:Q [21]

where'O "@QHEHQ is a nuclear spin operatdrence@is the nuclear spin operator along

thez- axis.

In the following sections, the nuclear magnetic interactions relevant to this work will be

addressed in detail.
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2.1.3.1 Magnetic Shieldin@ardic&hiftAnisotropy

Before discussing chemical shift (possiblypeoof the most significant NMR
parameters), the concept of magnetic shielding (MS) interaction beusbnsidered A
new magnetic field is created by the interaction of the applied external magnetic field with
the electrons i molecule so that the totheld at the nucleus is given by Equation 2.12

and the interaction is known as magnetic shielding.
8 p , 6 [212

The Hamiltonian in Equation 2.13 describes the effect ofrit3action in an NMR
spectrum. MS is generally represented as a second rank t@hs@iégonalization ofl
yields the orientation of its principal axis system (PAS) relative to the external axis system.
In the PAS, the three principal componentsha symmetricdtensor are by convention

ordered asi1 Ol Otz t
‘0 18,0213

" " " , m T
" ” " mo, m [2.14]
” ” ” Tt Tt ”

A simple formula relates a given shielding tensor component to the chemical shift (CS)
tensor component when a suitable shielding reference exists. The CS is reported in units of

parts per million (ppm) oBo:

) — O i ) 1 [215

The isotropic shieldingliso) or chemical shift ifso) is the average of the three principal

components of th€land CS tensors, respectively, and is shown in Equation 2.16. The
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Maryland conventiort? is used in this work to report the CS and MS tensor
parameters341> The spand) designates the breadth of the powder pattern and is shown
in Equation 2.17. The ske{®) represents its asymmetry and ranges betwdgnas

expressed in Equation 2.18.

1 — [216

.. 11 [217

I [2.18]

In a crystalline powdered solid sample, the resulting NMR spectrum is a statistical
distribution of all the crystallites in different orientations with respecteaarthgnetic field
yielding a broad resonance. These broad resonane&sowraspowderpatternsand are
characteded by orientationdependent inhomogeneous broadening (anisotropy). Shown

in Figure2.6 are spectra simulated using chemical shift anisotropy (CSA).
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9,,
o O35
(©)
511: 522
(b) 533
0,,= 0y
(a) 9 L
3|00 260 160 Ol —iOO —500 —::)00
6(*C)/ppm

Figure2.6 SimulatedWSolids program$tatic spectra for spirn= 1/2 nuclei?'P at a magnet

o

field of 9.4 T as an example. (= 162.16 MHz) and thels, value is set to O ppm. Shown on the
spectra are the CS tensors using the Maryland convention, where thg sigaequal to 20 ppm
The skewK) is equal to 0 irfa), and he spectrum is said to be axially symmetric when the skew
is equal to (bp=+1.0,0r (c) @ =-1.0. When the powder pattern is axially symmetvio of the

principal components have the same vabies afor k= +1.0 andab.= ks for & =-1.0.

2.1.3.2 Quadrupolar Interaction
When the spin quantum numbernf a nucleusis greater than 1/2t will
be associated with a nuclear electric quadrupolar mor@3nfTthis means thahe nuclear

charge distributioraround the nucleuis no longer uniform. As illustrated iRigure 2.7,
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when the value of) is positive the nuclear charge distribution will be a prolate spheroid

and wherQ is negativehe distribution will be an oblate spheroid.

(®)

|
|
|
1
e}

J
I
I
!

Figure2.7 Qualitative representation of the nuclear charge distribution ferl/2 with 4

positive Q value and prolate spheroid distribution (a) and nega&@iwalue and oblate spheroid

distribution (b), where the partial electric chargeéjstshown in the scheme.

TheQ will interact with the electric field gradient (EFG) at the nucleus creating the
guadrupolar interaction (Ql). The QI is observed in our NMR spectra and results in a
broadened resonance with a characteristic line shape. The QI Hamiltonian shown in
Equatbn 2.19 is necessary when considering the study of integer spin nuclid&lifke
= 1) or halfinteger nuclei such a&3Cl (I = 3/2) and’®®Br (I = 3/2), which will be
encountered in this work. The diagonalized QI Hamiltonian expanded into its BAGvN

in Equation 2.20

Q0
10¢0p U

G @02.19

w 00 0O w d0 O w o0 O [220

whereeis the fundamental charge (1.602 17®'° C).

The EFG tensorqf) is expressed as a traceless symmetric 3 X 3 matrix shown in

Equation 2.21. When thgtensor is diagonalized, it provides three traceless principal
44
Chapter 3SNMR, Quantum Calculatieray, @ngkdallography: Theory and Method




Jasmine Vigeavel

components defined as, ¢ . § W, § allowing the determination of the relative

orientation of the EFG tensor PAS with respect to the molecular frame.

W m T
T © m [2.2]]
m T

e-e-€
e- e e
e-e-€

TheEFG components may be fully described using the quadrupolar coupling co@s)ant (

and asymmetrydp) parameters :

5 —— [2.27

- ——[223

Wo W W, T[224

wherehi s Pl ancko6s c¢I0f3d $) and the mie@suréniebt Gt7is directly

related to the largest principal component of the EF&aten

Even if the QI is usually an overwhelming interaction in the SSNMR spectrum, it is
important to note that the presence of CSA can be observed. This is the case in most of the
quadrupolar SSNMR spectra presented in this work. As both CS and EFG tensor
interactions are diagonalized, their relative tensor orientation in the PAS can be connected
with respect to the external magnetic fieldigure 2.8 depicts an additical set of three
parameters known as the Euler anjlésat have been introduced to relate the orientation

of the CS and EFG tensors.
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33

\ "2

Figure2.8 Depiction of the Euler anglés b, andoused for relating the PAS of the EFG tensor

and the CS tensor PAS in the frame of reference.

2.1.3.2.1 Effect of the Quadrupolar Interacimthe SSNMR Lineh&pe
The quadrupolar interaction is treated as a perturbation to the Zeeman
interaction. Using pertudtion theory, the QI Hamiltonian can be written as:

©c ©° O §O) E

where'Q, “indicates the Hamiltonian for the first order QI effécy, “9or the second
order QI, and so on. The QI will mainly affect the Zeeman eigésim shown in

Equation 2.25:
Qo Q, O, o i, o E[225

whereQy , is the total energy of eigenstate Qg , is the energy of the Zeeman spin states,

and the first and second order QI are indicate@gy, ©andQy, ° respectively. If the
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system is placed in a strong magnetic field then it is assumed that the Zeeman interaction is
much stonger than the Qbknd only the firsbrder QI needs to be considered. Equation
2.26 shows thisisingd and « polar coordinatesrienting the EFG tensor into its PAS with
respect to the external magnetic fieldowever, when the Zeeman interaction ismath

stronger than the QI, the higher terms in the perturbation Hamiltonian series need to be
addressed’ Equation 2.27 describé3y df’ 00 Corrections up to second order QI are

sufficient for splittings caused to the Zeeman interaction thdessehan-1/1018

O rao & o ‘00 p [2.26]
: Qb a  p, ,
@) ™o 1 v 00 p oa o -
Cﬂwlu'O'O p pad o - O O0é+— p @ [ QEDE%
— Py - OWé i omé+— o
-pDO p om v . . . [2.27]
— 0 QExE i pwécho -— I QEwWE%o

Figure2.9 is the energy level diagram emphasgthe energy corrections of the Zeeman

interaction by first and second order QI for a nucleus with a spir G72.
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m1:+3/2 —Y "-" \““‘\‘ A 4
Zeeman first QI second QI

Figure2.9 The energy level diagram first and second QI interactioh ©r8/2 nuclei with

energy correction.

According to theenergy equation of the eigenstate of the QI, the energy of the
central transition (CTm = +1/2Z m=-1/2) isunaffected by the first order QI interaction.
The value of the quadrupolar frequensy)f® is determined by the difference between the
eigenstat (@m = 1) values. For a nucleus with spir 5/2, each separation betwesn
°1/27z °3/2,and®3/2z °5/ 2 designates the sateilite t

proportional toCq as described in Equation 2.28.

| ey (228

However, the CT is affected by the secamder QI interaction and the secend
order quadrupolar shift is given by Equation 2.29. The breadth of the CT of the powder

pattern under static conditions is describedyation 2.30.
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Y i — = p — [2.29

[2.30]

Examples of CT selective static SSNMR spectra of a quadrupolar spin 3/2 nucleus
where only the QI is observed (no C$SAde shown irFigure2.10. These simulationga
performed using the WSolids1l softwafewhich treats the QI as described here, a
perturbation to the Zeeman interaction up to second order QI. It has been observed in the
literature that this approximation fails when #eeman interaction is comparalb the QI
or when the Zeeman interaction is small, or the nuclei has a,lomargeQ, and or large
EFG tensorg®?! When such a situation arises, perturbation theory to second order QI is
not a suitable expression to describe the NMR line shapeQUEST software developed
by Perragt al.has been made available to the scientific community to simulate such broad

spectraby using«exach methods when the secondder perturbation theory is invalfd
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(a) (b)
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Figure2.10 Quadrupolar statiSSNMR spectrum of the CT undérst order perturbatio
theory. In this example the quadrupolar nucéél (I = 3/2) at a field of 9.4 T L(**Cl) = 39.26
MHZz) is usedwhere the isotropic shift is equa 0 Hz In (a) the asymmetry parameter is fixed
to 0.5 and th€qgvalueis varied. In (b) th€g value is fixed ab MHz andhedy is varied

2.1.3.3 DirecDipolar Coupling
Direct dipoledipole coupling results from the interaction between the magnetic
fields generated by each nuclear spin morfeithe total dipolar coupling Hamiltonian is

given by Equatior2.312*

Q0% 5pro 231

The dipolar coupling Hamiltonian between two different nuclei with spin quantum numbers

l1, I2 and gyromagnetic ratias, o can be written as follows:

Qe EF o B (232

T
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wherei is the internuclear vector. The dipolar coupling vegtanay be diagonalized in
its PAS with respect to the external magnetic field, resulting in a perfectly axially
symmetric first rank tensor.

[0} N0 O O [2.33]

SRR
ERCIE
o eNo)

T
T
C
This throughspace interaction is represented by the dipolar coupling conRtantand is

related to the inverse ba of the internuclear distanag &s shown in Equation 2.32.

0 ~

a 0[2.34

Yo —

Dipolar coupling is observed between heteronuclear spin pairs in this work:
either between the quadrupolar nuchitié (I = 1) and"3C (I = 1/2) or, between the nuelis
3P (| = 1/2) and’’Se ( = 1/2). The dipolar coupling interaction causes huge line
broadening, which is usually a hindrance for an NMR spectroscopist because itacauses
loss in resolution. This effect will be observed in most spin 1/2 nuclei SSsiddBtra
presented in this work. The reason for this is that the compounds studied contain iodine,
which has a quadrupolar nucleus with a large quadrupole moment. However, when the
dipolar coupling interaction is resolved it is one of the most signifieaperimental
measurements of the internuclear distance, geometry, and conformation of the observed
compound?® This interaction is also referred to thsoughspace coupling Figure2.11
illustrates the theoreticafC static and magic angle spinning§egtion 2.1.4.1INMR

spectrafor a*N, 13C spin pair withRop = 1400 Hz andCo(**N)=-2.0 MHz at 9.4 T.
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Figure2.11 Simulated NMR lineshapes for &N, *C spin pair withRop= 1400 Hz,Cq(**N) =
-2.0 MHz at 9.4 Tand CSA:ds, = 100 ppmg = 300 ppmpa = +1 The EFG tensor is assumed

to be axially symmetric with the largest principal component parallel tdithé&C dipolar vector,

The splitting arises frorfN nuclide Zeeman eigenstates + 1, 0.

2.1.3.4 Indirect Nuclear SpinCoupling

The indirect nuclear mn-spin coupling J-coupling) is an interaction
between nuclear spins mediated by intervening electfofiis throughbond coupling is
a very nformative tool as it is a direct probe of molecular connectivity. The Hamiltonian

maybe writtenin the following way:
"0 C0¥0[2.35]

The J-coupling interactionis representedas a second rank tensor* .
Diagonalization ofyields the orientation of its PAS relative to the external axis system.

In the PAS, three principal components result for the symmidgitsor.
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0 0 0 0 m T
0 0 0 m U T [2.36]
0 0 0 m 1m 0

The isotropicJ-coupling (iso) is the average of the three principal components of
the*tensorsand the anisotropic parnt@) of J is usuallyvery small Even thoughy is
small it is still observed in SSNMR spectra. Experimentally,Rse andqd interactions
are determined as a single value, #ftective dipolar coupling constanRes. These

interactions haveeen observenh some of the work presented in this ikes
YameYss —[237

According to Riéivasmechansms tcinibute yd-coupling:
(1) diamagnetic sphorbital (DSO) coupling, (2paramagnetic spiorbital (PSO)
coupling, (3)Fermicontact (FC) coupling, (dpindipolar (SD) coupling, and ($ermt
contact spirdipolar (FCGSD) crosscoupling?! The dominanterm,FC, is the interaction
between the nuclear and electron spins when the electrons are at the nucleus. The
magnitude of the FQ-couplingis usually indiative ofs orbital overlap between the nuclei.
The DSO and PSO terms are responsible for the electron interactions between the nuclear
spin angular momentum and orbital angular momentum. Similarly, the FC term accounts
for the interaction between the mear spin angular momentum and orbital angular

momentum of the nucleus.

The reduced spispin coupling tensokK) is often reported instead of theoupling

as it is independent of the gyromagnetic ratios.

— [2.39]
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J-couplings are on the order of several to a huntietiz Hence it is an interactiorthatis
usuallyobservedn solutionandspin 1/2 nuclei. Howeved;couplings have recently been
observedexperimentally between quadrupolar nuclei for various inorganic systetne
solid state?’ Experimentally observing-coupling was a challenging task as SSNMR
spectrum of quadrupolar nuclei will span over multiple kHz and-tt@upling interactions

are small in comparison (few Hz).

2.1.4 Solid-State NMR Methods

Spins will undergo a relaxation phenomenon. There are two different mechanisms.
The first is spidattice or longitudinal relaxatiorT;1: thetime constant for the build up of
magnetizationM, is reachedlong the direction of the external magnetic fielthe second
is spinspin or transverse relaxatioh, a loss of phase coherer(decay of magnetization)
among the nucleafter a RF pulseand is less than or equal To. The linewidth of the

NMR signal will depend o2 (line-width at half heightg®1,=1/pT>).?®

The onepulse experiment consists of applying an RF field of pulse length and
power equal t/2 in thex direction. Ap/2 pulse is usedtobtain the maximum intensity

of the NVIR signal and is dected as shown by Equation 2.39.
— 1 0 [2.39]

wheret, is the duration of the pulse anfdis the angl&é® This isunderstood when one
looks atFigure2.5 above and now relates this to the effective field in frequency units, as

shown in Equation 2.40.
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The net magnetization that reached equilibrium@lbez- axis after a certain delay
(507) will be redirectedilong thei y- axis; this phenomenon is also knownti@hsverse
magnetization The movement of the magnetization nheyfollowedin Figure2.12. The
magnetizatiorprecesses the transverse plane at the offsét«) and thevariation of
magnetization with timet( may be determined as vectgnecessinghrough the angle

Weiit.> The components are equal to:
To i o paT Ky L oévt 239

The NMR signals detected as a free induction decay (FID) in the time domain and
a mathematical operation known as the Fourier transfornidtianansfers the information
into the frequency domaiyielding the NMR spectrum.The NMR spectrum contains all

the informatiorof the interactions previously discussed: MS, QlI, D, &odupling.
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Figure2.12 Vector model of the, NMR radiofrequency field pulse and delivery of the NMR
signal. In (a) the Boltzmann equilibriumnsachedand the net magnetization vectsraligneg
with the external magnetic fieldl). After an RFpulseof — = p/2« in (b) theM vector is now in
thexy plane, and is called the transverse magnetization. The NMR signal is detected as an FID in
(c) and the FT of the signal yields the spectrum in the frequency domain in (d). To increase the
signal of the spectrum, multiple experiments are acquirgll asidescribed here. Before repeating
each step, a delay of about 5 tiniess necessary to reach the Boltzmann equilibrium and pefrform

another RF pulse. During this interval, the spins will dephase in the transverse plane as shown in

(e).

However, smetimes a single pulse experimeais¢referred to as a Bloch decay)

is insufficient to recover all of the information desired from the system under study.

2.1.4.1 Signal arResolution Enhancement Methods:
A static SSNMR spectrum as stated previously is a statistical distribution of

all orientations of the crystallites in the powder sample. The spectrum contains the

56
Chapter 3SNMR, Quantum Calculatieray, @ngkdallography: Theory and Method




Jasmine Vigeavel

information of all of the NMR interactions with their full tensor form, which are oriemtatio
dependent. Obtaining the full tensor information is an advantage in SSNdhRyver

when multiple crystallographically neeguivalent nucleus sites are present in the sample,
there isanoverlapof the powder patterns and resolutioiois. NMR spectrecopists have
developed methods to enhance resolution and sensitivity for such experiments. Here are
presented the most commonly used methods in the-stalid NMR field as well as the

experiments used for this work.

2.1.4.1.1 Magic Angle Spinning

A resolution method routinely used by SSNMR spectroscopists is magic
angle spinning (MAS). The experimental setup for the sampdfownin the inset of
Figure2.13. A sampleis placedabout an angler with respect to the external magnetic
field (dr, Bo), which isequal to54.72. The angle relates the orientation of the interaction
tensor fixed in the molecular frame. It varies with time as the molecule rotdkethe
sample®? Hence, spinning the sample about that axis will have the effect of averaging the
anisotropy associated with the Zeeman interaction (no mixing of the Zeeman interaction,
i.e. second order QI)Concretely, for spin 1/2 nuclei, it will sppess CSA, heteronuclear
dipolar coupling (diminished homonuclear dipolar coupling), and for quadrupolar nuclei,

MAS will remove first order QI and reduce second order QI as showigume2.13.
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Figure2.13 (a) Simulated MAS spectra for a spin 1/2 nucleus acquired at 9.4 T, where CSA
dominates the powder patteri/(= 100 ppmk = 0.5, dso= 100 ppm). The Figure illustrates hpw

using slow MAS spinning speeds makes it possible to obtain the powder pattern with spinning
sidebands. As the MAS frequency is increased the isotropic peak becomes evident. (b) $imulated
MAS spectra for a quadrupolaucleus] = 3/2 Co=5 MHz,do = 0.4 anddse= 0 Hz). The MAS
spectrum of a quadrupolar nucleus will not have the appearance of a solution spectra as it does not

average out theecondorderquadrupolar interaction. The inset shows the schafitiee MAS

sample setup: the rot placedat 54.74° and spun along that axis.

The mathematical explanation of the magic angle is the dependency of the
interactions mentioned abows the average of the orientatiooo(£S4»  p) term. For
the case of CSAa sample is placed in a rotor at the argléanglebetweenB, and the
spinning axiy and two other angles stand obkigure2.13 inset):the angleb between the
principalz-axis of the CS tensor and the spinningaxist he angl e d bet ween

z-axis and thd3,. The angle controlled experimentallyds ard when that value is equal

to 54.78,theo® €4+~ pterm is zero and so the average will also be HigH*
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When the spinning speed is fast enough to suppress the anisotropy (3 to 4 times
greater than the anisotropy), only the isotropic chemical shift is obsesivathr to what
is ob®rvedin a solution spectrum for a spin 1/2 nucleus Bgare2.13(a)). If the spinning
speed does not average out the anisotropy, spinning sidebands are odsersedances
spaced at integer multiples of the spinning spegds] from theliso resonance Slowly
spinning the sample will generate a spinning sideband manifold mimicking a static
spectrum. Although théiso peak is not necessarily the most intensgonance of the
spinning sidebands, it is the only spinning sideband that does not change position with
spinning speed, hence permitting its identification. Spinning sidebands can be very useful
in the determination of CSA as will be shownatinghthis work. It should also be noted
that CSA is proportional to the external magnetic field; wherBthiacreases so does the
CSA. Higher magnetic fields are not always advantageous for spin 1/2 nuclei, because the
intensity of the signal is dispersed throughthe line shape and it may be difficult to

acquire a spectrum with a respectable S/N Fitio.

For quadrupolar nuclei, the MAS spectrum is 3 to 4 times narrower than the static
spectrum® andthe powder pattern depends only on the EFG tensors. This phenomenon
makes it easier to simulate the powder pattern when the CSA and Euler angles may be

removed (only depends on three parameters instead of nine).

2.1.4.1.2 Proton Decoupling
Proton decoupling isised in of all the experiments for this work because the

heteronuclear dipolar coupling interaction betwe#h and the observed nuclei is
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overpowering. The removal of the dipolar coupling interaction permits observation of the
signal of the desired nucleu The pulse sequence used in the decoupling scheme is varied
to be as powerful as possible, but also to be as gentle on the laboratory equipment as
possible. The simplest and most effective way to decouple protons is to apply an RF field
at the frequengof the protons' resonance while acquiring the FID on the nucleus of interest.
This is showrnn the pulse sequences given in the later sections and is usually referred to as
continuouswave (CW)3’ However, this work uses other decoupling schemes, suivhoa

pulse phase modulation (TPP¥and a variation of this known as SPINAL&4.By
optimizing the pulse length and phase in the pulse sequences, the TPPM and SPINAL64
schemes greatly reduce residual line widths from dipolar coupling, and entence
resdution and sensitivity for the nucleus of intereftr example,*3C or 3°CI. The
decoupling schemes are continuous cycles composed of two pulses for TPPM with opposite
phases (Equation 2.43), whereas SPINAL uses those phases to construct a super cycle

where the phases and angles are slightly varied (Equations 2.43 and 2.45).
400-00h xBDAQ@Avp W ADAp o 1 [2.4]]

30) . !, podpWp @M P UL @BH ULIP PQTI P EVTP QP UP Q& U
1 popm Jpou P poeuidpp& T Jpoeuv ZRu poul[2ad

30) . ! ,1@t111 1 [2.43

2.1.4.1.3 Cross Polarization Pulsg&ence
Cross polarization (CP) is a signal enhancement experiment used to increase the

signal of a dilute spin (e.g°C, **N, ’Se)for dipolar coupled nuclei. Dilute spins tend to
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be associated with lonfx relaxation times because the homonuclear dipolaraatien

that stimulates this relaxation mechanism is almost ab3éet CP pulse sequendédure

2.14) operates by transferring spin magnetization from the abundant spin to the dilute spin
when the frequencies are equal, increasing sensitivity tardefore the signal to noise

(S/N) ratio ly a factor ofoapundard giuie.*® Hence, this experiment helps with two main
points: (1) an increase in S/N ratio for the dilute spin and (2) it decreases experimental time.
To achieve this magnetization transfire HartmansHahn match must be satisfi ands

definedas:

[(6p P( 140, 8 [244

wheredis the gyromagnetic ratio argh is the magnetic field. In this exampthge proton

is the abundamucleusandX is the dilute nucleus.

