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Vargini Thangavadivale,§® Pedro M. Aguiar, {22° Naseralla A. Jasim,? Sarah J. Pike, © ¢?
Dan A. Smith,§? Adrian C. Whitwood, &2 * Lee Brammer & *< and Robin N. Perutz & *

The syntheses of three series of complexes designed with self-complementary motifs for formation of
halogen bonds between an iodotetrafluorophenyl ligand and a halide ligand at square-planar nickel are
reported, allowing structural comparisons of halogen bonding between all four halides CgF4l---X—Ni (X =
F, CL Br, I). In the series trans-[NiX(2,3,5,6-CgF41)(PEtz),] 1pX and trans-[NiX(2,3,4,5-CgF41)(PEts),] (X = F,
Cl, Br, 1) 1oX, the iodine substituent on the benzene ring was positioned para and ortho to the metal,
respectively. The phosphine substituents were varied in the series, trans-[NiX(2,3,5,6-CgF4I)(PEt,Ph),] (X
= F, 1) 2pX. Crystal structures were obtained for the complete series 1pX, and for 1oF, 1oCl, 1ol and 2pl.
All these complexes exhibited halogen bonds in the solid state, of which 1pF exhibited unique
characteristics with a linear chain, the shortest halogen bond d(CgF4l---F=Ni) = 2.655(5) A and the
greatest reduction in halogen bond distance (I---F) compared to the sum of the Bondi van der Waals
radii, 23%. The remaining complexes form zig-zag chains of halogen bonds with distances also reduced
with respect to the sum of the van der Waals radii. The magnitude of the reductions follow the pattern F
> Cl ~ Br > |, 1pX > 10X, consistent with the halogen bond strength following the same order. The
variation in the I---X—Ni angles is consistent with the anisotropic charge distribution of the halide ligand.
The temperature dependence of the X-ray structure of 1pF revealed a reduction in halogen bond
distance of 0.055(7) A on cooling from 240 to 111 K. Comparison of three polymorphs of 1ol shows that
the halogen bond geometry may be altered significantly by the crystalline environment. The effect of the
halogen bond on the '°F NMR chemical shift in the solid state is demonstrated by comparison of the
magic-angle spinning NMR spectra of 1pF and 1oF with that of a complex incapable of halogen bond
formation, trans-[NiF(CgFs)(PEts),] 3F. Halogen bonding causes deshielding of 6is, in the component of
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Introduction bonding ability has been addressed in solution, but supramo-
lecular structures connecting metal fluoride complexes via
Metal fluoride complexes should provide the strongest halogen halogen bonds are unknown according to a current crystallo-
bond acceptors among metal halide complexes. Their halogen graphic database search. This study reveals that they are indeed
capable of forming halogen-bonded chains and allows
comparisons of their structures to those of corresponding metal
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on a covalently-bound halogen, archetypally iodine in an organo-
iodine compound containing fluorine substituents, and a Lewis
base.”®?® The organo-iodine compound is described as the
halogen-bond donor and the base as the halogen-bond acceptor.

Halogen bonding interactions involving metal complexes in
the solid state have been demonstrated extensively.'®*** Three
approaches to investigating such interactions have been adop-
ted, the design of self-complementary molecules,****
crystallization of the halogen-bond donor with the halogen-
bond acceptor®* or formation of halogen bonds between ion-
pairs.?*?***% In a self-complementary molecule, the halogen-
bond acceptor and the donor are both present in the same
molecule. A series of such complexes exhibiting C-X---X'-M (M
= Pt, Pd, X = Cl, Br, [; X' = Cl, Br) halogen bonds was demon-
strated by use of halopyridine ligands as the XB donors and
halide ligands as the XB acceptors.**** Among examples of
halogen-bonded co-crystals is a series of pincer palladium
halides PdX(PCP) (PCP = 2,6-bis[(di-tert-butylphosphino)
methyl]phenyl; X = Br, Cl and I) co-crystallized with I,, 1,4-
CeF,I, and I(CF,),I as XB donors.** The metal-halide complexes
showed the general trend of the strength of the C-I---X-Pd
halogen-bonding interaction decreasing in the order X = Cl > Br
> 1, and of the three XB donors used, I, showed the strongest
interaction.** These halogen-bond interactions emphasize the
different roles of the two halogens involved in C-X---X'-M
interactions. The carbon-bound halogen serves the Lewis acidic
role and adopts an approximately linear C-X---X' interaction
geometry, whereas the metal-bound halogen serves in a Lewis
basic role and adopts a markedly bent X---X'-M geometry. These
geometries maximize the interaction between the positive
potential of the organic halogen and the most negative region of
the inorganic halogen. A different class of co-crystals is illus-
trated by ruthenium halide complexes that form a halogen-
bonded network with dihalogens (Br, or I,).** In spite of these
thorough studies, the behaviour of metal fluorides with respect
to halogen bonding remains unknown in the crystalline state.

We have reported the hydrogen- and halogen-bonding
properties of group 10 metal fluoride complexes in solution
for complexes of the type trans-[MF(Ar)(PR;),] (M = Ni, Pd, Pt,
Ar" = tetrafluoropyridyl and related fluoropyridyls, R = Et,
Cy).***® Measurement of the dependence of the chemical shift
of the "F NMR resonance of the metal fluoride moiety on the
concentration of added iodopentafluorobenzene demonstrated
the formation of the F5C¢-1---F-Ni halogen bonds (Scheme 1a)
and allowed us to determine their free energies and enthalpies
of formation, and in so doing to establish metal-fluorides as
among the strongest halogen bond acceptors. This conclusion
is supported by related work showing that zinc and magnesium
fluoride complexes behave analogously.***°

We have attempted to co-crystallize the nickel fluoride
complexes with halogen-bond donors in order to determine the
geometry of the halogen bond but without success. We turned
instead to the alternative strategy, design of self-complementary
molecules. The feasibility of this approach is indicated by the
crystallization of trans-[NiF{C;NF;(NH,)}(PEt;),] which shows
a hydrogen bond between the amino group on the fluoropyridyl
ligand and the nickel fluoride on the adjacent molecule.’” We
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Scheme 1 (a) Formation of halogen bonds with nickel fluoride in
solution and (b) structural motif with envisaged intermolecular
halogen-bonding interaction.

therefore set about the synthesis of a nickel fluoride complex
with an iodine substituent on a fluorophenyl ligand, which would
enable formation of an intermolecular halogen-bond network
(Scheme 1b) between the iodine as halogen-bond donor and the
nickel-fluoride as halogen-bond acceptor. We report the
synthesis and structures of a series of Ni-X complexes (X = F, Cl,
Br, I) with the halide ligand as halogen-bond acceptors, iodine at
the 2- or 4-position on the tetrafluorophenyl ligand as halogen-
bond donor and different phosphine groups. Their crystal
structures reveal the changes in geometry and strength of the
halogen-bonding interaction in the solid state. Geometric trends
are determined as a function of halogen, regiochemistry, influ-
ence of crystalline environment and temperature. For examples
with fluoride ligands (X = F) we also show that the chemical shift
tensor in the '°F MAS NMR spectra is highly sensitive to halogen
bond formation and strength.

Results

Complexes of the type illustrated in Scheme 1b were accessed by
reaction of Ni(COD), with 2 equiv. of trialkylphosphine*! to form
Ni(COD)(PEt;), followed by reaction with 1,4-diiodo-2,3,5,6-
tetrafluorobenzene or 1,2-diiodo-3,4,5,6-tetrafluorobenzene. This
synthetic method is similar to that used by Bennett with 1,6-
dibromo-2,3,4,5-tetrafluorobenzene.** Oxidative addition of one of
the carbon-iodine bonds of diiodotetrafluorobenzene gives rise to
a nickel-iodide complex that may then be converted into a nickel
fluoride, chloride or bromide. The resulting complexes contain
a coordinated CgF,I ligand as a halogen bond donor and the
nickel halide as a halogen-bond acceptor. The complexes and
their labels are shown in Scheme 2. The labels 1pX and 10X refer
to the position of the iodine substituent on the ring, either para (p)
or ortho (o) to nickel, and the halogen (X) bound directly to nickel.

Synthesis and characterization of trans-[NiX(2,3,5,6-
CoF4I)(PEL;),], 1pX (X = I, F, CI, Br)

The synthetic methods for the 1pX series are shown in
Scheme 3. The initial reaction with 1,4-diiodo-2,3,5,6-
tetrafluorobenzene resulted in red ¢rans-[Nil(2,3,5,6-

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Key to complexes.

CeF4I)(PEt;),] 1pI as the major product in 84% yield. The *'p
{"H}-NMR spectrum showed a singlet at 6 15.4 for the two
phosphorus atoms in equivalent environments, consistent with
a trans geometry. The fluorine atoms of the aromatic ring of 1pI
appeared in the "F-NMR spectrum as two second-order multi-
plets, AA’XX’ at 6 —113.3 and 6 —123.6, resulting from the
coupling of the neighbouring magnetically inequivalent ortho
and para fluorine atoms on the ring. The peak at m/z 695.93 (due
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Scheme 4 Dinuclear product [trans-NiX(PEtz),]o(1n-2,3,5,6-CgF4).

to *®Ni with corresponding peaks for other nickel isotopes) in the
LIFDI mass spectrum was identified as the molecular ion [M]"
base peak (100%) of trans-[Nil(2,3,5,6-C¢F4I)(PEt3),]. In addition,
the *'P{"H}-NMR and 'F-NMR spectra showed singlets at 6 13.5
and 6 —117.7, respectively, due to a minor product. The identity
of this species as [trans-Nil(PEt;),],(1-2,3,5,6-C¢F,) was demon-
strated by the peak at 990.17 in the LIFDI mass spectrum which
corresponds to the molecular ion [M]". This complex arises from
the oxidative addition of both the iodine atoms on the 1,4-diio-
dotetrafluorobenzene (Scheme 4).