T2
contact .
" pulse decoupling

contact
pulse

X

Figure2.14 Cross polarization pulse sequence.

A decrease in experimental time is achievsithice theT: mechanism for the
experiment will be directed by the abundant spin, where homonuclear dipolar coupling
interactions are present and trigger the relaxafio8P is routinely used under MAS
spinning conditions (CPMAS) for spin 1/2 nucté?® It has been demonstrated in the

literature that CPMAS is ineffient for quadrupolar nuclei due to its time dependence
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component in the energy state with the rotor period when spirthfiidiowever it is

possible to obtain a signal enhancement when the sample i$*tatic.

2.1.4.1.4 Refocusingxperiment: Hahndho and SoliEicho Pulsee§uence

When acquiring the spectrum of a broad powder pattern some issues of
distorted line shapes may arise. Refocusing experiments are usually the solution for
remedying those distortions that are a result of rapid FID de8piy dephasingvhich is
constant with timecan be refocused using sgoho experiments and are showirigure

2.15.
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Figure2.15 Solid echo (or quadrupolar echo or Solomon echo) pulse sequence in (a) ig used to
overcome line broadening from the quadrupolar coupling interaction or homonucleaidiijodée
coupling. Hahn echo (spin echo) pulse sequence in (b)lysisald to overcome FID distortions

caused by CSA or heteronuclear dipdipole coupling. (c) Vector model of Halechowherethe

colored arrows depict experiment and dephasing

Dephasing of the spin maye causedy magnetic field inhomogeneity, local
magnetic field susceptibilityCSA, dipolar coupling, or quadrupolar interactit$iThe spin
echo pulsesequenc¥ is shownin (b), and its corresponding vector model is shown in (c).

The sequence begins with an iniPx pulse to create magnetization along yrexis of
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the rotating sample, known as the excitation pulse. The magnetization vector rotates in the
xyplaneThisisusual |y foll owed by a d) Afterasecomdy per i
px pulseis applial, the spins are flipped in the transverse plane, thus refocusing the initial
pulse. Again the pulse rotatesinttyg | ane dur i ngy.attheend shgFiper i od
is collected in theg- axis forming a spirecho where one can choose to proceghaltiata

points when the full echig acquiredr simply half the echo (remove the other data points).

The solid echo experiment uses tww2 pulse?®4° |t is observed to produce uniform
excitation, yielding cleaner line shape when compared to the Halonesperiment (pulse

sequence irFigure 2.15(a)). This uniform excitationwill, unfortunately,yield a lower

signal when compared to a Hahn echo experiment, byter fatabout two® However,

this is acceptable when the QI is overwhelming. Cleaneshapeswhere discontinuities

are obviousmight permit the observation of CSA in those circumstances.

2.1.4.1.5 WURST-QCPMG Experiment

The acquisition of a static quadrupolar nuclei powder pattern may span over
hundreds of kHz to MHz. Thegre also knowrms ultrawideline spectra. Short and high
power RF fields must be used to uniformly excite a large bandwidth; however the RF fields
usal are usually limited by hardware, which is ~200 kHz amplitudes, and depends on the
Q factor of the NMR probeHence, an ultravideline spectrum cannot be observed in one
spectral window. The broad spectrare acquiredn multiple pieces that are @adel to
yield the full powder patternThis isachieved by varying the offset frequency in a stepwise

fashion known as the variable offset cumulative spectra (VOCS) acquisition nethod.
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Another possibility to acquire ulthaideline spectra of quadrupolaruclei is

proposed by Bhattacharyya and Frydmawhere a chirped pulse, such as WURS®

used A chirped pulse is a shaped pulse were the adiabatic condition is not met because

sweeping rates are too fast or low RF powers are, wg@dh has the effeaf no longer

enhancing the signal by satellite inversion or saturation of the G¥lso, aWURST pulse

hasa roundoff shape of amplitude profilés phases aquadratic function of timegnd it

haslinear sweep rate oéffective frequency. The useof a chirped WURST pulse was

observed to exciterbader bandwidth (frequency range) uniformly thamstead of a

square pulse in a single spectral wingdawd simultaneously permits control of the RF field

strength and durations, which are usually limibgdthe probe.In this work, the further

modi fied pul se

enhancement technique of quadrupolar

CanrceltMeiboomGill

(QCPMG) 56

henceforth known as WURSQCPMG, where the pulse samceis depictedin Figure

2.16.

|l‘, 'y |

l.r'l
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Figure2.16 WURST-QCPMG pulse sequence.

After the first WURST pulseRex) andd e | a)y,

(tther e

ar e andvo

sequenc e Bheyiregritedithe seasitivdty Sc h u

sho

U3) necessary for the time switch between the transmission and acquisition modes.
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Following this is the QCPMG enhancement part, which is a refocusing loop that will be
repeatedN times, and consists of a secbWURST pulseRrer = Pex¢) and acquisition time

( f ul | 4).eThehFIDs acfuired with WURSQCPMG result in frequency dispersed
echoeswhere the time domain amplitude reflects the frequency domain signal intensity
They are not FT; thegre treatedvith absolute value/magnitude mode were a series of
spi kel et s, s snienjgsathe pdwded pattesn. This method can hésoombined

with the VOCS technique, which is now commonly used for the acquisition of wideline

guadrupolar nuclei in SSNMRpsctroscopy.

2.2 QUANTUM CHEMICAL CALCULATIONS

Computational methods are used as a complementary technique to the SSNMR
experiments performedjecauseit is possible to obtain NMR parameters suchJas
couplings, MS tensors, and EFG tensokere, quantumaiculations are also used as a
helpful tool to understand thilogen bondingteraction in terms of our NMR parameters,
which will be describeth details in the later Chapters. In this section, the different density
functional theory (DFT) methods used to calculate the NMR parameters for the non
covalent interactions presented in this warke discussed The NMR parameters were

extracted usin@ modified version of EFGShield program.

2.2.1 Density Functional Theory
DFT calculations, contrarily toab initio calculations, are not based on the

Schrodinger equation (§ = E). Ap initio calculations try to solve the exact wave function
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(Q) to describehebehaviourof all theN electrons in a system. DFT will approximate the
wave function to its electron density(f)), where the energy in the ground sti&e

determinedy its electronic dnsity, such as in Equation 2.47
0O 0" i [245

The partitioning of the electron density describedoy KohnSham orbitals {{) (not

wavefunctons), described in Equation 2.48

i B s B 3 [2.46]

whereNYis the number o$pin-up electronsorbitals and N is the number of spin down
electrons' orbitals. The KohrSham approach breaks down the total energy into three
functional terms: (1) the kinetic energy funct& T (r)], (2) the Coulomb functional
U[} (], and (3) the exchange and correlation (XC) functiondl} &)], and is shown in

Equation 2.49
0" i 47| 5" i % 4" 1 [2.47]

The XC functional term accounts for the approximation errors from the true kinetic
and coulombicfunctionals However they are not accounting for interactions such as
repulsion and attraction between the electrons and nuclei. It is an unknown furatidnal
will remain so%® Multiple approximations of the XC functional exist and haeen tried

in this work in various software packages and will be described in the sections below.
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2.2.2 Gaussian'09 Software

The Gaussian'09 softwapackage’® is used to calculatd-coupling, MS, and EFG
tensor parameters. The Gaussian'09 software permits the study of cluster adats.
useful when studying a particular part of the crystal structure, for example, halogen bonds.
All cluster models of the experimental compounds are generated from-ridne cfystal
structure, which include the molecules participating in the-comalent interaction, and
truncate the other atoms a# - 5 A away from the system of interesfThis hasthe
advantage of decreasing computational time emst, and does not usually affect the

calculated NMR parameters.

When calculating the theoretical NMR parameters, there was always the challenge
of selecting an appropriate level of theory to reprodtiee observed experimental
electrostatic interactions. The selection of the level of theory to reproduce electrostatic
interactions is limited by the available level of theory to calculate NMR paraméteis
work uses mainly hybridDFT level of theory sch as B3LYP® and TPS$& functional
terms, in combination with the Gaussian'09 bassdmteloped by Pople (i.e-B.1G+)as

they provided reproducible calculations of the observed NMR peieasi®

2.2.3 ADF

This work also uses the Amsterdam Density Functional (ADF) Theory software
version 2009.0% to calculate NMR tensor parameters for cluster models. In addition to
this, the ADF progranias the ability teevaluate accuratelgll required atomic matrix

elements and to permit the implementation of the zesoder regular approximation
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(ZORA) formulism836485 As well, it has the capacity of calculating and viewing the

natural localized motular orbital (NLMOY® in terms of NMR parameters.
ZORA

MS, J-coupling, and the QI are dependent on the electron motion close to the
nucleus in question. A heavier nucleuth greater electronic mass requires a relativistic
correction to account forgtvelocity, as the core electrons will travel closer to the speed of
light. As a result, the radial functions of the s and p electrons are contracted naturally

accompanying a decrease in the effective nuclear charge of the d and f electrons.

The ZORA brmalism accounts for scalar and spibit relativistic effects, which
havean importaneffect on the core orbitals (s orbital matrix in the calculationsy feravy
element when calculating NMR paramet&rsThe ZORA formalismris derivedfrom the
Diracequation of the wave function and the Pauli approximafidre Zora formalism will
demonstrate how the relativistic effects predict relative anisotropy fdrténeors36465
The spinorbit effect will factor splitting of the orbital energy levels when there is coupling
between the electron spin and ° WMeenthe bi t al
chemical sHt tensor for a nucleus boundadeavyelements calculatedscalar and spin
orbit relativistic effects need to be accounted for in the calculations in order to reproduce
experimental observations. A heavy atom will induce large, ldrgguency shiftshrough
a polarization mechanism on the NMR nuclei bound to it. This phenonmekaownas
the heavyatom effect® andit is observed in the halogen bonded systems studied in this
work. Scalar relativistic effects mainly cause a modification of theatlvelectronic

structure in the system under stidy.
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NLMO

The orbitalbased analysis of the calculated NMR parameters perthds
establisiment ofdifferent contributions in a visual support that chemists are familiar with:
molecular orbitals (MO). The modern localized molecular orbital analysis is obtained from
the set of canonical MO and applying a unitary transformation to obtain the maximum and
minimum localization criterion. In the ADEode’°the natural bonding orbital (NBO) is

used to determine the NLMO through the formalism as written below:

%o Wo B Wo hHhmi@ B « 6 [248

where thell4 area set ofstronglylocalizedNBOs resembling the Lewis dot formula, and

Wi and NBOs are expressed in atomic orbital (AO) basi? $ét,; The NLMO orbital,
%%0 ¥ 0is the sum of the localige Woterm corresponding to its parent NBO, and the

remaining terms represent delocalization of the electron défisithe resulting Lewis
type NLMOs can be visualized with the graphical user interface (GUI) program adfview

and are represented by core functions, lone pairs, and bonding orbitals.

Theexchangecorrelationfunctional used with the ADF softwaretiee generalized
gradient approximation (GGA). THe([} (r)] term is expressed as an electronic gradient
distribution to provide a more realistic account ofittteomogenousglectronic distribution
in a molecule. The hybrid DFT functional revised PBEas empbyedin this work/%"2
The basis sets used for all atoms were Slgfe triplezeta with polarization (TZP)
functions incorporated in the ADF software's library, as well as the relativistic optimized

(ZORA/TZP) version functions, when necessary.
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2.2.4 GIPAW-DFT

DFT plane wave method calculations on periodic structures are possible using the
gaugeincluding projectoraugmentedvave (GIPAW)"3 methods for NMR calculations in
the Cambridge Serial Total Energy Packa@ASTEP version 4.1, Materials Studio
3.2)4%"™ The crystal structures described as an infinite crystal lattice, which is the ideal
case for solids. This is modeledwith threedimensional plane waves for the valence
electron density and yet modeled with pseudopotential schemes for the elecgon cor
density’® The calculation of alelectron properties from pseudopotential scheises
possible when GIPAWs used which include translational invariance in the presence of a
magnetic field. In thesealculations a planewave basis set is used to déserthe
electronic band and is defined by tha-off energy andk-point grid. The energgut-off
will be a representation of the quality of the calculation (enatdasergence)and thek-
point grid is the number of sample points used in a primiéfein reciprocal spacé. In
this work, GIPAWDFT calculations are not often successful because the unit cell of the X
ray crystal structures perted for this work areery large(~ >1000A) andthecalculations
do not converge. The level of theory used for these calculations is the PBE fufittfonal

under the GGA approximation.

2.3 X-RAY CRYSTALLOGRAPHY
2.3.5 Fundamentals of Xray Diffraction

X-rays are generated by bombarding a metal with-biggrgy electrons that will

decelerate and generate a continuous range of wavelengths Badletsstrahlung
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combined with higkintensity peaksKy). This electromagnetic radiatios usedn a method
known asX-ray crystallography to reveal the position of every atom in a molecule and
determine its conformation 3D. However, a single crystal of the system of interest must
be obtained because the high electron density it produces permits scafténimgoay.

This isan important component of thischnique asvill be discusedbelow in relation to
thediffraction phenomenon X-ray crystallographys a complementary technique used in
this work. Single crystal Xay crystallographymethodspermit the determination of
chemical bond distances and angldsis allowsthe halogen bonded environmentat®
determinedfrom X-ray measurements and to be related to the variation in the NMR

parameters.

Modern Xray crystallography methods developed by Ndtréte winners William
Henry Bragg and William Lawrence Bragguse a monochromatic beam ofrys while
rotating the single crystal until a reflection is detected. Siagistal diffraction patterns

are measured by using a feaircle diffractometer adepicted inFigure2.17 below.

detector

Figure2.17 A four-circle diffractometer where A, B, C and D are the orientationme‘v

components, and where each reflectiokl)((vide infrg) is monitored

Advances in the ay field have made it serautomated. A computer may control

and rotate the crystal to detect diffractions, and to measure its intensity, as well as
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backgrounchoise. There is also an autatic indexing to help systemagidletermination

of the crystal structuré.

X-ray scatterings causedy the oscillation of incoming electromagnetic waves of
electrons at the atom depending on the number of electrons thasiake Scattering will
be stronger for heavier nucl@nore valence electrons)X-rays detect all atoms except

hydrogengonly one electron)

When a crystalisubject to Xrays, the interference of resulting scattered reflections
causes aphenomenoicaed di f fr act XRD(seeFigu22.18)gsgvadencd aw o f
for the periodic structure ofhe crystal containing stacks of reflecting lattice planes.

B r a gayv&tates that scatteringrdysare separately a distance and the wavelength

of radiation,a follows Equation 2.50 below:
¢Qi Q249

whered: is the glancingangl®’" The pri mary use of Braggodos |

spacing between the layers in the lattaed infra).

A
SN AT

Y

Figure218 Br aggo6s | aw, reflection.
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2.3.6 Lattice and Crystal System

A basic crystal structure is defined by space lattice patterns, which are three
dimensional infinite sequences of lattice points surrounded by identical neighbours. The
unit cell of a crystal structure is the fundamental paraid#d unit that contains the
repeating pattern by translational motion; lengths are denotag layandc. and angles by
U, be, anda.. Crystal structures are classified into seven syst@aislg 2.1)based on the
rotational symmetry elements that the unit cell possesses, and are further classified into
fourteen distinct lattices ithreedimensionabpace known as tigravaislattices depicted

in Figure2.19.

Table2.1 The seven crystal systems.

System Essential Symmetries The 14 Bravaid attices
Triclinic None P

Monoclinic 1 C; axis P C
Orthorhombic 3@ C; axis P C I F
Rhombohedra 1 Cz axis RorP

Tetragonal 1 C4 axis P lc
Hexagonal 1 Cs axis P

Cubic 4 Cz axis in a § arrangemen P lc F

2Figure2.19 depicts the 14 lattice systems with their different crystal drethe illustrations,
(P) indicates a primitive or simple unit cel)Yindicates a baseentered cell unit with two lattice
points on two opposite facedg)(indicates a bodgentered unit cell and-] indicates a face

centered unit cell.
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Base-centered
monoclinic (C)

c c

Simple Body-centered Base-céntered Face -centered
orthorhombic (P)  orthorhombic (J) orthorhombic (C) orthorhombic (F)

[

C

a
Body-centered gy smbohedral ®) ~ Hexagonal ()

Simple tetragonal (P) (20 onal (7)

Body-centered Face-centered

Simple cubic (P) cubic (1) cubic (F)

Figure2.19 Thecrystal systems and tlBravais Lattice.

Miller indices fkl) are sed to identify the spacing and directions of different planes

in the lattice of the crystal, where the points at the reciprocals of the fractional intercepts
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intersection of the, be, cc axes of the unit cell form a plaf®.Figure2.20illustrates the

relationship between these planes and axes of a unit cell and to diméasion,

(b)

c

Simple cubic (P)

Figure2.20 Miller indices(a) and spacing in a unit cetkample for simple cubigb).

Since Xray scattering is caused by the oscillation of incoming electromagnetic
waves at the nucleus, that electron density is employed to solve the detailed stfugture
crystal from its primarynit cell. A structure factoFn, is first calculated and is defined

belowin Equation 2.52
,‘Q"x)‘ B"'" "Q"m(YQF) . cu "QJ"“ TQ)"“ q} . [2 50]
a (00): (o) Q Q YW QL4

The intensity of a reflectionhkl) is proportional tgFn>.2* In a second time, once the
structure factor is known, the electron densifs) in the unit cell can be determinég

Equation 2.53:
"1 -B "0 Q [2.51]

where V is the volume and Equation 2.52 is the Fourier synthesis. In some cases, phase
problems are encountered heresultingnon-centrosynmetric unit cells arein that case

solved with the Patterson synthe%isThe final step is the structure refinement, where the
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parameters are adjusted systematically to give the best fit between observed anédalcula

diffracted intensities.

These crystal systems are further classified sf@ce groups A space group is a
classification according to symmetry operations arising from translation through space,
where the infinite array of points is indistinguishafoten before thesymmetryoperatiorf?

These are the weknown point group symmetry operations such as the prép¢and
improper &) n-fold rotation about an axishe reflection in a mirror planelifp), andthe
inversion ().” Translational elements allow two additional types of symmetry operations:
screw axes and glide plane operati6nsll of the space groups defining crystal structures
have been tabulated and made available by the International Union of Crystallography
(IUCr).8384 The asymmetric unit is the smallest pairthe space group necessary to build

the whole space by using symmetry operations.

2.3.7 Powder Xray Diffraction

Powder Xray diffraction (PXRD) is a useful alternative to singleray
crystallography when a single crystal of suitable quality and size caengtown. The
resulting diffractogram is a combination of diffraction lines with specific intensities and
positions that contains the same informatbtained froma single crystagxperimentbut
is compressed into one dimension. The positions dfiffractions’ maxima depend on the
periodicity of the structure; the relative intensities depend on the distribution of the
scattering materig® It is possible but quite complicated to obtain the crystal structure from
a PXRD because overlapping peakdemuchimportant information. One of the main

uses of PXRD is to verify the presence of a single phase or multiple phases in the bulk
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material by comparing the diffractogram with diffraction patterns stored in large data banks.
Well over half a millionsubstances have been indexed and recorded by the International
Centre for Diffraction Data (ICDD}® PXRD is used to verify bulk material purity and is

shown throughout this work.

The diffraction maxima intensity is characterized by a set of Miller esland is
defined by a scattering vectdrin reciprocal spaceH = hact kbc +lcc, whereac, bc andc.
arethe reciprocal lattice vectors); the structure factét)r$ related to the electron density

in the unit cell defined as:
"00 g0 sA F VO] V1 Qg QI QI [252

wherer is the vector = acx + bey + ccz in the lattice &, b, cc are the lattice vector defining

the periodicity in the crystal structure), the structure fag@y sis its amplitude, and

| 5 is its phase. The -Xay crystal structure may be elucidated with the Patterson
synthesis such as was described in section 2.3.2. More on the subject of solving structure
from PXRD may beobtainedfrom the references Harfisas well as Rissanen and

Gavezzottf?

Powder diffractometers use a BraBgentano parafocusinginstrument, where
radiation from the monochromator deviates from the-mggnsityKgradiation and the X
rays converge into a knife slit and then diverge onto the specimen. Scattergsl fXom
the flat sample converge at the receiving slit and are received at a solid detector. It is at the

detector (which rotates) that the sample dIsubject to the/2d scanning mode.

Diverse elements can affect the measurements. Precautions must be taken when

preparing the sample and acquiring the diffractogr&or example, the sample must be
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flat and crushed into a fine powder to avoid preféorientation and to observe a statistical
distribution of the peak positions and intensifiedemperature may change the structure
to a polymorphic form, which would be revealed by new peaks in the diffractodtasn.
observed that crystals produstearp Xray diffraction peaks whereas amorphous materials
such as glass or polymers will produce few diffraction peaks with maxima and diffuse
background. This explains thdong experimental timeencounteredor the halogen
bonded compounds (polymericD1to 2D networks materials) to obtain useful

diffractograms with highintensity peaks.