The reaction of 1pI with [NMe,]F in THF gave a colour
change from red to yellow in 5 h at room temperature. After
purification and removal of unreacted 1pI, a yellow solid was
isolated in 71% yield. The major product of the reaction was
identified as trans-[NiF(2,3,5,6-C¢F4I)(PEt;),] 1pF. The *'P
{'"H}-NMR spectrum showed a resonance at ¢ 13.1 as
a doublet with ?Jpr = 46 Hz.*' The ’F-NMR spectrum of the
purified product showed two resonances at 6 —113.8 and
60 —124.9 for the four aromatic fluorine atoms with second-
order multiplets AA’XX’ spin system. The nickel fluoride
resonance of the complex was observed as a triplet at
0 —387.9, Jpr = 46 Hz.** The LIFDI mass spectrum showed

F F
PEt
NMe,*CI 2
| Ni-Cl
THF
3h, rt £ ¢ PEb
1pCI
. Me;SiCl
Ni(COD), toluene, rt
+
2 PEt F F
3 PEt, e R 3 PEt,
+ hexane, | NMe, F |
F FE ————~ l\lli—l —_— > | l\lli—F
rt THF
' | F F PEt3 5h, rt F PEt;
1pl 1pF
F F
Et;SiBr
toluene, rt
F F
NEt,*Br F|’Et3
—_— | Ni-Br
THF |
3 h, rt F F PEt3
1pBr

Scheme 3 Synthetic routes to complexes 1pl, 1pF, 1pCl and 1pBr.
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a molecular ion [M'] base peak (100%) at 587.99 with
appropriate isotopic peaks.

The reaction of 1pI with [NMe,]|Cl in THF at room temper-
ature gave rise to a yellow solution of 1pCl. Alternatively,
complex 1pCl could be synthesised rapidly and more efficiently
by reacting a solution of 1pF in toluene with chloro-
trimethylsilane for 15 min at room temperature (Scheme 3). The
synthesis of 1pBr paralleled the chloride analogue and used
either [NEt,|Br in THF or bromotriethylsilane in toluene.

Synthesis of trans-[NiX(2,3,5,6-CcF4I)(PEt,Ph),], 2pI (X = I)
and 2pF (X = F)

The electronic structure of the spectator ligands on the metal
centre may have a significant effect on the halogen-bonding
interaction, as demonstrated by earlier work.** To investigate
this effect on the solid-state structures, the triethylphosphine
ligands on the complexes were replaced with diethylphenyl
phosphine. The complex trans-[Nil(2,3,5,6-C¢F,I)(PEt,Ph),] 2pI
was prepared in a similar manner to the PEt; analogue. The
nickel iodide 2pI obtained was converted to the nickel fluoride
2pF by reaction with [NMe,]F (64% yield). NMR data for 2pI and
2pF corresponded closely to those of 1pI and 1pF. The complex
2pF was also characterised by its LIFDI mass spectrum, which
showed a molecular ion [M'] base peak (100%) at 684.00.

Synthesis of trans-[NiX(2,3,4,5-C¢F4I)(PEt;),], 10X, X = I, F, Cl
and Br

Our next target was to change the position of the halogen-bond
donor on the fluoroaromatic ring in order to compare the effect
of the electron-withdrawing fluorine atoms ortho to the iodine
and to change the relative orientation of the halogen-bond
donor and acceptor groups. The synthesis of complexes from
1,2-diiodotetrafluorobenzene proceeded similarly to those from
1,4-diiodotetrafluorobenzene. The reaction of Ni(PEt;),(COD)
with 1,2-diiodotetrafluorobenzene gave rise to ¢trans-[Nil(2,3,4,5-
CeF4I)(PEt;),] 10l in 67% yield. The *'P{'"H}-NMR spectrum of
the product exhibited a singlet at ¢ 10.3 for the two equivalent
phosphorus atoms. The ’F-NMR spectrum revealed four reso-
nances for the four aromatic fluorine atoms that were assigned
with the help of "F-'°F COSY spectroscopy.

The product of the reaction between 10l and [NMe,]F yielded
trans-[NiF(2,3,4,5-C¢F,4I)(PEt;),] 10F. The fluoride resonance was
observed in the "F-NMR spectrum at 6 —397.8 as a triplet of
doublets as a result of phosphorus coupling (Jgp = 46 Hz), and
a four-bond coupling to the aromatic fluorine ortho to the metal
centre (Jyr = 9 Hz). Four further °F NMR resonances were
observed in the aromatic region. The *'P{'"H} NMR spectrum
exhibited a doublet at 6 9.4 (d, J = 46 Hz). The synthesis of 10Cl
and 10Br followed the same pattern as for 1pCl and 1pBr.

A further minor product of reaction of 1ol with [NMe,]F
exhibited resonances at 6 —131.4 and at 6 —150.2 in the "°F-
NMR spectrum and a peak at 6 27.3 in the *'P{"H}-NMR spec-
trum. Single crystals of this species were obtained from hexane/
benzene and allowed us to identify it as the mn’tetra-
fluorobenzyne complex of Ni(PEt;),, Ni(PEt;),(n*-CeF,) (see

3770 | Chem. Sci., 2018, 9, 3767-3781
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complexes reported in the literature.

The energetics of halogen bond formation in solution have
been reported for complexes such as trans-[NiF(CsNF,)(PEt;),]
with CeFs1.*® We attempted to determine the energetics of the
self-complementary interactions of complex 1pF or 10F by
measuring '°F-NMR spectra as a function of concentration.
However, the solubility of both complexes 1pF and 10F proved
insufficient to obtain reliable data.

The spectra and structure are similar to benzyne
42-45

Crystal structures

Single crystals of complexes 1pX were obtained by solvent diffu-
sion. Selected intramolecular bond lengths and angles for X-ray
crystal structures of 1pF, 1pCl, 1pBr and 1pI are given in
Table 1; intermolecular distances and angles are given in Table 2.

For 1pF the fluoroaromatic ring is oriented almost perpen-
dicular to the square plane of the metal coordination centre,
85.2(2)°. The crystal structure comprises chains of the nickel
complexes linked by short C-I---F(Ni) halogen bonds (I:--F
2.655(5) A, C-I---F 180.0°, I---F-Ni 180.0°, Fig. 1a). The parallel
sets of linear chains align with the b-axis and form layers in the
ab plane. Complexes 1pCl, 1pBr and 1pI (Fig. 1b-d, Table 1)
crystallize as antiparallel zig-zag chains with molecules linked
by a C-I---X-Ni halogen bonds. The Ni---Ni---Ni angle (Table 2)
may be taken as an estimate of the zig-zag angle and indicates
a slight zig-zag for X = Cl, Br and I (Ni---Ni---Ni 159.91(1),

Table1 Selected intramolecular bond lengths (A), bond angles (°) and
torsion angles (°) of 1pX (X = F, Cl, Br, 1), 2pl and 1oX (X = F, CL, )
determined at 110 K

Complex 11-Caromatic Ni-P1 Ni-X Ni-C1
1pF 2.096(11) 2.208(2) 1.837(5) 1.873(13)
1pcCl 2.082(2) 2.2086(5) 2.2035(5) 1.881(2)
1pBr 2.082(2) 2.2176(6) 2.3385(3) 1.881(2)
1pI 2.092(6)° 2.224(2) 2.5221(9) 1.877(6)
2pl 2.089(2)° 2.2200(6) 2.5348(4) 1.902(2)
10F 2.111(6) 2.218(2) 1.841(4) 1.890(6)
10CI® 2.095(4) 2.270(5) 2.201(5) 1.899(5)
101(ct) 2.096(4)° 2.225(1) 2.5332(6) 1.907(4)
101(B) 2.098(3)° 2.234(1) 2.5358(4) 1.893(3)
10I(y) 2.088(5)° 2.231(1) 2.5337(8) 1.908(5)
Angle between
P1-Ni- metal plane and

Complex X-Ni-C1 P1-Ni-P2 P1-Ni-X C1-C2  ring plane?
1pF 180.0 177.1(1)° 91.46(6) 85.2(3) 85.2(2)
1pcCl 175.82(5) 175.65(2) 89.12(2) 87.9(1) 82.13(4)
1pBr 176.61(6) 176.94(2) 88.85(2) 86.2(2) 85.60(5)
1pI 178.3(2) 178.33(7) 89.55(5) 84.0(5) 85.14(16)
2pl 175.36(2) 175.36(2) 89.59(2) 88.7(2)  89.07(5)
10F 179.3(3) 173.12(9) 88.60(16) 85.3(6) 84.4(2)
10CI® 178.1(3) 171.0(4) 89.67(16) 90.1(4) 85.1(1)
1ol(e)  173.8(1) 177.33(5) 88.87(3) 89.17(3) 90.0
10I(B)" 179.8(1) 174.72(3) 89.67(2) 89.6(3) 89.3(1)
1ol(y)  178.1(1) 169.72(6) 92.67(4) 84.0(4) 86.8(1)

“ Bond 12-C4. ? Measurements are for the major component. © Bond

12-C2. ¢ Metal plane Ni-P1-P2-C1-X. ¢ Angle (P1-Ni-P1').