2.4 THESIS MOTIVATION
2.4.1 Nuclei of Interest

In the presentissertation,new techniquesre developed fothe application of
SSNMR toprovide insight intahe halogen bondingere developed XRD and SSNMR
have been usetb characterize successfully series of ew halogen bonded compounds
exhibiting interactions between tiwnic halogen bond dondf diiodobenzengp-CsFal2,
0-CeFal2, p-CsHal2) and various halogen boradtceptors. The nuclei directly involved in
the noncovalent inteactionwere probedavith SSNMR. This will permit the elucidation of
thethreedimensionaktructure of the halogen bonded materidenchmark SSNMR da
of halogen bonded compoundsuld ke a useful tool fostructure determination when

crystal structures are unavailable.

Some of tke important nuclear propertied the nuclei observed in this dissertation

are presenteth Table2.2 Some are referred to @&xotic nuclei because, as wilie
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discussedthey have particular nuclear properti@bich make them difficult to study using

NMR.

Table2.2 Nuclearproperties ofthe nucleistudied in this work

nucleus 14 BC 1N BN 3p  7l5e  BC|  ¥C|  ™Br 8By
[ 1/2 1/2 1 172 172 172 32 32 32 32
Natural abundance/ 9 99.99 1.07 99.63 0.37 100.00 7.63 75.78 2422 5069 4931

o 10rad st T 26.75 6.73 193 -271 1084 513 2.62 2.18 6.73 7.25
vi(Bo=9.4T)/MHz 400.22 100.66 28.93 -40.58 162.16 76.68 39.26 32.68 100.62 108.4%6
Q/ mbarr? 0 0 204 0 0 0 -81.65 -64.35 313 262

aThe Q values are from Pyykk®.

13C is known to be a lovabundance nucleus (n.a. 1.07%), so in order to observe the
complete CS tensor for the carbon of interésbtope labellingmust sometimesbe
employedsinceSSNMR enhancement methods are not enough to improveTdd&same
is true for the®N nucleus which has an even lower natural abundance (n.a. 0.37%), where
the observation of the isotropic peak at fasinsipg speeds combined with CP
enhancement experiment will require long experimental time (overnight)i some
SSNMR experiments in this work, the nucleus of intesest enrichedvith isotopdabeling
5N. In other experiments, quadrupoldN (I = 1 and Q = 20.4mbarn static SSNMR
spectra were acquired instead, as its natural abundance is extremely high (n.&0)99.63
However, for low gamma quadrupolar nuctkek(1.93 10rad s'T1), the use of thilational

ultrahighfield NMR facility for solids(21.1 T) is necessary to increase sensitivity.

SSNMR of the 100% naturally abundaiiP nuclei, which has a high Larmor
frequency L (Bo=9.4 T) = 162.16 MHz), provides a large amount of information since the
complete CS tensor may be acquired at thearaid field of 9.4 T. It is also possible to
observel-coupling when the interaction is presentheTexotic’’Se nucleus (n.a. 7.63 %)

is known for large CS® and longT: relaxation time¥%? and’’Se SSNMRS provides a
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particularly sensitive probe of nmesjular structure as it exhibits a large chemical shift range

of over 3000 ppni*%°

Moreover, presented in this study are the compft&C! (I = 3/2) and”®Br (I = 3/2)
SSNMR spectra of the halides directly involved in the XB interaction, recatde fields

(9.4 T and 21.1 T) using either WURSICPMG or solidecho type experiments combined

with the VOCS method. These quadrupolar nuclei require-liigta magnetic fields to
increase sensitivity when acquiring their SSNMR spectra. Chlorine, @drehined with

a largeQ moment, provides challenges for acquiring nice spectra: ibis-gammanucleus

with two isotopes®*Cl (Q = -81.65mbarn n.a. 75.78 %9 = 2.62107rad s'T1) and*’ClI (Q
=-64.35mbarn n.a. 24.22 %9 =2.1810rad s'T1). Chlorine35 usually affords nicer line
shapes due to its higher natural abundance. Bromine also has twadtM&nuclef °Br

(Q = 313mbarn n.a. 50.69 %o = 6.7310rad s'TY) and®Br (Q = 262mbarn n.a. 49.31

%, 2 = 7.2510°rad s'TY), which yield ultrawideline spectra due to their very largg
moment values. When studying halogen bonded systems with SSNMRutheliluted
guantity of nuclei probed by unit of volume adds a level of difficulty. [Btter Chapters

of this work will show howthese issues have been mitigated. Halogen SSNMR
spectroscopy has proven to be an excellent tool to characterize halogen bonding
interactions, as the NMR parameters are very sensitive to a local halogen bonding

environment.

2.4.2 Motivation
SinceNMR hasproven to be a useful characterization method of othecowalent

interaction such asnto hydrogen bonding°"% % cationp interactions'°® 1°* and CHp
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interactions %2 for example, it has sparked the interest to apply this to halogen basds.
will be unraveled in the following Rapters, SSNMR has proven to provide fundamental

insight into the XB phenomenon.

A previousstudyin our groupconsideredhalides involved inveak halogen bonding
directly using chlorine, bromine, and iodine SSNMR in a seridsatdaniliumhalides!®®
The 81Br QlI, isotropic CS, and CS span all proved to vary slightly as a function of the
strength of the halogen bonding interaction. One difficulty encountered in thatwsisdy
the simultaneous presence of halogen bonds and hydrogen bonds to halide ions, thereby
complicating the interpretation of results solely in terms of the halogen bonding
environment. The XB compounds presented in this thesis are devoid of hydrogen bonds
and are considered to possessderatelystronghalogen bonds whetheir Rxg valuesare

consideed (ranging betweef.79 and 0.93.

Single Xray crystallography isn effectivecharacterization tool that succeeds
elucidating the thredimensional struare of many solids, but sometimes other methods
are necessaryzor example, XRD is not a suitable method for determining the positions of
hydrogensin a lattice, since it requires a single crystal to characterize the structure; if
disorder is present, @n amorphous system, or a powder state, it cannot be chiaedte
by this method. Therefore in this study the initial motivation was to use SSNMR to
characterize thbalogen bondingnteraction so that when a single crystal is not possible,

SSNMR is a ptential solution.

As was demonstrated in the previous theoretical sections of this Chapter, NMR
interactions are influencday the distribution of electrons about the nucleus. The NMR

parameters are sensitive to chemical differences at the nucleus of indenesintask was
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to measure accuratedl of the NMR interactions (CS tensdfcoupling,Rop, EFG tensor)

for the nucleinvolved in halogen bonding.

SSNMR methods were chosen over solution as they provide unigue insights into

halogen bonds and provide several advantages:

1 Competinghalogen bondingnteractiors between the solvent and the halogen
bonddonor are absent

1 Powcered samples are used (no need for a crystalline sample or single crystal)

1 Complete NMRensoramay be measudanstead of only their isotropic values

1 Quadrupolar NMR is possibia thesolid state wherel > 1/2 representhree

quartersof the NMRactivenuclei in the periodic tabt&*

The NMR interactions studiediere then correlatedvith the specific structural
feature of the halogen bonding environment (bond length, XB amitgs,For this reason,
X-ray crystallography is a complementary tool foistwork: it provides the benchmark
data of the structural propertie$ the new XB compounds studied herEurthermore,
computational chemistry will permit the experimental restitsbe corrborated by
theoretical results and will permit thesualization of the EFGral CS tensor components
with respect to the molecularaine. Equally important, computational chemistry will
provide a means of understanding the correlation between the NMR observables and the

halogen bonding interaction by ngian MO interpretation.

In this dissertation, a combination of experimental and theoretical approaches have

been carefully applied to arrive at a successful correlation between various fundamental
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NMR interactions in the halogen bonding environment, drey will be demonstrat

thoroughly in the following Gapters.
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3 SSNMRSruby oF HALOGEN BOND DONORS IN C-| --- X MOTIFS

3.1 INTRODUCTION

As mentionedin Chapter 2,NMR has proven to be an excelletwol for the
characterization of hydrogen bonding in solutimmisolids? Following suit,!H NMR has
also been used for the study of halogen bond formalibrs was observed by a CS change
for the methylene protons of GEl>, CH:Br>, and CHI> and the haloformic protons
(CHCls, CHBr, and CH$) in the presence of various amines, ethers, andpotar
electronrich solvents:® Resnati and cavorkers also used multinuclear solution NMR to
demonstrate the presence of XB between quinuclidine aadoperfluoropropang. The
'H and®*C NMR spectra showed changes in the CS of the interactingaromp relative
to the isolated components. Addi tional e Vv
originated from°F (I = 1/2, n.a. 100%) and**N NMR spectra, where chemical shifts
changed by several ppm upon complexation. Metrangolo amebdersused!®F NMR
to quantify the halogen bonding interaction various halo-perfluorocarbons and
heteroatorrcontaining hydrocarborisy cor r el at i ng dohoeabibtytd vent 6
chemical shifts. The Taylor group has also us&® NMR in titration experiments to

determine the strength of the halogen bonding interaction in sofution.

Our group is interested in the study of the XB via SSNMR, where solvent effects are
absent, and complete NMR interaction tensors may afford additional insight ink@the
phenomenon. In the present work, the compounds have been designed such that only
halogen bonding is present between halides and covalsiyed iodine, and any possible
competing effects of hydrogen bonding are absé&hts will facilitate the eludation of a

relationship between halogen bonding environment and NMR parameters.

90
Chapter 3: SSNMR Study of HalbgeaiB@hd- XMotifs




Jasmine Vigeavel

The proposed IUPAC definition of halogen bonding states that changes in magnetic
resonance parameters may accomgpheyformation of a halogen bdri Understanding
what drives the change ithe chemicalshift when XB occursnotivates this work In
solution,3C NMR has been used to prok®, and there have beetrongcorrelations
between the electresionor ability of the solvent and the chemical shift’ In the solid
state, it is more difficult to observe the resonance of the covaleotiged carbon involved
in halogen bonding interactions due to the strong residual dipolar interactions with the
halogen nucleus 2 and long relaxation times.Our preseh approach involves a
combination ofXRD, multi-field SSNMR, and computational analysis this study, the
singlecrystal Xray structures antfC SSNMR spectra of five halogen bonded compounds
constructed fronp-DITFB andammonium or phosphonium hali@¥ E= Cl, Br) salts of
the form RNX and RPX, where Rr=Bus or EtPh arerepored The compounds depicted
in Figure 3.1 havethe following formulas: [Q-BusNCI)(p-DITFB)] (1), [(n-BusPCI)(p-
DITFB)] (2), [(n-BusNBr)(p-DITFB)] (3), [(n-BusPBr)(p-DITFB)] (4), [(EtPhPBr)(p-
DITFB)] (5). Compoundd and3 werepreviously reported by Abat al; however, the
structure solved by our group iis slightly different yide infrg).X®> The crystallographic
structure of each compound will be discussed with gohasis on the subtle differences in
the various halogen bondimgetworks. Therewill also be a comparison betweéme 1°C
CPMAS SSNMR spectra of the XB compoundgsastarting materiap-DITFB. Properly
describing the NMR parameters in these compoumasves many challenges which will
be discussedvide infrg; the ZORADFT approachs employedwhich allows for the

treatment of scalar and spombit relativistic effects.
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Figure3.1 Halogen bonding cdacts in compoundkto 5 with the corresponding formula and
compound number. In compour® 4, the halide interacts with two crystallographically distjnct
iodines, whereas in compoubdhe bromide interacts with one. Cations are omitted for clarity.

3.2 EXPERIMENTAL SECTION
3.2.1 Sample Preparation

All ammonium and phosphonium salts of the form RNX and RPX, wherenR =
Bus or EtPh and X = CI or Br, were purchased from Aldrich and used without further
purification. Compoundsl and 4 were prepared according to previously reported
literature but usinga different solvent, dichloromethan@ompounds, 3, ands, were all
prepared by dissolving equimolar amounts @NKX or RyPX with p-DITFB, in a minimum
amount of dichloromethane. Vials containing the solutions were then pidoedclosed

jar containing mineral oil and letib evaporate until the desired compound crystadliz

3.2.2 X-ray Crystallography
Data collection results forompoundsl, 2, 3, 4, and5 represent the best data sets
obtained in several trials for each sample. The crystals were mounted on thin glass fibers

using paraffin oil. Mounted crystals were cooledalstream of dry air to 200.15 °K prior
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to data collection. Datavere collectedon a Bruker AXS KAPPA single crystal
diffractometer equipped with a sealed Mo tube source (wavelength 0.71073 A) and APEX

Il CCD detector. Raw data collection and processiege performedvith the APEX Il

software package from BRUKER AXS$.Diffraction data forl, 2, 4, and5 were collected

with a sequence of 0.5%scans at 0, 120, and 240° in Diffraction data for3 were

collected with a sequence of 0.B8’scans at 0, 941,80 and 270° iy due to the lower

quality of the crystal and weaker diffraction intensity to provide adequate data coverage.
Initial unit cell parametersvere determinedrom 60 data frames collected fdifferent

sections of the Ewald spher&emiempirical absorption corrections based on equivalent
reflections were appliet? Systematic absences in the diffraction data set and unit cell
parameters were consistent with the monoclBtc( - 15) space gré4up for
monoclinicP2u/n ( = 1) #r compounds, monoclinicP2/c( - 14) f or landZmpound
andorthorhombicPccn( ~ 56 ) f o r 3. Solutignsinuthre entrosymmetric space

groups for all compourgdjielded chemically reasonable and computationally stable results

of refinement. The structures were solved by direct methods, completed with difference
Fourier synthesis, and refined with fuflatrix leastsquares procedures basednThese

are further explained in the structure refinement section

All hydrogen atoms were treatedidsalized contributions. All scattering factors are
contained in several versions of the SHELXTL program library, with the latest version used
being v.6.12% Crystallographic data and selected data collection parameters are reported

in Table3.1.
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Table3.1 Crystallographic Data and Selected Data Collection Parameters
compound 2 3 4 5

empirical formula Ca2H36CIF4l P CooH3zeBrFaloN CaaH72BraFel sP2 CosHo0BrFIP

formula weight / g/mol 696.730 724.23 1482.38 572.17

crystal size/ mm 0.17 x0.15 x 0.18 x0.13 x 0.17 x0.12 x 0.31x0.19 x
0.14 0.11 0.11 0.19

crystal system monoclinic orthorhombic monoclinic monoclinic

space group P2i/c Pccn C2lc P2i/n

z 4 8 4 4

al A 14.4599(2) 48.3095(10) 49.7447(10) 10.8351(3)

b/A 14.9417(2) 8.7022(2) 8.4785(2) 11.9074(3)

c/A 15.0638(2) 13.6477(3) 14.1541(3) 17.0179(4)

u-e 90 90.00 90.00 90

e 117.6830 90.00 104.1190(10) 92.3430(10)

a° 90 90.00 90.00 90

Volume / & 2882.06(7) 5737.5(2) 5789.3(2) 2175.35(10)

calculated density/ mgfin  1.606 1.677 1.701 1.747

absorption coefficient/ mm 2.364 3.620 3.641 3.405

1

F(000) 1368 2816 2880 1116

U range for 2.05t028.31 1.69 to 28.26 1.69 t0 28.33 2.10to0 28.33

limiting indices -19<=h<=19, -64<=h<=53, -66<=h<=64, -14<=h<=14,
-19<=k<=19, -11<=k<=11, 0<=k<=11, -14 <= k <= 15,
20<=1<=19 -18<=1<=18 0<=1<=18 -22<=1<=19

reflections collected/uniqu¢ 62401 /7118 58424 /7074 15069 / 7049 23686/ 5372

R (int) 0.0186 0.0297 0.0000 0.0233

compl eteness 991 99.2 97.6 98.9

%

max and min transmission 0.7331 and 0.6916 and 0.6902 and 0.5639 and
0.6894 0.5619 0.5765 0.4183

data/restraints/parameters 7118 /75/298 7074 /244 /319 7049 /221 /347 5372/0/254

goodnessf-fit on P2 1.027 1.122 1.002 1.045

final R indices [I> 2U(1)] R1 =0.209, R1 =0.0668 R1 =0.0429 R1 =0.0167
wR2=0.0492 wR2=0.1844 wR2=0.1057 wR2 =0.0452

R indices (all data) R1 =0.269, R1 =0.0742 R1 =0.0570 R1=0.0190
wR2 =0.0537 wR2=0.1888 wR2=0.1136 wR2 =0.0464

|l argest di ff 0.671and0.714 1.001 and 1.007 and1.448 0.346 and

8 1.481 0.650

Additional information on Xay structure refinement
Structures ofl, 3, 4, and5 containmolecules op-DITFB locatedon the inversion

center During the refinement of the structure for compo@pdinusually large thermal
motion parameters for several atoms in thBu chains of the phosphonium cation
suggested positional disordebisorder was modeled fdhe last two carbon atoms ihe

dliphatic chains and occupanégctors for both disorder models were refinedate0/50
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ratio for both disordered fragmentSimilar disorder was discovered for the aliphatic chains
of the cations in thstructures o8 and4. Similarmodels of the disorder for two tail carbon
atoms of twon-Bu residuesvere refinedwith occupancy facta@rof 50/50 and 45/55 for
compound3. The gructure of compound was refined with occupancy factors of 67/33
and 50/50 for disorder modesimilar tothose described fd& and3. Thestructures3 and

4 containdisordered molecules pfDITFB located orthe inversion centerln both cases
disorde was modeled as a rotation of the aryl ring arotined - | axis. In the case o4,
the rotational angle was found to 48.67(3.020whereador 3 this anglewas found to be
25.20(2.66)) describingwo disordered positions of the aryl rings. orderto improve the
refinement results, obtain acceptable thermal motion parameisisretain desirable
molecular geometryseveral sets of restramwere applied during the refinement of both
structures. During the data collectiofor 4 it was discoveredhat crystal contained two
nortmerohedrally twinned domain3.winning issues wenesolved by integrating the data
with two independent orientation mats and performing the refinement usthg HKLF

5 reflection intensitie§ile. Refinement of the doain contributions yielde@ twinning

ratio of 48.3%.

3.2.3 1C Solid State NMR Spectroscopy

All compounds were ground into fine powders and packed in doaoter diameter
(od)zirconia rotors. Data were acqui®ed at
= 100.6 MHz) widebore magnet equipped withBauker Avance 111400 console and a 4
mm Bruker triple resonance MAS probe. Data were also acquired at the National Wtrahigh

Field NMR Facility for S@%)i=22.3MHz)dhtlardawa us
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bore magnet equipped with a Bruker AVANCE Il 900 console and a doesd@mance

MAS probe.

9.4 T Data *C SSNMRspectra were collected using CPMAS. Experimental setup and

pulse calibration were performed using the recommended IUPAC stand&i@ for 1/2),

solid glycine (i(*3C=0) = 176.4 ppm with respect to TM8).For compoundd, 2, 5 and

3, 4 the recycle delays and contact times were optimized to 13 sand 5 s, and 3 ms and 5
ms , respectivel y. The proton /2 pulse w
frequencies were 8 kHz with the exceptiorbokhere 7.5 kHz was used. The number of

scans varied for each compound, from a few hundred to 4k, and the experiments were run
until a reasonable signtd-noise ratio was obtained. Total experimental times ranged from

64 min to 15 h. In the case pDITFB, a rotorsynchronized Hahecho(i.e.” /-2 -0-

acq)® MAS experiment was used. Pulse calibration was performed on the secondary
reference adamantan#’¢C) = 38.55 and 29.50 ppm relative to TMS). The spinning speed

was set to 8 kHz, while the reaydl . d&l &y
respectively. TPPMH decoupling was used for all experimefitd.ine broadening was

also used in the processing of the data and varied from 25 to 100 Hz.

21.1 T Data.The same method was used at this field for the acquisition 5iGHBSNMR

spectra as was done at 9.4 T. The MAS frequency was set to 18 kHz. The following
parameters were used for the CPMAS experiments: recycle delay of 10 s, contact time of 3

ms and "~/ 2 pulse Il ength of 2.50 adkranginglhe nu
from 256 to 1024. As for the Hatetho MAS experimenp{DITFB), a total of 4k scans

were coll ected using a recycle delay equal
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All NMR data were processed with Bruker TopSpin 3.0 software. The FIDgedqu
using a Hahrecho experiment fqi-DITFB were left shifted an appropriate number of data
points to the top of the echo. The number of distief'*C) values for carbon atoms
directly bonded to iodine atoms was determined independently fronX-tlag crystal
structures (one value for each magnetically distinct carbon site). Simulations of the MAS
NMR spectra were carried out using WSoliésthrough manual iteration using the
appropriate number offso(1*C) values, and apodization. The precisiorthe reported
dso(*3C) values was assessed through simultaneous iterative fitting BXXR@AS NMR
spectra obtained at both 21.1 and 9.4 T. Stack plots of the experimental and simulated

spectra were prepared using DMFIT (v.203'1).

3.2.4 Computational Details

Cluster models centered on the halide ion involved in halogen bonding were
generated usingtheeXay crystal structuresd atomic co
in Figure3.1). The structure of Chaplatt al was used fop-DITFB.?? The3C magnetic
shielding tensors were calculated with the ADF software (version 209.01)o sets of
calculations were carried out: one set including scalar andospinrelativistic effects
using the ZORA, and the other set omitting relativistic effectse HBE or revPBEwvere
the GGA exchangeorrelation functional useith combinatiornwith the ZORA/TZP basis
set. Some calculations were done with additional diffuse functions on the halide ions. For
compounds3 and 4, disorder in the aromatic rings wasnghated by using an average
structure 6 optimized C and F coordinates. The calculations were performed using the

High-Performance Virtual Computing Laboratory (HPCVL). Magnetic shielding tensors
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were converted to chemical shift tensors using the fafiguwequation) Em—

( wh err 18401 ppm forcarbdh Gji s t he chemical shijlst tens

the magnetic shielding tensor component).

3.3 RESULTSAND DISCUSSION
3.3.5 X-ray Crystal Structures

Singlecrystal Xray crystallography was used to characterize the novel halogen
bonded compound®, 3, 4, and5. Relevant crystallographic data are presenteliinie
3.1. Halogen bonding interactions are considered to be present when the distanca betwee
the halogeni(e., iodine) and the halidé.¢., X E CI, Br), dis x, is shorter than the sum of
their Van der Waals (VdW) radii (1.75, 1.85, 1.98 A for Cl, Bf,and 1.81, 1.96, 2.20 A
for CI, Br, and I, respectivel$f). The ratio of the short iatmolecular contact distance
and the sum of the VdW radithaw) is presented as the normalized distance parameter,
Rxs = dis x/Sdvaw, and is useful to describe the short contaiots Rxe = 1 is a weak to
non-existent XB)?’ Furthermore,ie carboriodine bond lengthdc - | will change for each
halogen bonded compound largely as a consequence of theovalent interaction. As
described in the proposed | UPAC definition
usually increases upon XBrimation! A further point is that the XB interaction has been
observed to be almost linear in the case of a nucleophile interacting with amleeuta.
The halide will often align itself at an anglgs 1---x g that varies between 160 and 180°.
These intermolecular contact distances and angles are reporfeable 3.2 for the
compounds of interest as well as other geometrical informatiorinpegdo their halogen

bonding environments. Compountiand3 have been reported previously and discussed
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thoroughly in the context of halogen bonding by Abattel!® Similar compounds have
previously been discussed in terms of halogen bonding by Trigueab, where 1,3,5
trifluoro-2,4,6trilodobenzene is corystallized withn-BusNX or n-BusPX (X = CI, Br).28
Grebeet al. report donofacceptor compounds involving ##X or MeNX (X = CI, Br)
andp-DITFB.?° Hence, in this section our new crystal structures are briefly described and
analyzed in terms of how they compare with previously reported togstgphic data. The
halogen bonding motifs observed here are reminiscent of some of those reported for

artificial anion receptors and related comple¥es.

Table3.2 Selected Intermolecat Contact Distancesnd Angled
compound # d - ¢A® d.x/A Re® g L0 Gx.l°

1 [(nBwNCI)(p-CeFaz)]® 1  2.107 2.988 0.79 1781  109.1
2 2096 3104 0.82  170.2

2 [(n-BuwPCh(p-CeFdz)] 1  2.095 3.038 0.80 1753  155.6
2 2102 2976 079  176.9

3 [(-BwNBr)(p-CeFdlz)] 1  2.112 3.168 0.80 1753  139.2
2 2096 3232 082  177.9

4 [(n-BuPBr)pCeFdz)] 1 2105 3.189 0.81  176.8  140.9
2 2099 3196 081  177.7

5 [(EtPhPBrp(p-CoFalz)] 1  2.108 3.148 0.80 1755 3

aSee also models in FiguBel. " Experimental values determined byrXy crystallography®Rxg, normalized
distance parameteRxg = di...x/Sdvaw, Whered...x is the shortest contact distance between the halogen and
the halide andivaw is the sum of their Van der Waals radiiq8 A for |, and 1.81, 1.96 A fo€ | aBdBr,

respectively). ¢ This compound was previously reported by Abatal &3

Compound 1 exhibits the same unit cell parameterand halogen bonding
environment as previously report&tthe chlorides enable the formation of long chains by
interacting with iodines from two differeptDITFB molecules gee Figure.1). As for 3,
Abateet al have solved a different structure that crystallizes in the monosluaice group
C2/c. Presently, carystallization of n-BusPCl and p-CeFsl2 in a different solvent

(dichloromethane) afforde®] but which packs in the orthorhomi#tccnspace groupThe
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main difference between this polymorph and the previously reported one is disorder of the
aromatic ring in thec plane (Figure8.2). Compound packs in the same space group and
crystal system as compouddP2:/c). Compound4 also packs in a monoclincrystal
system, but in a different space gro®2i(n). Similarly to compoun@®, the aromatic ring

in theac plane in4 exhibits disorde(see Figure3.3).

.z%%ﬁ%%%@w LW
A e

Figure3.2 2x 2 x 2 cell of compoun8 shownalong theb axis. The p-CsF4l> molecules form

o
it

3
'{R.
% 5

polymeric chains with a bridging bromide. Those chains alternate with rows of catiBag\(")

along theb axis There is disorder at the end of the butyl chains. Hydrogens are omitted for clarity.

Figure3.3 2x 2 x 2 cell of compound shownalong theb axis. The p-CsF4l>, molecules form

polymeric chains with a bridging bromide. Those chains alternate with rows of ca#Bog\")

along theb axis There is disorder at the end of the butyl chains. Hydrogens are omitted for [clarity.
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In all of the halogen bonded compounds reported here with the excepbpthef
two iodines ofp-DITFB act as acceptors of electron density, and they form almestrlin
Cd |---X Errangements with the donor of electron densigy, C | oEBr). The & I---X E
angles range from 170.2 to 178.1° for compouhds 4, and theirnormalized distance
parameter,Rxg, valuesrange between 0.79 and 0.82 (see T&hB). Hence, these
compounds can be classified as having moderatetynghalogen bonding interactions,
since the short linear contacths x, observed are ~ 20% shorter than their VdW radii.
These XB compounds form polymeric anionic zigzag chains withénalidilges and have
different coordination angles. THe-C I--E angles arel09.7 and 155.6° forl and 2
respectivelyand thel---B r--H angles ard39.2 and 140.9° foB and4, respectively (see
Figure 3.1). In these compounds, the two iodines which interact with the halide are
crystallographically nomequivalent. Similar halogen bonding environments were also
observed by Grebeet al, where the zigzag chains for [(M¢CI)(p-DITFB)] and
(MesN)[(p-CeFal2)Br]- CHCN had, however, more acute angles,cig.1 = 77.2° and
Q-8 r-a = 74.3°?° Furthermore, Abatetal.f ound an al mos-tangledoent i ca

compound3 (138.4°)13

The crystal packing is similar for compouridsnd2. The rows of polymeric chains
between the halide and theDITFB molecules are separated by a roveations. This is
observed along tha axis for compoundd and 2, asdepicted inFigures3.4 and 3.5,
respectively(Figures along different axis are also present in AppendixAdgo, the ltyl
chains in compound exhibit some disorder. In contrastt@nd2, the polymeric chains
in 3 and4 formed by the two molecules pfDITFB bridged by a bromide are not in the

same plane; the neafisordered aromatic ring-DITFB is in theab plane oriented almost
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perpendicular to the disordered aromatic rifige catios, n-BusN* or n-BusP*, and

bromide anionalternatan columnsalong theb axis, (Figure3.2and3.3).

along thea axis Hydrogens are omitted for clarity.

Figure3.4 2 x 2 x 2 cellof compoundl along thea axis. The p-CsFsl> molecules form

polymeric chains with a bridginchloride. Those chains alternate with rows of catiorBU:N*)
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Figure3.5 3 x 3 x 3 cell of compound ghownalong thea axis. The p-CsF4l>, molecules form
polymeric chains with a bridging chloride. Those chains alternate with rows of catiBog\")

along theaaxis There is disorder at the end of the butyl chains. Hydrogens are omitted for clarity.

Finally, compound5 is formed betwee EtPhPBr and p-CeFasl2, resulting in
[(EtPRPBI)2(p-DITFB)] which crystallizes in amonoclinic system with aP2:/n space
group. Thebromide anioracts as a terminal donor, forming a dianionic:-{B& CeF40
|---Br]% specieqsee Figure.1). This scaffold has been observed previously by Gezbe
al. in the compounds (RRY[(p-CeFsl2)Cl2]- 4CHCl>, and (PLP)[(p-CsFal2)Br]-
4CHCl2.?° Rows of EtPhP* catiors alternate with rows ofBr---18 CeF4d 1---Br]%
moieties along thé axis, (Figure3.6). Also, a view of the unit cell 0% shows that the
cations are associated twqy lbwo into an inversioitentered phenyl embrace motif.

Trigueroet al observed the sanpatternin (PhP)[(symCsFsls)Br]28 and mention that it is
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a recurrenmmotif for PrsPR derivatives! 22 Again, thebromideadoptscharacteristic XB

by forming systematic strong 180 |---Br - contact§R = 0.80anddcs i--ere= 175.5).

Figure3.6 3 x 3 x 3 cell of compound Shownalong theb axis. Therows of EtPBP* catiors

alternate with rows of [Br-18 CsF4 |---Br]? moieties.The ethyltriphenylphosphoniurations

D

are associated two by two into the inversion centered phenyl embrace rHgtifogens ar
omitted for clarity.

3.3.6 Solid-State NMR Spectroscopy’C Chemical Shifts

Presenteth Figure3.7 aresections of thé*C CPMAS NMR spectra corresponding
to the covalently bonde@ | regions for solltdb apdofovg e r e d
DITFB. Such spectra are challenging to acquire with a good digimalise ratio given the
lack of directly bonded protons on the carbongtdrest, the directly bonded iodine, the
nearby fluorines, and long relaxation times. TA@ chemical shifts for each of the
compounds considered in this work are summariz&dbie 33. Thesewere obtained by
a simultaneous simulation of each of #pectra acquired at both 9.4 and 21.1 T magnetic

field strengths, shown in Figu®7 (g-l) and (af), respectively The full 3C CRVIAS
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SSNMR spectra for compoundsto 5 and forp-DITFB acquired at both fields may be
foundin Figure3.8 and3.9. Theassignments of their chemical shifts are tabulatddbie

3.4and follow the labelling depicted in FigurelB.

Table3.3 Calculated and Experimental '3C Isotropic Chemical Shifts of
Carbon CovalentlyBonded to lodine

compound dso(*°C) exp. / pprt  dso(*3C) calc. / pprh
p-CoFal 76.50(0.50) 72.12
1 [(n-BusNCI)(p-CsFal )] 83.92(0.01) 114.17
80.64(0.02) 85.22
2 [(n-BusPCl)(p-CsFal2)] 81.75(0.45) 94.74
83.65(0.15) 98.21
3 [(n-BwNBr)(p-CeFal2)] 84.72(0.10) 92.95
81.84(0.01) 69.53
4 [(n-BusPBr)(p-CeFal,)] 83.80(0.06) 117.66
83.00(0.02) 67.54
5 [(EtPhPBI)(p-CeFal2)] 84.50(0.25) 95.62

aExperimental*C isotropic chemical shift of the carbon covalently bonded to iodine. In parentheses are the
errors assessed from WSolids1l simulatiof'sDFT calculateddso(*3C) including scalar and spiorbit
relativistic effects using ZORA as implemented in ADF. The revPBE exchaorgelation functional was

used with the ZORA/TZP basis set, plus extra diffuse functions on the halide ion (ADF AUG directory).

Several impodnt points can be madencerning thé’C CP MASSSNMRspectra
The use of the 21.1 T instrument allows for improved precision of@ehemical shifts
since the residual dipolar coupling (RDC) betwé#h and quadrupolar halogen nuclides
(i.e.*?l) deaeases significantly at such a fietéland this is observed by a decrease in the
line widths (80 to 200 Hz) of the resonances compared to the ones observed at 9.4 T (137
to 289 Hz). Residual dipolar coupling was satisfactorily accounted for with thef use
apodization, as no specific asymmetric broadening or splitting patterns attributable to RDC
were observed. This approach was validated by the consisterintiejdendent chemical

shift values obtained in both applied magnetic fields. From the crgfstadtures, two
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resonances are expectedjre, 3, and4 for the carbons bonded to iodine whereds amly

one is anticipated. The spectra acquired at 21.1 T are consistent with the expected number
of Cd I resonances in all compounds with an increase in spectral resolution when compared
to data acquired at 9.4 T. One patrticularly clear and unambigupest ag the spectra in
Figure3.7is that an increase iko(*°C) is observed for thedl resonance in the presence

of halogen bonding relative to pueDITFB (76.50(0.50)ppm). These range from
80.64(0.02) ppm fofl to 84.72(0.10) ppm foB. The factthat these chemical shifts are
substantially lower than those typically observed for aromatic carbons is due to- a well
known relativistic spirorbit-induced heavy atom substituent effect caused by the

covalently bonded iodin¥.
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Figure3.7 Experimental (solid line) and simulated (dashed [{#@)CAMAS SSNMR spectra
for the region of the carbon covalently bonded to iodine. The spectra on the left were redorded at
21.1 T with a MAS speed of 18 kHz and corregptop-DITFB (a),1 (b), 2 (c), 3 (d), 4 (e), and
5 (). The right column corresponds to the spectra recorded at 9.4 T with a spinning speed of 8

kHz, where the spinning sidebands are indicated by a red asterisk and carbon atoms from the butyl
chains are cut with a red dash. The spectra corresp@AdItBFB (g),1 (h), 2 (i), 3(j), 4 (k), and

5 (1).
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It is of interest to further understand why changes in the valag,@fC) occur for
the C' 1 carbons i n t he reltiveeospeDiTEBalommef whdrea | 0 g e n
such an interaction is absentwks mentioned in the previous section that the geometry of
the halogen bond is different in each of the compounds studied. Firstly, the valyéoof
the3C directly bonded to the iodine involved in halogen bonding was plotted as a function
of the d¢rength of the XB by using the normalized distance paramBigr, No clear
correlation could be distinguished for the series of XB compounds presented here.
Secondly, e Co | distancs, dc' , are different for eaclof the halogen bonded
compounds, anthis distance is one possible indicator of halogen bondifghen the
values ofdso(**C) ar e pl otted as functi ones,oafgood hei r
exponential correlation is observe® € 0.9613,see Figure 3). An exponential is used
to fit the data, since in principle as the bond length becomes infinitely long, the CS value
observed would be constant (however, the physical meanitigsofalue is unclear). A
linear fit which excludes the datum for the Anelogen bonde@-DITFB is reasonable as
well (Figure 38). It is critical to note here that the assignments of the two valugg(6iC)
to the two different crystallographic e# in a particular compound were determined
independently from ZORMFT calculations\{ide infrg. There is no obvious way to do
this experimentally, and therefore the correlation presented in Fig8resh8uld be
considered as an experimental correlation established with the aid of computation. Small
cluster models of the halogen bonding environment were used for the calculations, as shown
in Figure3.1. Thecalculated values afiso(*°C) are presenteith Table 33. In most cases
it can be seen that when th& Cdistance increases, the valueded(*>C) will also increase,

perhaps since the sporbit effect is reduced. It is also interesting to mention that,
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consistent with this interpretatiop;DITFB has the most shielded carbon CS (76.50(0.50)

ppm) and shortesk - ((bluediamond in Figure B).

86

84

78

76 1 1 1
2.085 2.090 2.095 2100 2105 2110 2.115

d. /A
CI

Figure3.8 Plot of experimental values Gf,(*°C) as a function of the corresponding carbon
iodine distancedcs 1, for carbons directly bonded to iodine. The valuessgt3C) are taken from
Table 33 and the values ddcs | are tabulated in Tabld.2. The black diamonds represent fthe
halogen bondedompoundsl, 2, 3, and5 and the bluesquarerepresent-DITFB. The red
diamonds represent compouhdvhere the assignment is ambiguous; they could be very well be

assigned in reverse order from the ZORA DFT cluster model calculations. Some| of the
expeaimental vertical error bars are within the size of the symbols. The best fit represented by a
black line is an exponential functiotiso(**C) = 8.5629 x (1exp(128.96cpd)) + 76.5, Pearsan
correlation coefficienR2 = 0.9613, where@ = dcs i(xa compourd) - dcs 1(p-DiTee). A linear fit to the
data for the halogen bonded complexes (blue square excluded from fit) is descriafis).=

220.1%-379.71,R*= 0.859.

To our knowledge, this is the first time this trend correlating the valuds(6fC) to
the @ | distance in halogen bonds has been reported in the solid state. Indeed, difficulties

in observing such shifts and interpreting them have been described previously in the
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literature. Efforts by Bouchmella and-emrkers on the acquisition 6iC CAMAS NMR
spectra for halogen bonded compounds of imidazmiyitaining haloalkenes and
haloalkynes have been reportédinfortunately, theyvere unable to observe the chemical
shifts of the carbons bonded to iodine experimentally. Our observations are consistent with
previous reports of’C chemical shifts in solution. Goroff and coworkers demonstrated
that there is a measurable change nb@a resonances associated with the carbons bonded
to iodine due to halogen bonding interactions with the solirewiiodohexatriyne and
diiodooctatetrayn&.These changed from 0.9 ppm in CR®I 14.6 ppm in DMSO for &>

and from 1.9 ppm in CD@lto 17.9 ppm in DMSO for &. This phenomenon is well
known for iodoalkynes, were the carbon in iodophenylacetylene has a chemical shift of 6.1
ppm inCDClz and 20 ppm in pyridings.>'° However, Glaser, Kaupp and-emrkers have
eloquently described the challengesinderstanding such changes, particularly in solution,
where spirorbit effects and coordination shifts may nearly cancel each other out, making

trends difficult to identify experimentalf.
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Figure3.9  C CPMAS SSNMR spectra acquired at 21.1 T op(®YTFB, (b) 1, (c) 2, (d) 3,
(e)4, and (f)5. The insets show vertical expansions (4x). The asterisks denote spinning sidebands.
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Figure3.10 *°C CPMAS SSNMR spectra acquired at 9.4 T ofo@®ITFB, (b) 1, (c) 2, (d) 3,

(e) 4, and (f)5. The insets show vertical expansions (4x, except for (f)). The asterisks

denote
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Table3.4 Experimentaldso(*3C) (ppm)of p-DITFB andcompoundsdl to 52

compound Co | Co F
a,d b,c,e,f
p-DITFB 76.50 147.3
CH; CH; CH; CHs
j.k,r,s hmp,u i,l,q,t g,n, 0,V
1 61.558.8 24.026.0 21.619.6 16.0, 14.413.0 83.92 148.6
80.64 145.5
2 26.2245 23.1:22.1 18.1-17.2 15512.2 81.75 147.4
83.65 145.2
3 62.560.0 26.224.6 22.9,20.719.8 149, 14.6, 13.5, 84.72 147.2
12.2 81.84 145.7
4 26.1-24.7 23.1:22.2 18.1:15.2 13.4125 83.80
83.00
CHzg CH: CH
CHzh i ik, |
7.9 112.7,116.5, 120-3 j, 131.3129.3 84.50 147.2
5 17.2 1184 k, 134.5132.1 145.0
I, 138.5135.9

a13C CS assignment follows scheme depicted in Figuté

BF"'/

[ije]

[

Figure3.11 Labelling scheme used for attributing thig(**C) values of XB compoundsto 5
and starting materigd-DITFB, where A is either P or N and X is Cl or Br.

3.3.7 ZORA DFT Calculations of*>C Magnetic Shieldings and Chemical Shifts

The challenges associated withemical shift calculations féfC bonded to heavy
atoms have been discussed in the literatti®.ZORA-DFT computed3C& | chemical
shifts for the compounds of interest are reportedable 3.3. While the calculations
provide chemical shifts which are significantly lower than those of aromatic carbons

lacking a bonded iodine, the computed valuesdef**C) generally overestimate the
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experimental data by tens of ppm. Calculations of these atatguite challenging for
various reasons, and there are several possible explanations for the deviation between
experiment and theory. For example, the cluster models used here do not allow for a full
treatment of the effect of the ions in the cryst#tida on the computed NMR parameters.
TheGIPAW DFT method® does allow for calculations using periodic boundary conditions;
however,it was concludedhat the inclusion of relativistic effects via ZORA is more
important for the present compour(dseTable A1, Appendix A). It would be desirable to

be able to include periodic boundary conditions as well as ZORA relativistic effects; while
this is an ongoing area of reseafélt,is beyond our current computational capabilities.
Furthermore, in general i known that the treatment of relativistic effects as well as the
relative roles of dispersion and electrostatics in the XB are challenging for current
computational method$ On balance, #napproachused herés a reasonable one given

the various comgang factors involved and the computational tools available.

Given the relatively poor absolute agreement between the experimental and
calculated shifts shown in Table33l sought to confirm the experimentally obserteshd
(Figure 38) by attempting taeproduce thérend computationally, without focus on the
precise magnitudes of the computed shifislditional calculations ot°C chemical shifts
were therefore performed on cluster models involving a molecutedTFB halogen
bonded through onedine to a chloride ioffsee FigureA3, Appendix A. Two different
systematic studies were performed. First, the short contact between the chloride and iodine
was increased systematically frdRs = 0.79 to 0.98, while the &I distance and the
halogen bnding anglege - 1.c1 were kept fixed at 2.096 A and 18@8spectively. Shown

in Figure 3.12is an inverse linear correlation between the increasing strength of the XB
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interaction and the calculated valuesief(*C) of the carbon covalently bondédliodine.

In Figure 3.1%a), scalaand spirorbit relativistic effects are included in the calculations
using ZORA, since spiorbit-induced effects are expected in the presence of idliire.

Figure 3.12b), the same plot is presented without the incorporation of relativistic effects.
Therdore, a seconabrder polynomial is used to best fit the d&®4< 1). The general tral

is the same in both cases: an increase in XB strength is accompanied by an increase in
chemical shift. The shaded areas in the plots are representative of the strength of the XB in
the compounds presented in this studys(= 0.79 to 0.82). A 6 ppm elmge is observed

over this range when relativistic effects are incorporated in the calculations, and a 3 ppm
change is observed for the nmlativistic calculations. Both sets of data are consistent
with experiment, where a 4 ppm range is observed/fgt>C). Recall, however, that a

clear correlation betweetko(*°C) andRxs was not observed experimentally. Therefare,
second series of calculations was performed where dhedistance was increased from
2.094 to 2.110 A (representing the range éf I(bond length observed bYRD in our

series of XB compounds) by increments of 0.002 A and the normalized distance parameter,
Rxs, was fixed at 0.81 with a line®@ ' | L Labhgll Einear correlations are observed
between the values akq«(*°C) and theCd | bond length Figure3.12with (b) and without

(c) scalar and spiorbit relativistic effects). In both cases, there is a ~1 ppm increase in
do(**C)when increasing the C'|I bond | engt h, ar
whether relativistic éécts are included or not. However, the inclusion of scalar and spin
orbit relativistic effects in the calculations results in a decrease in the vatise’é€) by

25 ppm relative to the nerelativistic results (~105 ppm vs ~130 ppm). Relativisti¢z20
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DFT calculations reproduce better the observed magnitudes of the chemical shifts of carbon

covalently bonded to iodine.