This journal is © The Royal Society of Chemistry 2018
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Table 2 Intermolecular distances and the angles of 1pX, (X = F, CL, Br, 1), 2pl, 1oF, 10Cl, and 1ol determined at 110 K

Intermolecular Angle/° between Angle/° between adjacent
Compound  I---X/A RX*  RX'  CLXP I--X-Ni/°  adjacent metal planes”  ring planes Ni---Ni---Ni/°
1pF 2.655(5) 0.76 0.77 180.0 180.00 0.0 0.0 180.00
1pCl 3.2414(5) 0.84 0.87 167.09(5) 146.83(2)  72.69(2) 88.01(8) 159.91(1)
1pBr 3.3320(3) 0.85 0.87 167.55(6) 143.31(1)  70.91(3) 87.8(1) 158.95(1)
1pI 3.4970(6) 0.86 0.88 168.0(2)  139.18(3)  67.41(8) 87.4(3) 156.79(2)
2pI 3.6791(4) 0.90 0.93 167.39(6) 158.22(1) 0.0 0.0 180.00
10F 2.941(5) 0.84 0.85 173.2(2) 172.4(2) 72.3(3) 31.7(3) 113.55(2)
10Cl major  3.342(6) 0.87 0.90 169.4(2)  158.1(3) 54.5(2) 26.1(2) 112.1(1)
10Cl minor  3.26(2) 0.84 0.87 178.7(4)  171.8(8) 72.1(7) 26.1(2) 108.8(2)
101(cx) 3.5961(4) 0.88 0.91 178.5(1)  144.16(2)) 77.1(1) 0.0 97.00(1)
101(B) 3.7456(4) 0.92 0.95 151.7(1) 133.48(1)  45.1(1) 12.4(2) 124.80(1)
10I(Y) 4.0752(7) 1.00  1.03 169.2(1)  161.63(2)  64.6(1) 39.5(2) 101.06(1)

“ The normalised distance, R, is defined according to Lommerse et al.*® Ry = d(I---X)/(r{ + %), where r{ and % are the Alvarez van der Waals radii*® of
the iodine atom, and halogen (F 1.46, Cl 1.82, Br 1.86 or I 2.04 A), respectively, in the C-I---X-Ni halogen bond. Ry = d(I---X)/(r}f + r%), where } and
7% are the Bondi van der Waals radii*’ of the iodine atom, and halogen (F 1.47, Cl 1.75, Br 1.83 or I 1.98 A), respectively, in the C-I---X-Ni halogen

bond. ” Metal plane Ni-P1-P2-C1-X.

158.95(1), 156.79(2)°, respectively, ¢f. 180° for X = F). The
intermolecular distances I---X are substantially less than the
sum of van der Waals radii (Ri*X 0.84-0.86; Ry 0.84-0.87; see
Table 2 for definitions of distances, R and RE, which represent
the fraction of the sum of van der Waals radii***” of the two
interacting atoms I and X), but show smaller reductions than
observed for 1pF (Rf; 0.76; Rl 0.77). The C-I---X angles deviate
slightly from linear (ca. 167°) while the I---X-Ni angles lie in the
range 139-147°. The torsional angles between adjacent metal
coordination planes in the chains are ca. 70°, while adjacent
benzene ring planes are approximately orthogonal (ca. 88°,
Table 2). In addition, the crystal structure of the minor dinu-
clear product, [trans-NiBr(PEt;),],(1-2,3,5,6-C¢F,) was deter-
mined (see ESI{ and Scheme 4).

Single crystals of 2pl suitable for X-ray crystallography were
grown as dark yellow blocks by solvent diffusion (Fig. 2). The
three aromatic rings present in the structure orient themselves
away from each other and there are neither inter- nor intra-
molecular -7 interactions. Unlike 1pl, the Ni coordination
planes and the tetrafluoroiodophenyl rings are parallel to one
another. The complexes pack with zig-zag halogen-bonded
chains, which run parallel (and anti-parallel) to the b-axis. The
C-1---I-Ni halogen bonds (I:-'I 3.6791(4) A, C-I1---1 167.39(6)°,
I---I-Ni 158.22(1)°) are markedly longer than those of 1pI (Table
2). Attempts to obtain single crystals of 2pF suitable for X-ray
crystallography were fruitless.