(a) (c)
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Figure3.12 Calculated®*C isotropic chemical shift of the carbon covalgiitonded to iodin
in a cluster model involving-DITFB and chloride, using ZORA DFT implemented in ADF (GGA
PBE and ZORA/TZP basis set). Plot (a and c) corresponilsC) in function of decreasing
halogen bond strength (froRxs = 0.79 to 0.98), where the valued§ |...cis fixed to 180°. Th
shaded areas represent the range of obsdtgedalues for the halogen bonded compounds
reported hereinRxs = 0.79 to 0.82). In (a), scalar and spibit relativistic effects are callated
using ZORA and in (c) no relativistic effects are included. Plots (b and d) correspaa3o)
as a function of increasing distance between the carbon and covalently bonddedipevhere
the halogen bond strength is held constant to 8.8l cs (-6 is linear. Scalar and sporbit

relativistic effects are implemented using ZORA in (b) and not in (d). Solid lines are of best linear

11

fit, except in the case of (c) where a seconder polynomial is used. The lines of best fit arg as
follows: (a)liso*C) =-77.96Rxs + 168.43, (b)liso(**C) = 60.75€cs 1) - 22.814, (C)hso(**C) =
64.21Rxs%1 148.2%«s + 207.56 and the linear fit would Bey(**C) =-33.9@Rxs + 156.92, Pearsan
correlation coefficienR?= 0.9902; (d)liso(**C) = 76.75€cs 1) - 31.585.
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ZORA-DFT calculations and experiments both

bond length correlates with an increase in'l®@ chemi cal shift for C°
in halogen bonds. While experimentally it was observedithatc r eases i n t he
length correlate best in an inverse exponential manner ayi{°C), a linear trend is
observed using ZORMFT. It is reasonable to suggest that this might be due to the
constraints of the model. For example, the XB streigtixed to Rxg = 0.81 in the
calcul ations whereas experimentally, when
bond length simultaneously increases. This might also help to explain the 1 ppm change
observed computationally versus the 4 ppm change observed exgatiyn®r dso(**C)

over the same range of C'1 bond | engths.
shifts are overestimated, the overall trend is the one observed experimentally: an increase
in the @ | bond length will result in a higher chemicshift of the carbon resonance

involved in the XB interaction.

3.4 CONCLUSIONS

The preparation of a series of compouhdse beerreportedexhibiting halogen
bonding betweep-diiodotetrafluorobenzene and halide aniargjcharacterized bglose
linearcontacts The XB compoundbave been studiday XRD and!*C solid-state magnetic
resonance spectroscopyX-ray diffraction revealed similarities and differences in the
halogen bonding motifs fdralidesdescribed byAbateet al,*® Trigueroet al,?® and Grebe
et al?® In particular;ithe halides are ditopic and form long polymeric chains Wit E--|
angles ranging from 109.1 to 140fér compound4 to4. The brominenionin compound

5 forms halogen borslvith oneiodine, forming [Br---18 CeF4d 1---Br]> moieties
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For compoundd to 5, the solidstate'3C chemical shifts increassy several ppm
relative tothe pure norhalogenbondedp-DITFB component Recalling the provisional
IUPAC definition of the XB interaction (& X---Yd Z), the halogen bond may lead to
characteristic changes in the NMR signals &f R. In this study, the value @fso(*°C) is
correlated tahe halogen bonding environment, as quantified by the cadalme bond
length.As the C' I distance increases, the c¢chemi
the value of the normalized distance param&eay, were not observed experimentallyist
may be in part due to the fact that both chloride and bromide electron donors are considered
within the same data set. ZORPFT calculations of th&°C chemical shift carried out on
a cluster model reproduced the experimental trend as the eadipa distance was varied.

The inclusion of scalar and spambit relativistic effects in the calculations resulted in a
decrease in the computed valuesi@f'°C) of abou25 ppm. It is clear that there is further
room for improvement in the calculatioh magnetic shielding tensors in halogeonded
systems where relativistic effects are important. This combined experirtesdadtical
study has demonstrated that carbmiine-halide halogen bondinginteractions are
reflected in thé3C chemical shiftsthereby providing an example of the utility of NMR

methods in characterizing halogen bonding interactions in the solid%tate.
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4 SIANMR AND NLMO Sruby oF QUADRUPOLAR HALOGEN BOND
ACCEPTORS IN C-| @X-@D-C MOTIFS

4.1 INTRODUCTION AND OBJECTIVES

Let 6s r e c &dmlthe UPALC e@efinitiorr F XB thats t at e s--:Yiit he
halogen bond usually leads to characteristic changes MNtiesignals of B X and Yo
Z.! As waspreviolsly statedn theintroduction of Chapter,3uchchangesvere observed
in 1H,213C.2 and'%F NMR studiesin solution*413% Erdélyi has used NMR demmstrate
elegantlythat symmetric halogen bondirig preferredin solution incertain [N-X E]*
systemg. In the solid state, Weingarth and egorkers have determined-Nl distances
from ™N-127] dipolar coupling interactions through rotary resonameeoupling °N
SSNMR experiment3. As well other studies conducted in ogroup 7 have observed
significant changes in the CS tensargl Cq of the nuclei involved in the halogen bond
compared to the starting material which is devoid of rtba-covalent interaction with

multinuclearsolid-state magnetic resonan@é&'™N, 3537CI, 7°®18r, and'?7) 89101112131415

One of the open questions in characterizing halogen bonds concerns the
understanding of how the NMR parameters of the nuoldlved in halogen bonds,
particularly the halogens themselves, may be more rigorously relat&ylttee local XB
geometry and?) the local electronic structure; more specifically, the MOs involved in the

halogen bond.

In the present study, novebmplexes have been synthesizechave moderately
stronghalogen bonds specificallyvith Rxs values ranging between 0.79 and 0.9h.
addition, these corystals were designed to be devoid of competing interactions such as

hydrogen bonding. The compounds used in this study coidaperfluorobenzenes
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inow considered to be t heocostatlized with diferdntal o g e n

ammonium or phosphonium halide XB acceptdrsaddition to characterization bRD,
comprehensive multinuclear solilate magnetic resonance spectroscopic studies are
reported. The origins of the observed NMR parameters, such as the quadropplarg
constantCo, and asymmetry parameté, are further examined witdLMO analyses’8

NLMO analysegrovide direct insight into the relationship between structure and spectral
parameters by allowing one to identify contributions of individuadupied MOs to the

NMR interaction tensorS. This work, therefore combines experimental and theoretical
methods to provide insight into the relationship between the geometry and electronic

structure of halogen bonds and their corresponding spectroscopic observables.

4.2 EXPERIMENTAL SECTION
4.2.1 Sample FPeparation

Starting magrials were purchased from SigiAddrich and were used without
further purification. At room temperature, equimolar amounts of epHRITFB, o-
DITFB, or p-diiodobenzene ptDIB) were dissolved in dichloromethane with an
ammonium or phosphonium salth-BusPCI, n-BusPBr, n-BusNBr, PhPCI, EtPRPBr)
yielding the following halogetonded cecrystals: (n-BusNCIl)(p-DITFB)] 1%, [(n-
BwPCH(p-DITFB)] 2, [(n-BusPBr)(p-DITFB)] 3, [(n-BwNBr)(p-DITFB)] 4,
[(EtPRPBI)(p-DITFB)] 5, [(PWPCl(p-DITFB)] 6, [(EtPhPBrk(p-DIB)] 7, [(n-
BuPCl)(0-DITFB)] 8, [(n-BusPBr)(0-DITFB)] 9, [(PhPCI)(0-DITFB)]-(CH2Cl2)2 10. The

preparation and crystal structures of some of the halbgaded compounds containipg
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DITFB were previously reportetf. The numbering used for the compounds is summarized

in Table4.1 below.

Table4.1 Halogen Bonded Compounds and Labelling.
compound n-BusNX n-BusPX PhPCI EtPhsPBr
(X = CI, Br) (X = CI, Br)
p- DITFB [(n-BuaNCl)(p-CeFal2)]  [(n-BusPCl)(p-CeFal2)]  [(PhPCIl)(p-CeFal2)]  [(EtPhePBr)(p-CeFal2)]
1 2 6 5
[(n-BusNBr)(p-CeFal2)]  [(n-BusPBr)(p-CsFal2)]
4 3

o- DITFB [(n-Bu4PCl)(0-CsFal2)] [(PaPCl)(0-
8 CoF4l2)]-(CH2Cl2)2
[(n-Bu4aPBr)(0-CsFal2)] 10
9
p-DIB [(EtPhsPBr(p-

CeHal2)]
7

Crystals of compounddand8 were obtained by slow evaporation from a minimum
amount of dichloromethane. Crystals of compouhdad10 were obtained using a slow
diffusion method. @ The compounds were dissolved in a minimunouam of
dichloromethane and placed in a vial which was then placed in a jar containing hexane and

sealed.

4.2.2 Single Crystal Xray Diffraction

Data collection results for compounis are reported in Chapter 3 section 3.2Rata
collection results for@ampoundss, 7, 8, 9, 10, ando-DITFB represent the best data sets
obtained in several trials for each sample. The crystals were mounted on thin glass fibers
using paraffin oil. Prior to data collection, crystals were cooled to 200.15 K. Data were
colleaded on a Bruker AXS SMART single crystal diffractometer equipped with a sealed
Mo tube source (wavelength 0.71073 A) APEX Il CCD detector. Raw data collection and

processing were performed with the APEX Il software package from BRUKERZAXS.
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Diffraction data for6, 7, 8, 9, ando-DITFB were collected with a sequence of OsScans

at 0, 120, and 240° in. In order to ensure adequate data redundancy, diffraction data for
10were collected with a sequence of Os8cans at 0, 90, 180 and 270% imue to their

lower symmetry. Initial unit cell parameters were determined from 60 data frames with a
0.3° wscan,each collected for different sections of the Ewald sphere. -8epirical
absorption corrections based on equivalent reflections weredpplBystematic absences

in the diffraction dataset and unit cell parameters were consistent with trigigic 2 ) f or
compoundlO, monoclinicP2/c( - 14) f or 8eandInmpanecimidP2i/n( ~ 1 4)

for compound7 ando-DITFB, and monoclini€C2/c ( ~ 1 for)compounds. Solutions in
centrosymmetric space groups for all compounds yielded chemically reasonable and
computationally stable results of refinement. The structures were solved by direct methods,
completed with difference Fourier synthesis, anftheel with full-matrix leastsquares
procedures based &#. FurtherPXRD experimental information and diffractograms are

given in Appendix B.

For compoundL0O, thermal motion parameters for atoms of two partially occupied
CHoCI, solvent molecules suggested a positional disorder not related to the symmetry
elements. Disorder was successfully modeled; however, the set of geometrical (SADI) and
thermal motion (SIMU, DELU) restraints were applied to achieve acceptable molecular
geomdéries and thermal motion values. Disordered fragment occupancies were refined with

satisfactory results at 25%: 25% for both ACh solvent molecules.

In the structural models @&, 9, 10, ando-DITFB, all molecular fragments of the
structures are localen general positions (i.e., not on symmetry elements). In the structure

of 6, two molecules op-Csl2F4 are located on two different inversion centers whereas all
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the other structural fragments are situated in general positions. Similarly, one mofecule
p-Cel2H4 in the structure of also occupies an inversion center with the rest of the moieties
located in general positions. In structural models for all compounds, hydrogen atoms were
located from the differences in Fourier maps. However, aftealirpbsitioning, all
hydrogen atoms were constrained to suitable geometries and subsequently treated as
idealized contributions during the refinement. All scattering factors are contained in several

versions of the SHELXTL program library, with the latestsion being used (6.123.

4.2.2.1 Comments on thayXstructuréahd8

In the case 08, two out of four arene molecules are located on an inversion center.
Upon inspection of the bond distances, it was found that one of the ¢aidaine bonds
is noticeably shorter than all other bonds of this type in the structure. However, upon closer
investigation of the thermal motion parameters for the atoms of the
tetrafluorodiiodobenzene molecules with unusually short bonds, it was discovered that the
arene molecules exhibit minor positional disorder. This disorder could be described as a
minor ro&tion of the molecule in the plane of aromatic ring with the pivot point located on
the iodine atom opposed to the unusually short bond. Unfortunately, the disorder was not
prominent enough to be successfully resolved. An attempt to treat the disospéttimg
the locations of abovmentioned molecule into two positions and refining the occupancies
did not lead to a significant improvement of the overall quality of the structure. Moreover,
introduction of several restraints was necessary to obtasfesabry geometrical and
thermal motion parameters. After careful consideration, an undesirable decrease in the

datato-parameters ratio due to the disorder modeling outweighed the slight increase in the
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guality of the model. Therefore, the disorder mlody with occupation refinement was

removed from the final structure.

Diffraction data for compoun@ were collected to 0.75 A resolutiompwever due
to small crystal size and weak diffraction it was discovered that both R(int) and R(sigma)
exceed 35%dr the data below 0.95 A resolutioBased orthe R(sigma) valugdata were
truncated to 0.90A resolution for refinement. Refinement of the structural model
demonstrated good agreement of the stronger reflections with the predicted theoretical
values, vith Ry = 0.0607 andvR2 = 0.1203 for all the reflections with | >s@). It should
be noted that for weak reflectiort®th R, andwR: valuesincrease moderately. However,
such an increase can be explained by weak diffraction at high angles and higlo¢iores
cut off at 0.90A. Thermal motion parameters ftive carbon atoms of the butyl chaio
the n-BusP* fragmentssuggessymmetry unrelategositionaldisorder. Dudo untreated
disorder thermal motion parameter valuase more pronounced than for thiéthe other
atoms n the crystal structureModelling of the disorder would require the introduction of
additional refinement parameters as well as geometry and thermal motion restraints.
Despite the disorder, the strucl fragments that define the halogealide interaction
within the structure are refined with acceptable positional precision and thermal motion
parameter values. Considering all of the above and in order to conserve an acceptable data
to-parameters rad for the rather large asymmetric urthig structurevas refinedwithout
modelling the disorder. It should be understood that unusually large thermal motion
parameters for the-BusP* fragments are responsible theapparent shortening of C(sp3)

T C(93) bonds, and this may be considered as a crystallographic artifact.
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4.2.3 Solid-State NMR Spectroscopy

Carbonl13 and chlorine85/37 SSNMR experiments were carried out on a 400 MHz
(Bo= 9.4 T) Bruker Avance IIl widéore spectrometer equipped with a tripgeonance 4
mm MAS probe and a 5 mm solenoid probe, respectiVély, 3*7Cl, and’®®'Br SSNMR
experiments were also carried out at the National Ultraheyth NMR Facility for Solids
in Ottawa using a 21.1 T Bruker Avance Il spectrometer equipped with either a Bruker 4
mm doubleresonance MAS probe féfC or a homebuilt 5 mm solenoid mbe for®*3'Cl
and’®8Br. Samples were powdered and packed in 4 mm o.d. zirconium oxide rotors for
13C experiments, and in 5 mm glass tubes for stal#i€| and’®®'Br experiments Further

experimental information is givein AppendixB.

4.2.3.1 ¥C SSNMR

Ramped amplitud®’C CPMAS NMR? spectra were collected with SPINALG4
decoupling* for all samples containing protons at two fields, 9.4 T and 213CTL@armor
frequencies of 100.613 MHz and 226.338 MHz, respectively). Chemical shifts were
referenced to solid glycinelig(*3C=0) 176. 4 ppm with respect
|l ength and contact times were 3.5 s and 3
T. Recycle delays ranged from 5 to 15 s. A skuglannel rotor synchronizedaHnecho

experimenti(e., -U{ -P¥-acq) was used for the acquisition of the spectrumDITFB.

4.2.3.2 3*'C| SSNMR

Chlorine chemical shifts and pulse widths were calibrated using’tel NMR
signal of KCI powder gso(KCI(s)) = 8.54 ppm with respetd 0.1 M NaCl in RO). The
CT-selective pulse widths were scaled b@(lL/+ %2). Spectra were collected under

stationary conditions at two fieldg (*°Cl) = 39.204 MHz at 9.4 T and 88.194 MHz at 21.1
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T; v(®Cl) = 32.634 MHz at 9.4 T and 73.412 MHz at2T). At 9.4 T, WURST

QCPMG® experiments combined with proton CW decoupling to acqtifédCl NMR

spectra in combination witMfOCS method (100 kHz steps) were advantageous at 9.4 T as

the nuclei of interest are dilute in the halodmmded complexes3¢’Cl ranges from 6.29

to 33.1 mg/crd) and the spectra are brofd.A 50 e&s WURST pul se wi
bandwidth sweeping from high to low frequency was used with pulse powers optimized
experimentally(seeAppendixB). The spikelet separation was set taHxz by setting the

echo duration toddbWwé tsmestbfpl@Dsesri a8 e
every scan. The recycle delays used for these compounds varied between 2 and 4 s. At
21.1T, 3537C| SSNMR signals were acquired using an edleq (  -U/ 2-%-acqf’ pulse

sequence combined with the VOCS method and CW proton decoupling. Typical
acquisition parameters were @Tel ecti ve “~/ 2 pul se | engths o

500 kwal u&s of 45 &s, pul s32kstandparpisceof 1 or

4.2.3.3 ™#Br SSNMR

Experimental setup, pulse calibration, and referencing were done using solid KBr
(dso(KBr(s)) = 54.51 ppm with respect to 0.03 M NaBr isg@). The Larmor frequencies
for bromine werev (“°Br) = 225.518 MHz and (3'Br) 243.094 MHz at 21.1 T. The €T
selective’®®Br pulses were 1.8s for the Solomon echo experiment used to acquire the
SSNMR spectra. A recycle delay of 0.2 s, spectral window of 2 MHz, and transmitter
of fsets of 5 0 0; vadietibetweerdr & airsedl175 Us s, and e

collected with 14k to 24k scans.
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4.2.3.4 Spectral Simulation and Processing

All NMR data were processed with Bruker TopSpin 3.0 software. Echoes were left
shifted where required. The WURSJCPMG spectra were processed in magie mode.
The first echo of each of th#Cl WURST-QCPMG datasets was omitted due to probe
ringing. No apodization is used when processing these spectra. For the VOCS method,
each piece is processed identically, aneadded together to yield the finapectrum.
Simulations were performed with WSolid&and DMFIT (v.2011¥° Simulations of*C
NMR spectra included chemical shifts, line broadening, and the appropriate number of
crystallographic sites determined byrXy crystallography. Stack plotstbe experimental
and simulated spectra were prepared using DMFIT. Further information is given in the

AppendixB.

4.2.4 Computational Details
Modek weregenerated from Xay crystal structure atomic coordinates for each
halogerbondedcompound using orealide ionand the nearest interacting ¢r o)-DITFB

or p-DIB molecule(s) (see Figurel).
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Figure4.l  General halogen bonding motif (X = Cl or Br) fr2, 3, 4, 8, and9.

Only for CI2 (site A) of6 were the diiodotetrafluorobenzenes replaced by
iodotrifluoromethane molecules to ensure convergence. The positions of the fluorine atoms
in that model were optimized (Baussian0¥ (B3LYP/3-21G). TheNLMOs, EFG and MS
tensors were calculated with tA®F program Scalar and sphorbit relativistic effects
were included using the ZORAThe exchangecorrelation functional GGA revPBE of
Zhang and Yanip used for all calculations. The basis sets used for all atoms were Slater
type triplezeta withpolarization functions. A diffuse function was included in the basis
set for the halide ion (i.e., AUG/ATZ®) whereas the basis set used for all the other atoms

was relativistically optimized (i.e., ZORA/TZF.

The EFG and shielding tensors containedihe out put vyl es were

modi yed version of .¥ hMagndid <hislding econstantp weseg r a m

converted to chemical shifts according to the forriula , Where sref is the

absolute shielding constant ofreference compound (184.1 ppm f8€ in TMS2°974

ppm for3%37Cl in infinitely dilute Cf(aq)).%® The concentration of 0.1 M NaCl in,0%’
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and the significant isotope shift 66 ppm caused by £0* is accounted for in ordeot

properly compare the calculated and experiment#f>>'Cl) values.

4.3 RESULTS AND DISCUSSION
4.3.1 X-ray Crystal Structures and Halogen Bond Geometry

Summarized in Tabld.2 are the crystallographic data for the ne® ¥ompounds
and in Table 8 are the redvant halogen bonding distancds,x ¢ and anglesges 1---xg as
well as the I--XE--1 angles @...xe-1) for the compouds studied presently (see Figdrs).
Also presented in Tabld.3 are the carboindine bond lengths, which have been
demonstrated to increase upon XB formatfidfhe crystal structures for XB compourids
2, 3, 4, and5show a range of I-1 and BF--I halogen bond environments and have been
discussed previousl. The discussiorbelow will therefore focuson crystallographic
aspects of the new XB compoundgheir local halogen bonded environment are shown in
Figure4.2. Also shown inTable4.3arethe normalized distance paramej&s (vdW radii
(1.98 A for covalent I, and 1.84nd 1.96 A forC | aid Br, respectivel$f), which range
from 0.79 () to 0.91 7). These values indicate the presence of moderately sttptg (
weak 6) halogen bonds. Very strong halogen bonds canRayvealues as low as 0.69!
All of the reported compounds exhibit ndisear halogen bonds, with angles ranging from

167.6° to 179.4° foges 1---c1, @nd 170.7° to 178.2° fges 1B r. E

131
Chaptdr SSNMR, and N&tdy of Quadrupolar Halogen Bond Adcelitd(s Mdiifs




Jasmine Vigeavel

Table4.2 Crystallographic Data and Selected Data Collection Parameters
compound 6 7 8 9 107
empirical Cs2H20CIF1216P CaeHaaBr2l2P2 CoeH10eClaF1216P3  Co2Hz6BrF4l 2P C3z1H22Cl3Fal 2P
formula
formula 1580.40 1072.37 2090.18 741.19 861.60
weight
crystal size, 0.21x0.17 x 0.24 x 0.20 x 0.27 x 0.23 x 0.24 x 0.18 x 0.21x0.14 x
mm 0.15 0.17 0.11 0.10 0.14
crystal system monoclinic monoclinic monoclinic monoclinic triclinic
space group C2lc P2i/n P2i/c P2i/c Pp
VA 8 2 4 4 2
a A 18.5756(2) 9.24230(10) 13.4256(3) 13.1132 (4) 11.8135(2)
b, A 19.3258(2) 12.5396(2) 25.3718(6) 15.1457(5) 12.8379(3)
c,A 26.4008(3) 18.5824(3) 25.3449(6) 14.4157(5) 13.4744(3)
g- 90.00 90 90 90.00 92.2880(10)
b, ° 99.1840(10) 98.3230(10) 98.915(2) 98.7470(10) 114.0890(10)
9,° 90.00 90 90 90.00 104.8300(10)
volume, & 9356.08(18) 2130.92(5) 8529.0(3) 2829.78(16) 1779.12(7)
R (ref) 0.0366 0.0228 0.1716 0.0289 0.0390
WR (ref) 0.0763 0.0520 0.1541 0.0604 0.1208

210is a solvate.
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Table4.3 Selected Intermolecular Contact Distances, Angles, and Halogen
Bonding Environment Surrounding the Halgdlen HalogenBonded Compounds
compound # disc/A dLiBx R gesi L eBx G LeeRE e Xy
1° 1 21071 2.988 079 178.1 109.1  Iy--Cl--:l2

2 2.093 3.104 0.82 170.2

2 1 20946 3.038 0.80 175.0 155.7  13:--Cl--l2
2 21022 2976 0.79 177.0
3¢ 1 21046 3.189 0.83 176.8  140.9 [1:--Br--1,
2 2.0995 3.196 0.83 177.7
4° 1 21121 3.166 0.83 1753 139.2 [1---Br---12
2 2.0963 3.236 0.84 177.9
5¢ 1 21081 3.147 0.82 1755 o
6 Cl1 1 20931 3.204 0.85 174.4 91.6 [1---Cl--12
2 2.0952 3.240 0.86 167.6  75.7 [2---Cl -3
CI2 3 20653 3.332 0.88 1746 100.4 [1-+-Cl--l3
4 20872 3191 0.85 179.4 176.3 l4:--Cl 15
5 2.0944 3.204 0.85 176.1
6 2.0925 3.204 0.85 174.5
7 1 21125 3.472 0.91 170.7 o
8 Cl1 1 21152 3.157 0.84 175.8 1120  13:-:Cl---l2
2 2.095 3.088 0.82 175.3 1445  11---Cl---ls
CI2 3 21173 3.115 0.83 178.0 123.4  15:-:Cl:ly
4 2115 3.150 0.83 174.9
CI3 5 2.0948 3.052 0.81 169.6
6 2.0874 3.062 0.81 176.8
9 1 21085 3.347 0.87 174.6 80.4 [1:--Br--12
2 21047 3.269 0.85 174.1
10 1 21058 3.132 0.83 177.4 120.1  1y-Cl---l2

2 21065 3.152 0.83 176.1

aRefer to Figure 4.1 for information on the reported angles and distancBRxs, normalized distance
parameterRxs = di . /Sehviaw, Whered,...x is the shortest contact distance between the halogen and the halide
anddvaw is the sum of theiran der Waals radii (28 A for |, and 1.81, 1.96 A f& | akd Br, respectively}?

°Crystal structure reported in réf 9Disordered solvate (DCM).
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Figure4.2 Local halogen bonding geometries for some of the compounds studied in this work,
from XRD (left), and corresponding molecular structure schemes (right). Each atom is color coded:
iodine is violet, chlorine is turquoise, bromine is orange, fluorine is gehon is black, and
hydrogen is gray. Relative atom sizes are base

and bond distances in Talle3. 6 has two crystallographically distinct chloride sites, where the

Y.

symmetry about site A and B arbnast perfectly octahedral and square planar, respective

exhibits dianionic species of the form [Bri-dsH4i I---Br]#. Cations are not shown.
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7 exhibits the same dianionic motifBf---18 CsHd 1---Br]?) as the previously
described compounds5*® (seeFigure 4.2), as well as the same space group and crystal
system P2:/n and monoclinic) 7 is the only reported compound in thsitudy wherehe
halogen donor molecule p-diiodobenzene, and exhibits the weakest XB adton with
anRxg value of 0.91. This is attributed to the fact that protons are less elegthoitawing
than fluorine; this leads to the formation of a smadldrole to interact with the halogen
bond acceptor (Bl A supercell may be viewed ifrigure4.3, whereit is observed that
the dianionic species form discrete entities in alternating ratsRPhEt" cations which
are associated twlioy-two into an inversioftentered phenyl embrace motif. This motif has
been observed for bulky phosphonium salts (i.esPRh derivative$®, and was also

observed in compourti*°

L [ L ol % L
(a) iy Unr o ®

I ST S
PR RECE. LB <
X A f" X 4

[Es.e re e T
°---—f1 o---6—{1 o-—-

/4 /4 44

- AR TEdD- N

[@as @t Y

a2 S 1 VSas 49
[l
[ ,'«Ly..i.

V

N U <G 3

IR X 3
--- ---e

Figure4.3 3 x 3 x 3 super cell of. The dianionic species [Br-81CsH4d |---Br]% is between
rows of EtPBP" cations along the a axis in (a) and alonglifais in (b). Also in (b) the cations

are associated two by two into an inversoemtered phenyl embrace motif.
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Halogenbonded compounddand9 form onedimensional architectures shown
in Figure4.4. Each halogen bond accept@lEor Brg interacts with two iodine atoms,
forming polymeric anionic zigzag chains as described for compdlrgjs8, and4*° and
by Abateet al®® Interestingly, for8 there are three crystallographically distinct chloride
ion sites; the environment surrounding each halide is quite differentl-with'---1 angles
of 112.0°, 144.5°and 123.4° foCl1, CI2,and CI3, respectively. One bromide site is
present i and thel---Br&..| angle is rather acute, 80.4°. Such acute angles have been
observed previously by Grels al. in similar compoundé* Both 8 and 9 pack in the
monoclinic crystal system with tiR2:/c spae group Figure4.5and4.6 show the packing

diagramdor compounds and9, respectively

Figure4.4 XB compounds8 (a) and9 (b) form one dimensional chains in the crystal lattice.
The halogen bond accept@ [ 0EBr forms short contacts with two iodines from different DITFB

molecules in a polymeric manner.
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Figure4.5 (a) 2 x 2x 2 supercell of 8 shown along the axis where hydrogen atoms and
Bu4P* cations are not shown for clarity. Along the b axis it is possible to see that the cations form
rows between the aromateDITFB molecules, in the empty space as seen in (b).

Figure4.6 (a)2x 2x 2 superell of 9 shownalong thea axis Hydrogen atomare not showp

for clarity. Rows of the polymeric anionic zigzag chains can be observed alangxise and th

11

n-BusP* cationsare between the rows formed by these chéinsview along théh axis.

Compoundl10 packs in the triclinic crystal system amp space group. Two
molecules ob-DITFB and two chlorides interact togetres shown irFigure4.2, where

two halogen bondonors (1) interact with one halogen bond acceptoj,(forming a |--CI
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-] angle of 120.1°. In the unit cell along tleaxis, there are two halogdronded
complexes forming a row. These rows are separated by P&ionsassociated twy-
two intoan inversiorcentered phenyl embrace mo#idure4.7), as observetbr 5 and7.

4240 pichloromethane molecules crystallize in the unit cell.

Figured.7 (@) 3 x 3 x 3 supercell of compoundlO viewed along thec axis In (b), the

disordered DCM moleculeand all hydrogen atoms have been removed for clarity.

Finally, in6 ([(PhPCI)(p-DITFB)]) there are two unique chloride sites in the crystal
structure with two very different halogen bonding environments and crystal networks. The
first chloride site is at the centre of a distorted square planar motif, where four different XB
donor maecules interact with a single chloride anion (Begire4.2). These form infinite
onedimensional networks along tleeaxis (see Figurd.8). The second chloride site sits
at the centre of a distorted octahedron by interacting with six iodine atogusg4.2), and
forms a secondary intrinsic twdimensional networkKsee Figure4.8). In 6, when

observing both chloride sites, thdjeanate rows along theaxis (Figure4.8). Looking at
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the overall structure along the c axis, thefPlgation formscolumns with the halide, which

alternates rows with-DITFB molecules.

Figure4.8 Double x cell of6 shown along thé axis (2/cspace group). Hydrogen atoms [are
omitted for clarity

The GH hydrogenatoms in the onium counterions are welmoved from the
halide 1 onsd6 coordinati on s pifchoride contacts a | | C
typically cluster around 2.39 & whereas most of the shortestaion distances in the

compounds studied here areand 3 A.

4.3.2 Slid-StateNMR Spectroscopy: Correlation of NMR Data with Local Structure

4.3.2.1 *C NMR

The®*C CPMAS NMR spectra @, 7, 8, and9, corresponding to the region of the
carbons covalently bonded to iodine are shown in Figu®e Analogous spectra of the
pure nonhalogenbonded aromatic compounds-DITFB, p-DITFB, p-DIB) are also
shown. The chemical shifts, which were obtained by simultaneously fitting the spectra at
magnetic fields of 9.4 and 21T1 are summarized in Table4. The full*3C CPMAS NMR

spectra and chemical shift assignmemigy be found inAppendix B As previously
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described? such spectra are challengito acquire due to possible relaxation caused by to
the directly bonded iodine, nearby fluorines causing dipolar broadening, and distant protons
rendering CP inefficient. The use of a 21.1 T spectrometer was essential to resolve some
of the chemical shi$ observed for the carbons involved in the weak XB interaction. The
residual dipolar coupling (RDC) between a sgimucleus such ad$C and a quadrupolar
nucleus such &€l is reduced at higher magnetic fields, as is apparent when the line widths
obseved at 9.4 T are compared to those measured at 21.1 T (~125 vs ~90 Hz). No splitting
or asymmetric broadening attributable to RDC is observed, and spectra at both fields were
fit with consistent chemical shift values. A calculation using typical paexsr the?’|-

13C dipolar coupling constant (657 Hz) and A& quadrupolar coupling constant (1000
MHz) gives a residual dipolar coupling constant of ab@aut kHz at 21.1 T. A spectral
simulation based on these values shows that a‘fflicoupked **C multiplet line shape
should span about 12 ppm at 21.1 T, suggesting thaiGHame shapes obtained presently

are at least parti#’l-self-decoupled.

Table4.4 Experimental3C Isotropic Chemical Shifts of Carb@Covalently
Bonded to lodine

compound dso (Y°C) / ppnt

0-CoF4l > 92.6(1.3)

p-CsHal2 97.1(2.6)

6  [(PhPCI)(p-CoFal2)] 80.2(1.5)
7 [(EtPhPBr)(p-CoHal2)] 99.5(0.5)
8  [(n-BuPCl)(0-CeF4l2)] 102.5(0.3)
101.4(0.3)

100.2(0.5)

97.9(0.2)

9 [(n-BwPBr)(0-CeFal2)] 98.6(0.4)
101.4(0.4)
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aExperimental*C isotropic chemical shift of the carbon covalently bonded to iodine. In parentheses are the

errors, which are equal to the line width at half hei§Rbr 8 and6, six distinct carbon sites are expected for

each, from Xray crystallography
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Figure4.9 Selected regions of the experimental (solid line) and simulated (dashe¢f@ine)
CPMAS SSNMR spectra of (a, d}DITFB, (b, €)9, (c, f) 8 recorded at 21.1 T (left, (#%)) and
9.4 T (middle, (dY (f); (g) p-DIB, (h) 7, (i) p-DITFB (this spectrum was also shown in. réf),

and (j)6, recorded at 21.1 T (right). In the cas®gahtensities of the lines in tlemulations wer
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adjusted to match the experimental dakhis accounts in an ad hoc manner for partial overlap of
unresolved resonances and possible small differences in site intensities due to differentjal cross

polarization efficiencies.

Higher>C chemical shifts are observed to gen
in the halogerbondedo-DITFB compounds. The values d§s(**C) f or t he C' |
in 9 (98.6(0.4) and 101.4(0.4) ppm) aBd102.5(0.3), 101.4(0.3), 100.2(0.5), 97.9(0.2)
ppm), are all significantly larger than that for pur®ITFB where no XB is present,

92.6(1.3) ppm. This is consistent with the trend noted for halbgadedp-DITFB
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compoundg® The substantially lower chemical shift observed for the carbon bonded to
iodine compared to the typical chemical shift of carbons in aromatic rings is due to a
relativistic spinorbit-induced heavy atom substituent effect; the magnitude of the
relativistic shift is largely due to the magnitude of the spibit splitting of the heavy atom

and tends to increase with the valence s orbital character of the observed ffucleus.
However, a precise correlation betweks | and dso(**C) valuescannot be established for

the halogerbondedo-DITFB compounds since for two out of the four compounds studied
here, not all the isotropic peaks of the different crystallographically distarbbns are
resolved. Inthe case 8&fsix norequivalent carbons are expected from the crystal structure

and only four resonances are resolved in the NMR spectra at both fields @&Rjos@).

Thel3C resonance of the halogbonded compleX is more deshieldedify(**C) =
99.5(0.5) ppm) wheweompared to purp-DIB (Figure4.9(g,h)) (97.1(2.6) ppm). In this
example, the increase in chemical shift upon halogen bonding may be clearly correlated to
an increased carbon iodine distandes( = 209635 and 2.1125 A, fop-DIB and 7
respectively) measured from-pdy since only one distinct carbon site is present for both

the XB compound and the starting material.

Compoundb should have a total of six distinct carbon sites which are involved in
halogen bonds. In spectra recorded at fields of 9.4 and 21.1 T, only one very broad peak is
observed; hence, none of the chemical shifts can be resolved (Figiye However, it
is clear that the carbon isotropic chemical shift of the halbgeled comlex is
deshielded with respect peDITFB, as was previously observed g2, 3, 4, and5.° This
follows the overall trend even though a sfeecific correlation with the six different Cl

distances cannot be established.
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4.3.2.2 ™#Br NMR

Compounds with a bromide anion as halogen lameeptor have been characterized
with °B1Br SSNMR at 21.1 Tsee Figuret.10and4.11). The bromine NMR parameters
sumnarized inTable4.5were obtained by simultaneously simulating the NMR spectra of
both bromine isotopes when possible. These spguaimseveral MHz due to secenmdier
guadrupolar broadeninglncorporating CSA is important in order to obtain the correct
simulations of the®®Br spectra. Figure B7 in the AppendixB highlights the mismatch
between experimental and simulated spectra when CSA is omitted from thttiespts
to acquire these spectra at moderate magnetic fields of 9.4 T or 11.75 T were impractical
due to the combined effect of the large breadth of the spaurdecause the bromide

concentration is quite low fdP®BrE ranging from 23 mg/ci(9) to 64 mg/cr(7).

() (h)
(c) (2)
I 15IOO I 5;)0 I —5I00 I —1I500 I 8(I]0 I 4(I]0 I d I -4I00I -SIOOI
8(*'Br) / ppm S(*'Br) / ppm
(b) D
(a) (e
T T T T T I T I T I T I T T T T T T T T T T T T
4000 0 -4000  -8000 4000 0 -4000 -8000 3000 1000 -1000  -3000
(%' Br) / ppm 8(¥Br) / ppm 3(*'Br) / ppm

Figure4.10 8Br SSNMRspectra of stationary powdered haloggmded compounds acquined
at 21.1 T. Experimental spectra are shown ird{(g%) 9, (e)3, (g) 7, (i) 5, and their respectiye

simulated spectra are in (b), (d), (f), (h), and (j). Asterisks in (i) mark an impurity
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Figure4.11 "Br staticSSNMRspectra of powdered halogen bonding compounds acquired at
B, =21.1 T using VOCS methodology and a s@aho experiment. Experimental spectrum of (a)

4 and (c)9, where (b) and (d) show their simulated spectra, respectively. The red dash in (a)
indicates the observedC peak in the®Br spectrum. The inset (f) shows the higbquency
discontinuity of the’*Br spectrum oft. In (e) is the same region of tFi8r spectrum recorded
with a single pulse experiment with proton decoupling, where the carbon peaks are resolyed.

The 8Br quadrupolar coupling constants for this series of halogemded
compounds vary from 23(0.1) MHz for 7 to 580(0.2) MHz for 4. These values are an
order of magnitude greater than the values for the pure bromide starting materials, i.e.,
ammonium or phosphonium bromide sé&if$. Generally, less symmetric electronic
environments will correlate with larg€q values. They are in the same range(§'Br) =
12.3 to 45.3 MHz) as the values reported for haldgmmded haloanilium halides by Attrell
et al*® The®!Br isotropic chemical shifts are within the known range for bronfidgasging
from 140(10) ppm to 350(5) ppm, and the CS tensor spans range from less than 50 ppm to

320(20) ppm.

Compounds4 and 3 are isostructural and feature polymeric anionic chains with

d--ere-1 angles of 139.2° and 140.9°, respesly. Two polymorphs are known fdr that
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of Metrangoloet al* crystallizes in a&2/c space group whereas our group reportBden
space groufl® Compound3 also packs in th€2/c space group. These halogeonded
compounds are characterized by sinfil@r EFGtensor parameters (Tabled): [Co(®'Br)|
values of 58.0(0.2) and 57.0(0.2) MHz afadvalues of 0.22(0.01) and 0.199Q) for4 and
3, respectively. At higher magnetic field, bromi@&A contributes significantly to the
NMR line shapesHigure4.10(a) and (e); the spahy, is 255(20) ppm fo# and 110(10)
ppmfor 3; see also FigurB7, Appendix B. The halogerbonded compounf also brms
polymeric anionic zigzag chains, but with acute I-:-Brangles (80.4 and packs in the
P2i/c space group. Qualitatively, this compound gives a much narf8®eNMR line
shape which is quantified by|8o(®'Br)| valueof 30.8(0.1) MHz(Figure 4.1Q(c)). This
value may be related to the local halogen bonding environmieetiGfrg). Bromine CSA
parameters fo® are in between the values reported3@nd4, e.g., a spany,of 192(10)
ppm. To improve the precision of the reported quadrupmidrCS tensor parametef8r

NMR spectra of compoundsand9 were also acquired and are shown inRrgure 4.11

Table4.5 Experimental®'Br EFG and CSTensor Parameters forHalogen
BondedCompound®

|Co(®'Br)| / MHZ  do Uso/ PPM o /ppm Kk u/e  bl° al°
3 57.0(0.2) 0.19(0.01) 310(10) 110(10) 0.9(0.3) 0(0) 20(10) 90(0)
4 58.0(0.2) 0.22(0.01) 250(6) 255(20) 1.0(0.2) 0(0) 0(0) 90(20)
5 21.5(0.1) 0.32(0.01) 140(10) 115(15) -0.9(0.2) 90(2) 0O(5) 30(5)
7 40.7(0.1) 0.26(0.01) 210(10) 320(20) 0.9(0.1) 0(20) 5(1) 90(40)
9 30.8(0.1) 0.27(0.01) 256(4) 192(10) 0.0(0.1) 34(4) 82(2) 12(2)
2Error bounds are given in parenthese®Vhile Co may take any real value, onigq| can be measured from

conventional SSNMR experiments.

Two dianionic bromidecontaining speciey and7, are isostructural and pack in

the same space group2:/n. Their®Br NMR spectra are shown in Figu#el((i, g). As
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stated above, compourtiexhibits a much weaker halogen bond compare8. tarhis
difference is reflected in their respectfBr EFG and CSA parameters. For example, the
value of|Cqo(®'Br)| for 7, 21.5(0.1) MHz, is half the value observed 5p#0.7(0.1)MHz.

The smaller vale of Cq for 7 may be qualitatively rationalized by considering that the
bromide anion in this compound is much further removed from the nearby iodine, and its
local electronic environment more closely approximates that of an is@atefhion for

which te value ofCq is zero. The asymmetry parameters are similar, with values of
0.26(0.01) and 0.32(0.01) férand7, respectively Also, the more weakly halogdronded
complex7 has a smaller bromine chemical shift (140(10) ppm) and span (115(15) ppm)
compared tdb (liso= 210(10) ppm and = 320(20)ppm), corroboratingye trend reported

by Attrell et all®

4.3.2.3 *P'CI SSNMR

Presented irFigures 4.12 and 4.13 are the 35°’Cl NMR spectra (21.1 T) of the
halogenbonded complexes in which the halogen bond acceptor is a chloride arfien.
spectra aagired at 9.4 Tor *°Cl and®’Cl using the WURSTQCPMG pulse sequeneee
alsoshown inFigures4.41and4.15 respectively. Th&’Cl EFG and CS tensor parameters
are presenteith Table4.6and were obtained by simultaneously modeling the NMR spectra

ofbot h chl orine isotopes6é spectra at two mag
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Table4.6 Experimental®°Cl EFG and CS tensor &ametersfor Halogen
BondedCompounds

|CQ(35C|)| / q 'jisol q / a D/ [ b/ o 3/ o
MHz = ppm ppm
1 5.43(0.05) 1.00(0.01) 117(3) 94(4) -0.3(0.2) 0()  0(8) 106(4)
2 10.42(0.04) 0.07(0.01) 132(4) 180(15) 0.85(0.10) 35(30) 2(2) 45(20)
& site 1 3.66(0.10) 0.38(0.04) 177(8) 60(15) -0.4(0.2) 120(20) 106(16) 35(10)
site 2 6.85(0.10) 0.12(0.02) 98(4) 96(10) 0.0(0.2) O0(10) 90(10) 40(10)
8" site 1 457(0.20) 1.00(0.04) 112(10) <20 ) : ) )
site 2 8.22(0.30) 0.12(0.04) 148(20) <30 , - - -
site 3 7.15(0.05) 0.70(0.04) 135(20) <50 : : i :
10 6.77(0.20) 0.44(0.04) 94(10) 60(20) 1.00(0.04) 5(4)

aError bounds are given in parentheses. See also footnotes b and ¢ & ZabEhree crystallographically

distinct chlorine sites are determined from XD structure. The asymmetry parameter is characteristic of

the halogen bonding environment, and each site may be assigned to the corresponding chloride. Details of
the assignment are in the main text. No CSA is incorporated in these fits to aveidtergretation of the

NMR spectrum.®Two crystallographically distinct chlorine sites are present in the crystal structurd bé

chloride in the pseud®, geometry was assigned as Cl1, as@qds the smaller which is expected for a
guadrupolar nucleus in a symmetric environment. The second site has &laugdue, in agreement with

its square planar geometry.
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Figure4.12 35ClI SSNMR spectra of static powdered halogeanded compounds acquired at
21.1 T. Experimental spectra are shown ir6(&%) 10, (e)2, (g) 8, (i) 1 and their simulated spectra
are in (b), (d), (), (h), and (j), respectively. ResidualA® in (c) is marked by a red asterisk.
There are two crystallographically distinct sites in compda(a), and three crystallographical

=

distinct sites ir8 (g); (simulations shown with dashed lines).
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Figure4.13 3Cl staticSSNMRspectra of powdered halogen bonding compounds acquired at
Bo=21.1 T using VOCS methodology and a s@aho experiment. Experimental spectral are
shown in(a) 6, (c) 10, (e) 2, (g) 8 and their simulated spectra are (i), (d), (f), and (h
respectively. Residual FPCIl is marked by an asterisk in (a).