Single crystals of 10F, 10Cl and 10l were obtained that were
suitable for X-ray crystallography.| Selected intramolecular
distances and angles are given in Table 1 and intermolecular
distances and angle in Table 2. The crystal structures are
illustrated in Fig. 3. It might be expected that the Ni-C distances
in the 1pX series would be shorter than those in the 10X series
because of the ortho-fluorine effect.”” Although the Ni-C
distances are consistently shorter for 1pX than for their 10X
analogues, the differences are of marginal significance. The
differences in the C-I distances are insignificant. In all of the
10X halogen-bonded complexes, the iodine on the ring in the
ortho position causes a pronounced zig-zag of the complexes, as

This journal is © The Royal Society of Chemistry 2018

described by the Ni---Ni---Ni angle (96 = Ni---Ni---Ni = 125°,
Table 2). The normalised distances of the I---X contacts Rjx are
0.85 for 10F, 0.90 for 10Cl (major) and 0.91-1.03 for 1ol, much
larger than for 1pX analogues.

Single crystals of 10l were obtained as three polymorphs,
10lI(a) crystalized from hexane, and the other two (10I(B) and
10I(y)) from CHCI; layered with hexane. Polymorph 1oI(e)
shows the typical C-I---I-Ni halogen-bonding contacts
(3.6100(3) A). The polymorphs from chloroform exhibited the
same patterns of halogen bonding but with progressively longer
contacts. The C-I---I-Ni contact is 3.7456(4) A for 10I(B), (major
component), while 10I(y) has two independent molecules in the
unit cell, one of which has a C-I---I-Ni distance of 4.0752(7) A
and the other shows no halogen bonding at all. The changes in
halogen-bonding geometry accompany changes in orientation
of molecules along the halogen-bonded chains, exemplified by
the twisting of the ring planes of adjacent molecules with
respect to one another for 10I(f) and 1ol(y), but coplanar
arrangement in 10lI(ot).

Variable-temperature X-ray crystallographic studies of 1pF
and 1pF

The effects of temperature and pressure on C-Cl---X-M halogen
bonds (X = Cl, Br) have been studied by Minguez Espallargas
et al., illustrating the compressibility of these non-covalent
interactions.®*® In order to quantify the temperature depen-
dence of our system, crystals of 1pF were selected as they
showed the strongest X-bonding interaction of the series of
complexes prepared. A crystal of 1pF was cooled to 111 K and
the structure determined, warmed to 200 K and analysed again,
and finally warmed to 240 K and the structure obtained a third
time. At 111 K and 200 K, the space group was I2 whereas at 240
K the space group was Cc. The space group change was
accompanied by a change in the unit cell, suggesting a phase
change between 200 and 240 K. Overlaying the structures at 200
and 240 K revealed that the major difference in structures is the
position of one of the triethylphosphine ligands (Fig. S41%). At
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F1 |Ni1
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2.655(5) Agy YRR

Fig.1 Molecular structures of 1pX(a) X=F, (b) X=Cl, (c) X=Br, (d) X =
I, showing intermolecular halogen bonds. Displacement ellipsoids at
50% probability level. Hydrogen atoms not shown. Three-molecule
chains are illustrated in the ESI.{

the higher temperature, the triethylphosphines are no longer
related by a two-fold rotation and one is disordered in two
positions (see ESIf). The variable temperature X-ray crystallo-
graphic data of 1pF show that a 4.5% reduction in the volume
per molecule (V/Z) is observed when the temperature is changed
from 240 K to 200 K and ca. 2% reduction in the volume is
observed from 200 K to 111 K (Table 3). The change in space group
from I2 to Cc removes the linearity of the halogen-bonded chain.
Nevertheless, the key angles remain close to 180°: the C-I---F
angle is 177.8(8), I---F-Ni 164.8(7) and the Ni---Ni---Ni angle is

3772 | Chem. Sci,, 2018, 9, 3767-3781
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Fig. 2 Molecular structure of 2pl showing intermolecular C—I---1-Ni
halogen bond. Displacement ellipsoids at 50% probability level.
Hydrogen atoms not shown. A three-molecule chain is illustrated in
the ESIL}

171.5(3)°. Although changes in bond lengths to nickel were
insignificant, the intermolecular distance between the fluoride on
the metal centre and the iodine on the fluoroaromatic ring
decreased with temperature by 0.055(7) A from 240 to 111 K. The
normalised halogen-bonded distance RE. remains below 0.80
throughout the temperature range (Table 2).

Solid-state NMR spectroscopic studies

Magic-angle spinning solid-state NMR (MAS SSNMR) spectros-
copy offers an opportunity to learn more about the halogen-
bonding interactions.”** We have found one other example
of a ">’F-MAS SSNMR spectrum for a nickel fluoride complex®
and one example of calculated '°F tensors for some cobalt
fluorides.*® The fluoride bound to the nickel centre can act as
a F-MAS SSNMR spectroscopic handle because the chemical
shift is very sensitive to the fluoride environment*® and appears
at high field with no overlap from other resonances. '°F-MAS
SSNMR spectroscopy was used to analyse the effect on the
fluoride resonance of halogen-bonding interactions in
complexes 1pF and 10F. The complex trans-[NiF(CeF5)(PEt;)s]
3F, which has no halogen-bond donor atom on its backbone
was also analysed by '’F-MAS SSNMR spectroscopy for
comparison.* The spectrum of 1pF (Fig. 4) shows the isotropic
chemical shift of the nickel fluoride at § —359.8 with numerous
spinning side bands (black dots in Fig. 4). The other peaks in
the range of 6 —100 to —160 arise from the resonances of the
fluoroaromatic ring. Measurement at various spinning speeds
allowed simulation of spectrum and determination of the
components of the chemical shift anisotropy (CSA) tensor and
identification of d;5, of the fluoride resonance. Expansions of
the isotropic region of the spectra are shown in Fig. 5 and the
trends in the CSA components in Fig. 6.

The components of the anisotropic chemical shift tensor are
labelled as 64, 05, and 033, where 6,4, is the least shielded
component and d;; is the most shielded component (611 = 65, =
033).> For 1pF, the simulations show 6,, at 6 —165, ,, at 6 —266
and d3; at 6 —645. The *'P{'H} spectrum of 1pF (see ESI{) reveals
a coupling *Jpr = 42 + 3 Hz, similar to the value observed in
solution (46 Hz). We were unable to obtain the Jpr coupling in
the ""F-MAS SSNMR spectra for 10F and 3F.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Molecular structures of 1oX (@) X = F, (b) X = Cl, (c) X = |,
showing intermolecular C—I---X=Ni halogen bonds. The structure of
1oCl is disordered (see Table 2). Only the major component is shown.
Hydrogen atoms and some methyl groups omitted for clarity.
Displacement ellipsoids at 50% probability level. Three-molecule
chains are illustrated in the ESL1

In addition, the structure of the gas-phase model trans-
[NiF(2,3,5,6-C¢F4I)(PMej;),] and its halogen-bonded complex
with CeFsI were determined by DFT methods showing a (C)I---
F(Ni) distance of 2.749 A. DFT simulation of the '*F-MAS
SSNMR spectra of both these species showed that d,; lies
along the Ni-F bond, 6,, lies parallel to the Ni-P bonds and d33
lies perpendicular to the coordination plane of nickel (Fig. 6,
lower pane). Moreover, the CSA calculated by DFT methods for
trans-[NiF(2,3,5,6-C¢F,I)(PMe;),] and trans-[NiF(2,3,5,6-
CeF4I)(PMe;),] - IC4F5 show that the changes in the shielding of
the 6,4 and d,, components are small and of opposite sign, thus
minimizing their effect on the isotropic shift.

This journal is © The Royal Society of Chemistry 2018
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Table 3 Selected variable-temperature X-ray crystallographic data for
complex 1pF

Space group/temperature, K

2/111¢ 12/200 Cc/240
VIZIA3 577.09(5)  588.17(4)  614.7(1)
(C)L---F(Ni)/A 2.652(3)  2.683(5)  2.707(7)
Ni-F/A 1.839(4)  1.832(5)  1.855(10)
Ni-C/A 1.872(10)  1.879(10)  1.88(2)
Ni-P/A 2.211(1)  2.214(1)  2.209(5)
C-I---X/° 180.0 180.0 177.8(7)
I---X-Ni/° 180.0 180.0 164.8(7)
Angle/° between adjacent metal 0.0 0.0 26.3(7)
planesb
Angle/° between adjacent ring 0.0 0.0 4.9(10)
planes
Ni---Ni---Ni/° 180.0 180.0 171.50(3)

“ IndeEendent determination from 110 K study reported in Tables 1
and 2. ° Metal plane Ni-P1-P2-C1-X.