The 3°CI quadrupolar coupling constants range fr866(0.10) MHz for6 to

10.42(0.04MHz for 2. The largest of these values is slightly greater than that @uaserv

previously® for more weakly halogebonded compounds. The chloride compounds in this

study are moderately strongly halogeonded withRxg values ranging from 0.79 to 0.87.

The asymmetry parameters vary across the entire range of possiblefvaings07(0.01)

for 2to 1.00(0.01jor 1. All spectra of the halogelmonded complexes were simulated with

CSA, where the effect is more prominext 21.1 T; however, due to the small magnitude

of the anisotropies and small overall range in their values, no clear correlation with any

structural element is noted. The chlorine isotropic chemical shifts feoged8(4) ppm
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for 6to 148(20) ppm foB and the span from 60(15) pdor 6 to 180(15) pm for 2, which
are within the known range of values for chloride ions in -symmetric

environment§124849

The chlorine EFG tensor parameters may be related to the chloride anion halogen
bonding environment and to the local electronic stmacvide infrg). First, consider the
spectrum of6, where two crystallographically nesquivalent chlorine sites are present,
shown inFigure4.12 (a). From the NMR line shape, the two different sites are clearly
differentiated as shown by tlepectraldeconvolution It is possible to resolveultiple
sites from a spectrum of quadrupolar nuclei as the quadrupolar coupling constant is
dependent on the coordination environment. When the coordination environment
surrounding the nuclide is spherically syetnic, theCq will be null and any divergence
from that symmetry will cause an increas€i™ In 6, chlorine site 1 (CI1) is in a nearly
octahedral geometry according to thea¥ crystal structure. This site may be assigned to
the narrowef>Cl NMR powder pattern with the small{€q(*°Cl)| valueof 3.66(0.10) MHz.

The second chlorine site is in a psewdoiare planar geometry and may be assigned to the
broaderf®Cl line shape characterized by a quadrupolar coupling cométau@5(0.10) MHz

(this assignment is supported by DFT calculationdg infra).

Compoundsl, 2, and8 have similar halogen bonding environments where one
chloride anion interacts with two iodine atoms, thereby forming infinite linear polymeric
anionic chains.1 and2 have very similar structures and only differ by their cation, either
beingn-BusN™ or n-BusP" respectively; they additionally pack in the same space group
P2i/c. This change in cation is accompanied by a change in the angle surrounding the

halide,@.-.ci -1 = 109.1° forl and 155.7° foR. This interesting feature in thestructure
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mightexplainthe very differentine shapes observed for these halegended compounds

(see Figurd.12(e) and (i))as will be demonstrated through the NLMO analysg infra

The |Co(*°Cl)| value forl (5.430.06) MHz) is abouthalf that for2 (10.42(0.04) MHz).

Even more intriguing, the asymmetry parametersstaketwo limiting values where it

t wo spectral di scont i n baqgvalueesal tqd and (WO(GOL)D ) c ol
and for2, two distinct hornanay be observedherethe asymmetry parameter approaches

zero (0.07(0.02)).

Compound8 exhibits three crystallographically distinct chloride sites in the unit
cell. They all have similar halogen bonding environments, where one chloride anion
interacts with twdalogen bond donors, forming a edienensional networkFigure4.4).
However, fom the®>*Cl NMR spectrum (seEigure4.12(g)), it is not diredy obvious how

to assign the three powder patterns to the three crystallogsa@sgide infra).
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Figure4.14 3Cl staticSSNMRspectra of powdered halogen bonding compounds acquired at
Bo= 9.4 T using VOCS methodology and a WURQTPMG experiment. Experimental spectra:
()6, (c) 10, ()2, (9) 8, and (i)1. Simulations are shown in (b), (d), (), (h), and (j), respectively.
Residual PGPCI is marked with an asterisk in (c). There are two crystallographically distingt sites

in compound and three distinct chlorine sites for compo@nd
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Figure4.15 3Cl staticSSNMRspectra of powdered halogen bonding compounds acquired at
Bo = 9.4 T using VOCS methodology and a WURQTPMG experiment. Experimental spectra:
()6, (c) 10, ()2, (9) 8, and (i)1. Simulations are shown in (b), (d), (f), (h), and (j), respectively.
Residual PGPCI is marked with an asterisk in (c). There are two crystallographically distingt sites
in compound6 and three distinct chlorine sites for compouhd Clearly, experimental and
simulated line shapes do not show all the same discontinuiteetodhe low sensitivity of’Cl

particularly at this magnetic field strength.

4.3.3 Discussion: NLMO Analysis of the Halide Quadrupolar Coupling Tensors in

the Context of the Experimental NMIR and Xray Data

The origins of the quadrupolar interaction at tre#ide nuclei as a result of the
formation of a halogen bond may be intuitively grasped by considering a standard molecular
orbital diagram Figure 4.16a); after Pinteret al®). Interaction of a halide lone pair

(represented here by a p orbital) with #teorbital of the carbonodine bond results in a
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halogen bond. It is the polarization of this same p orbital which gives rise to the quadrupolar

interaction at the halide oleus.

49 o5,

<] 10"

<D+ -¢® ©e;.
4= ©)

>115°

Figure4.16 Left: (a) Simplified molecular orbital diagram for a halogen bond betweeihja C
moiety and a chloride ion (after Pintral®). Right:NLMO contributions to the largest principal
componenbf the3*Cl EFG tensoin amodelhalogen bondedystem(FsC3 |---CI&-:18 CF). In
(b) thelone pair orbital for chloride is represented forCl-- -1 angles less than or equal thl10°
andthe inset is the representation of the less important core orbital NLM(®) itnthe chloring
lone pair orbital ford...ci... OL15°and in the insethe core orbital is presentedhe lone paif

orbitals dominate the resulting EFG.

While this qualitative picture is useful, ZORA DFT computations were carried out
to provide more theoretically rigorous insight into the relationship between the halogen
bond acceptorsé | ocal environment and the
are used to analyze the contributions of key molecular orbitals to the halide EFG tensors,
through an NLMO analysi§:'81® The theoretical basis of this analysis has been described

and applied by Autschbaddt all” One of this methoddés advant
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interpretation of the NMR parameters in terms of orbitals which are familiar to chemists
(e.g., lone pairs, bonding orbitals, and core functions). Here, a model comprised of two
molecules biodotrifluoromethane halogelmonded with a chloride anion, where theCl

.-l anglewas varied between 85 and 180° in 5° increments, was empldpeccalculated

value ofVszwas chosen for more-depth analysis as it determines the value ottharine
quadrupolar coupling constanf.he major NLMO contributions t¥s3(**Cl) as core and

lone-pair orbitals are presented in tAppendixB.

Plottedin Figure4.18(a) arethe calculated®Cl principal components of the EFG
tensor as a function of the-ClI"---1 angle A change in sign of the principal components,
V11 andVzg, is evident for angles exceeding the tetrahedral angle of abotit Bddn the
calculations it is possible to determine the orientation of the EFG tensor, which has been
plottedin Figure4.17for three I--CI"--:1 angles of interest: 110, 115, and 180 degré¢s.
d-.cie-1=110°, the eigenvector correspondiny/telies in the I--CI*---I plane and bisects
t h e.ced angle. Around 115°, the eigenvector reorients to lie close to-thell E

internuclear vectorandfinally at 180° itis completely aligned with thie--Cl ---I axis.
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0\1{‘

Vi,
Vi ! o
Figure4.17 The3Cl EFG tensor orientatioria amodel halogemondedsystem(CFd I---CI-

.10 CR) at different angles: (a) 180(b) 115 and (c) 110 respectively. The chlorine, iodine,

carbon, and fluorine atoms are represented in blue, purple, gray, and greenvedgpecti

When the NLMO contributions &z areexamined, two main types of MOs centred
on the chloride anion dominate: core orbitals and lone pair orbitals. From the plot shown
in Figure 4.18b), one can see that the contributions from the sum of the chloride core
orbitals are minor (black line) and do not vary significantly between 80 and 180°. The same
can be observed qualitatively from a plot of these odbéals(Figure4.16). Conversely,
the contributions td/z3 from the sum of the chloride ion lone pair NLMOs are more
important: the same change in sign is observed between the angles 110 and 113 as for
(blacksquares) Additional details as well as each contributing lone pair orbaake been
tabulated and plotted in tAgpendixB. Examination of the lone pair NLMO which largely
determines the value &f:3 in Figure4.16Db, c) reveals that the main contributing orbital

changes at ~115°. At 115° and for larger angles, the prirecxgabf the orbital is aligned
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with the iodine atom; this corresponds to the localized orbital which is responsible for the
halogen bond. To put this in the context of more familiar orbital types, consider again the
MO diagram inFigure4.16a) which dejicts explicitly the chloride forbital involved in

the halogen bond. Thisgrbital may be readily identified with thetppe NLMO resulting

from our DFT calculations and shown HKigure 4.16c), thus providing an intuitive
understanding of the connectibatween the simple MO diagram, the NLMO analysis, and

the resulting NMR parameters.
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Figure4.18 (a) Plot of the alculated EFGensorcomponentgwhereVss are the red triangles,
V,; are the green squares avid are the blue diamongdwith Va3 OV, OVyy) for 3°Cl in a RCH
[---Cl'---10 CRsmodel systerwhere theI--Cl---1 angle is variedIn (b) the NLMO contributions
to the largest principal componewi; are plotted as &unction ofd...ci.e where thesolid black
squaresepresenthe contributions from thehlorine lone pair orbitals and thé&ackline represents
the contributions from the chlorine core orbitals. Overlaid on this plot are the values| of the
calculateccontributionsfor the experimentatalogerbondedcomplexegvalues froniTable4.7).
In red ae data forthe chloridecompoundgsquares: lone pair NLMOs; diamonds: core NLMOQs),
showing excellent agreement with the data for the model systémcofrespnding datdor the
bromidecompoundsre shown as empty squares and diamonds; as expected, the values are larger

than those for chloride due to differences in geometry, unit cell volume, and Sterrijheimer

antishielding factor.

Additionally, when the |-ClI"---1 angle approaches linearity there is an increase in
the contribution from the sum of the chloride lone pair orbitalgiosince there is a greater

degree ofhal ogen bonding which f uHende¢he maini st or t
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contribution from the chloride lone pairbital after 115° is proposed to Itee orbital that
dictates the value of the chlorine quadrupolar coupling constengrbitalmay also be
visualized as participating in electron donation togHeole charactestic of the halogen
bond. In the limit of an idealized model system, this interpretatidhe value ofCq can

thus be taken as a measure of the halogen bonding interaction.

To validate the above hypothesisetsane NLMO analysis of/33 was conducted
for each of the halogelbonded complexes studied experimentadly3( 9 for bromide and
1, 2, 8, 10for chloride; se@able4.7). When the halogebondedenvironment is comprised
of two XB donors (iodine) interacting with a halide--(K™---1 motif), the same
contributions are observed from the core and lone pair orbitals for the lalidesre
observed for the model system discussed abdweamination of the results plotted in
Figure4.18b) shows that the calculated contributions fa lfalogerbonded compounds
follow the same trend for chloride (red) and bromide (black outline; the values are larger
for this nuclide), and also follow the general trend established for the iodotrifluoromethane
model. A change in sign is observed aro@d to 115° from the contributing lone pair
orbitals (squares) tdzz and a linear trend is observed for the contribution of the core orbital
(diamonds) tov/sz. The two dianionic specigsand? have additional minor contributions
from iodine lone pair dmitals toVzs. Compoundé has a different geometry. Its main
contribution toVzs is from the chloride core and lone pair orbitals. The octahedral $te in

also has a very minor contribution from the iodine lone pair.
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Table4.7 Analysis ofCalculatedChlorine EFGTensor NLMOContributions to

the LargestPrincipal ComponentVs3) in HalogenBonded Compounds

compound core (Cl)

1
2
3

4

5

6 site 1
site 2

7

8 site 1
site 2
site 3

9

10

-0.070
0.128
0.277

0.271

0.247
0.029
-0.098
0.116
-0.068
0.108
0.079
-0.165
0.067

lone pair (Cl)
-0.809
1.301
2.381

2.383

2.127
0.262
-0.999
0.876
-0.832
1.215
0.882
-1.567
0.757

lone pair (I} Sun?
-0.879
1.429
2.658

2.654

-0.106 2.268
-0.042 0.249
-1.097
-0.074 0.918
-0.900
1.323
0.961
-1.732
-0.035 0.789

V33
-0.831
1.337
2.452

2.456

2.165
0.245
-0.968
0.840
-0.848
1.246
0.898
-1.581
0.764

aBlank lines indicate that contributions are less than 5% of the 86nu m o f

6coredvalaeed 06 s um(

obtained in this way differ from the total calculakéd (final column) because not all of the contributions are

printed.

Finally, similar plots were prepared for the experimental valudssafs a function

of the +--XE-.I angle determined from Xay crystallography for the halogénded

complexes in this study{gure4.19b)). Satisfyingly, when the {-X"---1 angle increases,

the largest principal component of the halide EFG tensor also increases.

agreement with the computational study discussed above.

This is in

The calculated asymmetry

parameters are plotted as a function of thexF -1 angle extractefom the NLMO EFG

tensor study in Figurd.19a). The plot forms a bell shape over the range 80° to 180°.

Overlaid on the same plot are the experimental values of the asymmetry parameters of the

halogenbondedcomplexes as #&unction of their experimentig determined 1 XE.|

angles. Data forthe chlorideand bromidecompoundsoth follow the predicted trend
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From thisconclusions can be drawthe experimentally observedsymmetry parameters

are largely determined by the XE.-| angles assuggested by ZORA DET

(a)

(b)

1.00
1.00 r ‘&‘ 080T ’y.
080 7 9 2060 |
=0.60 . =
040 I Py, 17040 1 /
020 | ¢ ﬁi . 0.20 ‘ R2=0.913
0.00 . ' teens 0.00 : : : :
75 95 115 135 155 175 75 95 115 135 155
(s 0/
Figure4.19 (a) Plot of quadrupolar asymmetry parameter versu€lf -1 angle. The black

diamonds represent the calculated value$@rin a RC3 |---CI5--18 CRsmodel system.The

~

red triangles and blue circles represent the experimental valu&€fand®'Br, respectively. (b

Plot of experimentally determined values of the largest component of the EFG teri%or (iad

triangles) and'Br (blue circles) versus the vawf the |--CI5--| angle for compounds where two

Solid lines show the bestr lifiteaVss(31Br) =
0.cie.() ©O05388@.d

iodines interact with one halide anion.
0.0073( (dge.1) - 0.0084 andVs3(**C | ) =

A simple picture explaining the reasons behind this may be gleaned from a re
inspection of the data in Figu#el16 and 417. When thel---X&-.| angleis zero, the
asymmetry parameter is zero due to the cylindiicak®--1 symmetry, with the largest,
unigue EFG tensor componeik§) oriented along the symmetry axis of the two halogen
bonds. The chloride p orbital is oriented along this same axis and contributes to the electric
field gradient in that direction. Similarlwhen the - XE..| angleis 9(P(the other limiting
case) theVzzcomponent lies perpendicular to the plane containing those three atoms, and
the remaining components lying in the planvei(andVz2) are equal due to symmetry,
resulting again in an asymetry parameter of zero. For all intermediate angles, the values

of Vi1 andV22 will not be equal due to the lower symmetry of the molecule, and the resulting
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asymmetry parameter will be n@ero. The asymmetry parameter reaches a maximum
value of unitywhen thel---XE--| angleis near the tetrahedral angle and the EFG tensor

componeni/»; lies close to one of the iodirahloride internuclear vectors (Figuel?).

Once this dependence on the local structure surrounding the halide was understood
it was ssible to successfully simulate tPFR€I NMR spectrum for compoun8, [(n-
BusPCl)(0-DITFB)], where three distinct chloride ion sites are present. Thelt--|
angles allowed for a good prediction of the asymmetry parameters for the three sites. For
chloride site 1g..ci-g= 112.0° thehgis 0.94(0.02), whereas the second chloride site has
a much larger anglex(..c1--g= 144.5°) and the value bkis 0.14(0.04). The third chloride
site has an-1-CIE--| angle in between those for the two other sites (123.4°)hand
0.72(0.10). This is a satisfying example of how the halogen bonding environment
surrounding the halide is manifested in the NM#Rgmeters, and highlights the advantages
of a combined experimenttiieoretical approach to evaluate the NMR parameters when
there are multiple neequivalent sites in the sample of interest where site assignment may
be ambiguous. In addition to the funalental insights provided by this analysis, value also
lies in the extension of the spectroscopic and computational methods employed herein to

characterize halogemonded complexes where diffraction methods may nainfienable.

Given the clearcut dependerecof the halide quadrupolar asymmetry parameter on
the I--CIE-.I angle in halogemonded systems, it is of interest to compare this result to
similar findings available for hydrogdaonds. The?H asymmetry parameters for deuterons
in hydrogen bonds atenown to deviate somewhat from zdow nontlinear geometrig®
but the dependence on structure can be compliéitethwever, deuterons are electron

acceptors in hydrogen bonds, whereas halide ions in halogen bonds are electron donors. A
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more apposite dcussion is then of O quadrupolar asymmetry parameters in hydrogen
bonds of the forniN-H --- O=C, where the oxygen acts as the electron donarand ce
workers have demonstrated thgt’O) decreases as...o increasesn hydrogenbonded
amides>* They have also shown thiaf'’O) correlates with the hydrogen bond strength in

a series of nucleic acid bas@sThe full belkshaped dependence noted presently for the
halide quadrupolar asymmetry parameter is not seen for typical hydrogen bonds, likely
simply due to constraints on possible hydrogen bond geometries relative to whafds see
halogen bonds. Interestingly, however, Smith andiotkers reportetf that computed’O

EFG tensor orientations change with the strength of the hydrogen bolodycarsdy to what

has beemoted for halogen bondls this work(Figure4.17).

Additional computations resulted in the NMR paraméiars’C, 3°°°Cl, and"¥®'Br
of the XB compounds studied experimentallyThe calculated NMR panaeters are
summarized irmable 4.8and4.9for chlorine and bromine, respectivelyhe models used

consist of the simple halogen bonding environment surrounding the halidegses.2).
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Table4.8 Calculated®*Cl EFG and CS ensor Rirametersfor HalogenBonded
Compound’

B!

Cal 5,\%22/ do Uiso / pprTf o / ppm a U/° bl° of°

1 15.76 0.69 233 313 0.03 272 89 357
2 -25.36 0.18 197 480 0.95 37 1 79
6 site 1 -4.67 0.43 186 88 0.01 28 1 79
site 2 18.38 0.02 215 239 -0.99 183 a0 3
8site 1 16.03 0.84 245 406 -0.12 271 a0 1
site 2 -23.60 0.23 212 495 0.68 320 1 146
site 3 -17.01 0.83 240 442 0.10 30 2 241
10 -14.42 0.63 106 198 0.82 280 1 79

aRelativistic scalar ZORA calculation using the revPBE exchamgeelation functional and the all electron

basis set: ZORA/TZPPA simple formula relates the shielding component to the chemical shift (CS,

) component whea suitable shielding reference exists, = 974 ppm in the case of chlorirté To

properly compare the calculated and experimantalalues the concentration of 0.1 M NacCl inO, which

is negligible®® and the significant isotope shift 86 ppmdue to RO must be account f&P

Table4.9 Calculated 8'Br EFG and MS Tensor Rrametersfor Halogen
BondedCompound?®

}CﬁﬁlzBr)l do Siso/ PpM o / ppm 2 gre bl° ol°
3 149.88 0.32 2397.5 889 0.70 161 3 294
4 145.96 0.34 2433.8 870 0.65 158 2 293
5 132.18 0.04 2520.9 1031 0.93 151 1 210
7 51.26 0.01 2997.1 410 0.95 76 4 292
9 -96.16 0.19 2368.9 492 -0.63 61 86 180
aRelativistic scalar ZORA calculation using the revPBE exchamogeelationfunctional and the aklectron

basis set: ZORA/TZP.

The 13C chemical shifts are overestimated by the calculations, consistent with our
previous report onp-DITFB complexes (see Appendix B for full*®3C resonance
assignments)® Nevertheless, in cases where distinct carbon resonances were observed

experimentally, assignments to particular crystallographic sites were possible on the basis
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of differences in the carbendine bond lengthsThe calculations similarlpverestimate

the halide quadrupolar coupling parameters and show correlations of varying quality
(Figure4.20. Multiple reasons may explain this inability to reproduce the expeeitish

values precisely. For one, DFT calculations are performed in the gas phase and use a simple
cluster model whereas the compounds of interest crystallize in the solid state. A full
treatment of the effect of the ions in the crystal lattice on thepated NMR parameters is
possible with the gaugiecluding projectoraugmented wave (GIPAW) DFT mettf8dor
calculations using periodic boundary conditions; however, for the present work many of the
unit cells are too large for us to carry out such comjmutst Furthermore| wasinterested

in the NLMO analysis offered witthe ZORA DFT method. The inclusion of relativistic
effects via ZORA is important for computing tH€ magnetic shielding tensors for carbon
atoms bonded to iodinélur calculations @ carried out at 0 K while the-day and NMR

data are acquired at higher temperatures. This may also contribute to the discrepancies

between the experimental and calculated values shown in Edifre

Since there is no single generally available contmutal approach at present which
will simultaneously properly account for all of the abawentioned issues, compromises
were made in choosing the best approach to address the problem at hand. The priorities for
this study ((i) the ability to carry out &_MO analysis to gain insight into the relationship
between the halogen bond and the NMR observables and (i) a proper consideration of
relativistic effects on the NMR parameters) meant that the ZORA DFT method offered the

best compromise.
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Figure4.20 Plots ofcalculatedrersusexperimentaEFG tensors for bromine (a, b) and chlorine

(c). The principal componentss, V22, andVi; are represented by the red triangles, green squares,
and blue diamonds, respectivel@olid lines represent the best linear &) Co(calc.) = 2.444¢
Co(exp.) + 13.423R2=0.8933 (b) calc\(11) = 1.4926exp¥\11) T 0.1952,R?2=2.2722, calcN22)
= 2.413expV22) 1 0.0548,R?= 0.9765, calcNss) = 2.4446expNs3) I 0.2185,R*= 0.8955; (c
calc.(V11) = 2.1957exp¥11) T 0.0235,R?> = 0.8826, calc\z2) = 2.7712exp\22) i 0.041,R?=
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4.4 CONCLUSIONS

A multifaceted study of halogen bonds has been presented. New hbtwyted
compounds without competing hydrogen bonds were prepared and characterized with X
ray crystallography and multinuclear magnetic resonance spectros&ghy3{°"Cl,
98181). These iodobenzermium halide cecrystals exhibit @--- X Eistances and angles
which allow them to be classified as moderately strong hatbgaded compounds as
quantified by their reduced distance paramefis,of 0.79 to 0.91. The magonclusions

of this study are as follows:

f From 3C CAVMAS SSNMR, an increase in the chemical stifobservedor the
ipso Co | carbonof the halogeno-diiodotetrafluorobenzene bonded complexes
when compared to the starting materi&l€;chemical shiftare therefore diagnostic
of the strength of the halogen bond.

1 From halogen SSNMR studies of a larger series -@frgstals, the NMR parameters
of chloride and bromide anions were correlated to the local halogen bonding
environment. For example, octahedaatl square planar chloride ion coordination
environments are clearly differentiated on the basis of #@inuclearquadrupolar
coupling constant. For-G--XE--1-C systems, the value of the halogen quadrupolar
coupling constant correlates with theesigth of the halogen bond.

1 A NLMO DFT study afforded further chemical insight into the relationship between
the quadrupolar NMR parameters of the halide ions, their local halogen bond
environment, and an intuitive molecular orbital picturelhe value of the
quadrupolar coupling constant and the quadrupolar asymmetry parameter were

found to be well correlated with the 1-EX| angle. Furthermore, this dependence
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could be explainedvia both an NLMO analysis and a simple canonical MO picture,
as arisingargely from the contribution of a lone pdaype orbital centered on the
halide ion The experimental asymmetry parameters follow the DFT trend and are
highly correlated to the |5 angle.

1 The correlations noted between the halide quadrupolgiogiparameters and the
local halogen bond geometry are in qualitative agreement with the limited
corresponding data available for the comparable electron donors in hydrogen bonds
(i.e.,1’O quadrupolar parameters for oxygen); however the data for hatogeis

cover a broader range of geometries.

Overall, this work contributes to a chemically intuitive understanding of the connection
between the geometry and electronic structure of halogen bonds and various NMR
parameters with the aid of NLMO analysiBhe experimental and computational methods
employed here, as well as the insights gained, set the stage and hold promise for studying
more complex halogen bond environments, such as those found in biomotégels&®
receptors® MOF-like framework material® and other systems where diffraction

methods may provide an incomplgieture.
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5 Sruby oF C-1@»=St HALOGEN BOND MOTIFS BY SSNMR COMBINED
WITH AN NLMO ANALYSIS

5.1 [INTRODUCTION AND OBJECTIVES

The impacthatNMR spectroscopy hdsd on theharacterization and understanding
of hydrogen bonds in solution and the solid sgeteed the wayor study of another nen
covalent interaction, the halogen bor@arlssoret al. have elegantly probed the symmetry
of halogen bonds in solution using NMRetmical shifts. Yanet al.have recently studied
the possible application ethole--C | bBnds in separation science usifgNMR titration
experiments in solutiofi. Our grouphas recently reportedSNMR studies of halogen
bonded complexes and demonstrated the relationships between various NMR observables
and the halogen bond geometry and environr(@hapter 3 and £*>¢ For instance'*C
chemical shifts of thepso C-1 carbon in diiodoperflugobenzenéhalide complexes
exhibiting halogen bonds were shown to be sensitive to thied@d length, which in turn
is a measure of the extent of halogen bonding in the-& Emotif.* Chlorine35/37,
bromine79/81, and iodind27 SSNMR spectroscopies of halogemmdedanionshave
revealed the sensitivity of the nuclear quadrupolar coupling tensors to the halogen bond

environmen?®

The study of hydrogen bonds (e.g-H\:--O=C in proteins) by NMR spectroscopy
took a quantum leap forward with the successful measurement and interpretation of indirect
nuclear spirspin ) couplings across and within such bonds, in solution and in the solid
state’- & %10 For example, Limbach and aorkers have examined such couplings

experimentally and computationally in small molecdfesd. J-coupling have also been
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measured in van d%and hiva hders dsed doo anardcterizecBH

interactionst

J-couplings are present in principle between the various nuclei involved in a halogen
bond. To ourknowledge, however,J-coupling constanthave not been measured
experimentally for halogen bonds. Compudecbupling constantéor model systems in
the gas phadeave been reported, and these suggest thanegirgible onebond and twe
bond couplings are possible and that there is a dependence on the local gEometry.
multinuclear SSNMR studys reportedhere of phosphine selenidedofluorobenzene
complexesexhibitingP=Se:--I halogen bonds-couplings measured betwegR and’'Se
(both spinl/2 nuclides) are shown to be sensitive to the presence and geometry of the
halogen bond between the P=Se a@irhoieties. '’'Se andf*P chemical shift tensors are
also measured experimentally and interpreted in relation to halogen bonding. Related work
has demonstrated the sensitivityJ¢f'Se3!P) coupling to seleniurnadmium interactions
in solutions containing phosphine selenides and cadmium compfeXeQur dda are
interpreted in thecontextof singlecrystal andPXRD data andDFT calculations. A
NLMO 8 DFT analysis of the)("’Se, 3'P) coupling constants provides insight into the
connection between the experimental observables and the electronic structigle. S
analyses have been applied to study magnetic shielding tensors, electric field gradient

tensors, and-couplings in a variety of systerm¥292122
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5.2 EXPERIMENTAL SECTION
5.2.1 Sample Preparation

lodobenzene derivativesp-CeFsl2, 0-CeF4l2) and triphenylphosphine selenide
(PhePSe) were purchased from Aldrich amgked without further purificationsymCsFsls
was acquired from Alfa Aesar and used as receiv&ampoundgPhPSe)p-DITFB) 11
and (PhsPSe)¢-DITFB) 12 were prepared according tioe literature?® The syntheses of
11 and12 were scaled to yield 150 to 200 mg of the desired product for SSNMR studies.
o- or p-DITFB (0.1295 g, 0.32 mmol) was mixed withdPi$e (0.1100 g, 0.32 mmol) in a
small vial and dissolved in a minimum amount of thecbmethane at room temperature.
The mixture was left to evaporate slowly, yielditijand12. Compound(PhsPSejsym
CeF3l3) 13 wasprepared by dissolving equimolar amount®PSe 0.0787 g 0.23 mmol)
with symCsFzl3 (0.1175 @ 0.23 mmol)in a minimum amount of dichloromethana.vial
containing the solutionwas then leftat room temperaturentil the desired compound
crystallized (13). All samples were prepared at natural isotopic abundanbeir local

halogen bonded environment igpicted in Figure 5.1.

(PhyPSe)(p-CoF,1,) (PhyPSe)(0-C4F,1,) (PhyPSe)(sym-CF;15)

site 1 site 2 site 1

H

site 2

Figure5.1 Local halogen bonding geometries faompounds (PhPSe)p-DITFB) 11,
(PhePSe)0-DITFB) 12, and(PhsPSejsymCsFsls) 13 studied in this work, frorXRD. See angle
and bondlengthsin Table5.2 Compoundsll and 13 have two crystallographically distin¢

~ O

selenium and phosphorsgeseach Each atom is colouroded: selenium (red), phosphorus

(orange), carbon (grey), iodine (purple), fluorine (green) and hydrogen (white).
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5.2.2 Single-Crystal X-ray Crystallography

Data collection results forocmmpoundsll, 12, and 13 represent the best data sets
obtained in several trials for each sample. The crystals were mounted on thin glass fibers
using paraffin oil. Mounted crystals wereobed by a stream of dry air to 200.15 K prior
to data collection. Data were collected on a Bruker AXS KAPPA single crystal
diffractometer equipped with a sealed Mo tube source (wavelength 0.71073 A) and APEX
Il CCD detector. Raw data collection and pissiag were performed with the APEX Il
software package from BRUKER AX® Diffraction data forl1, 12, and13were collected
with a sequencef 0.5° wscans at 0, 120, and 240°%in Unit cell parameters fat1 were
verified to be consistent with tHigerature?® Systematic absences in the diffraction data
set and unit cell parameters were consistent withrrtbeoclinic P2:/n space grougor
compound 12 and 13. Solutions in centrosymmetric space groups for all compounds
yielded chemically reasonable and computationally stable results of refinement. The
structures were solved by direct methods, completed with difference Fourier synthesis, and
refined with fulkmatrix leastsquares procedures basedrén All hydrogen atoms were
treated as idealized contributiordl scattering factors are contained in several versions of
the SHELXTL program library, with the latest version used being . I2ystallographic

data and selected data collection parameters are reported irbThble
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Table5.1

Crystallographic Data and Selected Data Collection Parameters

compound 12 13
empirical formula CoaH1sF4l2PSe CagHzoFsleP2Se
formula weight / g/mol 743.09 1701.98

crystal size/ mm

0.28x0.19x0.17

0.22x0.14x0.13

crystal system monoclinic monoclinic

space group P 2i/n P 2i/n
4 4

al A 13.7022(3) 28.1286(7)

b/A 12.7689(3) 9.4276(3)

c/A 13.9386(3) 23.3606(7)

u-e 90 90

b/ ° 101.2140(10) 93.1692(16)

a° 90 90

Volume / & 2392.16(9) 5085.92(27)

calculated density/ Mg/t 2.063 2.223

absorption coefficient/ mrh  4.259 5.214

F(000) 1400 3152

U range for d 1.91t028.33 1.764 to 30.535

limiting indices -18 <=h<=18, -29 <= h<=32,
-17 <=k <=17, -13 <=k <=13,
-17<=1<=18 -33<=1<=32

reflections collected/unique 31024/5895 77460

R (int) 0.0187 0.0297

compl et eness 989 99.4

max and min transmission  0.5313and 0.3818 0.550 and 0.393

data/restraints/parameters  5895/0/289 15250 /0 /577

goodnesf-fit on P 1.049 1.017

final R indices [I> 2U()] R1 =0.0164, R1 =0.0287
wR2 =0.0416 wR2 = 0.0641

R indices (all data) R1=0.0179, R1 =0.0379
wR2 =0.0424 wR2 = 0.0681

|l argest di f#% 0.407and0.757 1.625 and2.108

5.2.3 Powder Xray Diffraction
Sample purity and identity were verified byr&y powder diffraction analysis. All
experiments were carried out using a Rigaktima IV instrument at room temperature

(298t 1 K)withCukair adi ation (& = 1.54060 j) Al |

2d ranging between 5 and 50A in increment

Simulations of patterns from single cryistasults were generated using Mercury software

available from th&€CDCand were compared to those observed for bulk reaction products.

177
Chapter 5: Study @SSe Halogen Bond Motifs by SSNMR Combined with An NLMO Ar




Jasmine Vigeavel

5.2.4 Solid-State NMR Spectroscopy

All compounds were ground into fine powders and packed in 4 mm o.d. zirconia
rotors. Dataver e acqui red at the Uni vef®)=t10p60f Ot |
MHz ;®P3) = 161..9%6 =TR6B¥ ,MHZ magnet equipped witBaker
Avance |11 400 console and a 4 mm Bruker triple resonance MAS probe or a 11.75 T
(4¥C)=15. 758 (MPy, =320 2 ..4"Se=98.8B2 MHz} Bruker Avance
500 wide bore spectrometer equipped with a 4 mm triple resonance MAS probe. Some
data were also acquired at the National Ultratitgéild NMR Facility for Solids in Ottawa
using a 21.1T (""Se) = 171.668 MHz) standatmbre magnet equipped with a Bruker

AVANCE Il 900 console and a doubtesonance MAS probe.

Spectra fof*C, 3P, and’’Se were collected und€PMASconditiong® with proton
decoupling. Experimental setup and pulse calibration were performed using solid glycine
for 13C (liso(**C=0) = 176.4 ppm with respect to TM3¥8solid diammonium selenate
((NH4)2SeQ) for "’Se (dso= 1040.2 ppm with respect to Se(§#l)),2° and ammonium
dihydrogen phosphate fétP (NHiH2PQs, dso= 0.81 ppm with respect tosFAQ; in 85%

D20).20

5.2.4.1 13C SSNMR.
Recycle delays were 35, 10, and lfespectively forll, 12, and13. The proton
"/ 2 pul se and c o3boarc t3 .t510mee swearned s2etmst,0 r e sy

MAS frequencies varied betwe8rand 10 kHz.
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5.2.4.2 *P SSNMR.

31p SSNMR experiments used a recycle delay of 6 s at 9.4 T and 30 s at 11.75 T. The
proton “/ 2 pulse | engtbhatwadg dptaindi Zle d 0t & s2
The contact time was 5 ms and 2 ms at 9.4 and 11.75 T, respectively. MAS frequencies

varied between 2.1 kHz and 10 kHz.

5.2.4.3 ""Se SSNMR.

For "’Se NMR experimenishe recycle delssmwere34s, 20 s, and 30s for compountiy

12, 13, respectively ThelH "/ 2 p u | ssed for thenGRP testperimentsas typically
3.75¢ @t 9.4 T Theproton” / prlse lengths useat 11.75 and 21.1 T were 2.8 and 4.0

€ srespectively. The contact time was typically 20 ms.

Spectra weresimulated using WSOLIDS and SIMPSON?? Additional experimental

details may be found iAppendix C

5.2.5 Computational Details

Cluster models were generated using thea¥X crystalst r uct ur es 6 a
coordinatesind are depicted in FiguBel. The structure of Coddingnd Kerf3was used
for PhkPSe. 3P and’’Se magnetic shielding tensomsere calculated with the ADF
softwaré®® or Gaussiand9 software. The positions of the hydrogen atoms in the models
were optimized prior to NMR calculationsFor the DFT calculations performed with

Gaussian09 software, the TPSS functidhahd 6311G** basis set were used.

For all calculations using ADFcalar relativistic effectswere included viahe

ZORA.36 All contributions to the* tensor were included in the calculations. NLMO
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analyses were performed with the NBO 5.0 ¢b6adeADF*#°° and were visualized with the
program adfview.TherevisedPBE®® GGA exchangeorrelation functional was used with
the ZORA triple zetabasis setfor magnetic shielding and tensor calculations
Additionally the meteGGA TPSS functional was used for a second sel-cdupling
calculations. These calculations were performed using the Higarformance Virtual

Computing Laboratory (HPCVL).

A simplified model was prepared for the calculationsive 20f compoundL3. In
this model, thesymCsF3l3 molecules were replaced by §€and the positions of all other
atoms were fixed while the new fluorine positions were optimized before proceeding to the
magnetic shielding andcoupling calculations.Also, a systematic study was performed
on a small cluster model of (GHPSe:--ICE were the Se---I distance was varied
systematically by increments of 0.04 A betw8e40 Rxs = 0.85) and 3.66 ARxs = 0.92)
For each calculation, the model was geometry optimized while keeping the Se:-:I distance
fixed. With the converged geometry, theoupling calculation combined with the NLMO
analysis was then performed, as well as the magnetic shielding tensorticaisul&Note
that the halogen bond geometry itself is not optimized computationally in any of the present

calculations.

The computed magnetishielding tensors were analyzed usihg EFGShield prograif

Magnetic shielding tensors were converted to chahshift tensors using the following

equation] (wherelier = 2069ppm forselenium in Se(Chz(1)*° andwherelier

= 331.51ppm forphosphorus in BPQ; (85% D:0)*Y). The ADF output files from thé-

coupling calculations were analyzed to select the NLMOs with large contributions to the
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isotropicJ-coupling constant. The sum of the Lewis and-hewis terms are reported for

the largest contributions.

5.3 RESULTSAND DISCUSSION
5.3.6 The Structures of (PBPSefo-DITFB) and (PhsPSe)(symTITFB)

Co-crystallization of triphenylphosphine selenide {P8e) and iodobenzene
derivatives ¢- or p-CsF4l2 andsymCeFslz which are also referred to as DITFB and TITFB,
respectively) yielded two novel agystals exhibiting Hagen bonds,12) and (3), and
(11) which was previously reported by Armanal?® The relevant halogen bowlistances,
di--se anglesges 1--sq andl---Se-:1 angles §---se-1), as well aRxs’ carboniodine bond
lengths €lis ), phosphoruselenium bond lengthsifse, andP=Se:--langleq ge=se--1) are
given in Tablés.2 Summarized in Tablg.1are the crystallographic data for compounds

12 and13.
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Tableb.2 Selectedhalogen bondntermolecular contactlistances and angled
dsc/A  diselA Rxe® gesisel® Odp=sdA  gp=se..il° @..se/° Rop?/ Hz

PhPSe - - - - 2.1080 - - 995
] ; ; - 2.1074 - - 996
1 site1 2002 34224 086 1665 21070 1126 - 997
Site2 2.082 3.4944 0.88 1714 21270 1130  126.0 969
2078 3.6841 093 1549 - 88.9 -
12 site1 2.0086 3.4014 0.85 1752 21320 1040  139.8 962
2.1034 3.5863 0.90 174.7 - 91.9 -
13 site1 20049 35528 0.89 166.8 2.1190  104.6 - 980
Site2 2.0901 3.5027 0.88 162.5 21252 107.3  118.6 972
2.0886 3.6024 091  159.2 - 91.3 -
2.0842 3.9227 0.99  159.7 - 155.3

aSee models in Figurgl. Experimental values determined by sirgigstal X-ray crystallography® Rxs =
dx...v/Sdvaw, the ratio of thelistance between th®logen (i.e., 1) and the electron donor (i.e., Se) to the sum
of theirvan der Waals radii (1.98 for | and 2.00 A for Sef*? ¢Armanet al2? ¢ 77Se3!P dipolar coupling
constanty — —— a OQwhere' isthe permeability constarit,and’ are the magnetogyric ratios

of the coupled spins and S (i.e., 3P and”’Se) andi (s the motionallyaveraged inverse cube of the

distance between the coupled nuclei.

The Xray crystal structure af1 was verified to match that reported previouSly.
The halogen bond environmentslihmay be described as follows: there are two different
selenium sites and both engage in halogen bonding with iodine. Interactions at one of the
sites (lalelled site 2 in Figur®.1) result ininfinite chainsalong thea axis involving one
halogen bond acceptor (i.e., Se) and two halogen bond donors from diffeDénEB

molecules. Selenium atoms in the other distinct site (labelled site 1 in Figureragint
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with one iodine atom and the result is discrete haldgerded entities rather than infinite

chains.

One polymorph of compount? has been previously report&thowever,in this
work a different polymorplis reportedwhich crystallizes in th®2:/n space grougTable
5.1). The polymorph synthesized in this work features discrete halogaihed entities;
the selenium atom forms short contaetth two iodine atomsRxg = 0.85 and 0.90) from
different arene molecules witH a-Se -1 angle of 138.8°TheCd |---Seangles are nearly
linear (L75.2° and 174.7°)The local structural motif is shown in Figusd.. The extended

crystal network ishown in Figures.2

Figure5.2 Crystalpacking ofl2in a 3x 3 x 3 supercell viewed along tha axis (a) andb axis
(b). In (b) theextended networkre observed. fephenyl rings on P are omitted to more clearly

show the network.

Compound 13 crystallizes in theP2:i/n space group This halogerbonded
compound has two crystallographically distinct P=Se environments (see bigurelhe

first selenium atom interactsith a single iodine atomRs = 0.89; gcs 1--se= 166.8°),
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resulting in discrete entities in the crystal lattice (see Figu®. The second
crystallographically distinct type of selenium atom is surrounded by three iodine atoms
from differentsymTITFB molecules as depicted in Figlrd. The values oRxg for each

of the three Se---I contacts are 0.88, 0.91, and 0.99, respectively. This indicates that the
third contact hardly constitutes a halogen bond (i.eRxawvalue of 1 implies that thetoms

in question are no closer than the sum of
involved in halogen bonding with Se formi-aSe -1 angle of 118.6°. These interactions

at the second selenium site result in polymeric zigzag chaing tideh axis (Figure 5.3

Figure5.3 Crystal packing of a 3 x 3 x 3 unit celbr 13 along theb axis. There are two

crystallographically unique selenium sites1i. One is highlighted by the blue surface of|a

polyhedron which forms a one dimensional zigzag chain alortyakis. The second site is within

a discrete entity between the zigzag chaifse phenyl rings on P are omitted for clarity.
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