The isotropic chemical shift d;, of the fluoride resonance of
3F was observed at § —393.9 in the "F-MAS SSNMR spectrum
(Table 4, Fig. 5), in good agreement with the solution-state
fluoride resonance at 6 —394.3 (in Cg¢Dg) for the same
complex. In contrast, the solution-state fluoride resonance of
1pF appeared ~29 ppm to higher field at 6 —388.3 than its
solid state isotropic chemical shift (6 —359.8). Similarly, the
solution-state fluoride resonance of 10F was observed
~25 ppm to higher field at 6 —397.9 than its solid state
counterpart. Thus the solid-state NMR spectra provide strong
evidence of deshielding of ¢;5, with increasing halogen-bond
interaction. Table 4 gives values of the SSNMR parameters.
The d;3 component is systematically deshielded upon
increasing halogen bond strength, mirroring what is observed
in the isotropic chemical shift, and there is also a reduction in
the span, Q. Since the DFT calculations indicate a minimal
contribution of d;; and d,, to the changes in 6;5,, we conclude
that the changes in 033 are dominated by the effect of halogen
bonding. The deshielding of the NiF resonance is also
consistent with the effect of addition of Cg¢FsI to trans-
[NiF(CsNF,)(PEt;),] in solution.***® A very large chemical shift
anisotropy was also reported for another nickel fluoride
complex,® and very strong paramagnetic shielding was
observed perpendicular to the metal phosphorus bond for
terminal phosphido complexes in their *'P-MAS SSNMR
spectra.”” Large chemical shift anisotropies have recently been
measured and calculated for metal hydrides.>*>

The paramagnetic contribution to the components of the
chemical shift tensor are understood via second order pertur-
bation theory as being affected by the angular momentum
operator L, (i = x, y, z) which couples occupied orbitals to vacant
orbitals after a 90° rotation about the direction 7.°>** In this case
033 lies in the out-of-plane direction z and is rotated by iy into
the x direction that coincides with the vacant M-F c* orbital. It
is this orbital that is affected by the halogen bonding both
through electrostatic effects and through interaction with the
C-1 ¢ and o* orbitals.”” As the d;; component is deshielded

Chem. Sci,, 2018, 9, 3767-3781 | 3773
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-100  -200 —:;00 400 -500 600 ~-700 ppm
Fig. 4 °F-MAS SSNMR spectrum of 1pF. Top: best fit simulated
spectrum for the Ni—F resonance with the positions of the shielding
tensor marked. Bottom: experimental spectrum. Spinning speed 15.6
kHz. Signals arising from the fluorinated benzene ligand (—110 to —160
ppm) are truncated. The black dots indicate the NiF peak and its
spinning side bands. The blue bar indicates diso.

upon formation of the halogen bond, the energy gap between
these two orbitals must decrease.

Discussion of trends in halogen bonding

This study establishes that nickel halide complexes trans-
[NiX(CeF4I)(PR3),] form intermolecular C-I---X-M halogen
bonds by self-recognition in the solid state, leading to halogen-
bonded chain motifs. Their crystal structures provide extensive
geometric data for these halogen bonds that demonstrate
a marked difference between the fluoride complexes and those
of the other halides. The strengths of halogen bonds may be
compared by the normalised distances (here Rix or Ri, see

(@)

KJLM

-360

-370  ppm -380 -390

Fig. 5 Expansion of isotropic region of *°F-MAS SSNMR spectrum of

(@) 1pF, (b) 1oF and (c) trans-[NiF(CgFs)(PEts),] 3F with no halogen
bond, (asterisk solvated complex impurity <4%).

3774 | Chem. Sci., 2018, 9, 3767-3781

View Article Online

Edge Article

Table 2)."*** As for other strong halogen bonds, C-X:--X'-M
halogen bonds adopt a characteristic angle C-X---X' close to
180°; the X---X'-M angle, however, is typically in the 110-140°
range for X' = Cl, Br, I,***** but can vary more widely** as the
halide ligand exhibits a negative electrostatic potential attrac-
tive to halogen bond donors and other Lewis acidic moieties at
all angles of approach.®* Despite their established greater
strength,**>° there have been no systematic crystallographic
studies prior to this study that establish C-X:--F-M halogen
bond geometries and, in particular typical X---F-M angles.

In this study we examined the class of C-I---X-M halogen
bonds through a series of systematic changes and perturba-
tions, by monitoring the geometry as a function of: (i) halide
ligand, X, (ii) regiochemistry of halogen-bond donor, I (1pX vs.
10X) (iii) influence of ligand sphere of the metal on halogen-
bond acceptor, X, by changing PEt; for PPhE,, (iv) the influ-
ence of crystalline environment, by comparison of three poly-
morphs tngh_x2026;0f 10, and (v) the effect of temperature, in
a study of 1pF.

Common features of halogen-bonded chain structures

1pF forms linear chains, whereas the structures of 1pX (X = Cl,
Br, I) and 10X (all X) form zig-zag chains. The zig-zag angles
of the chains of 1pCl, 1pBr and 1pI are characterised by

(" “FMAs &,

[NiF(CeF5)(PEL;), ] "

6 )

[NiF(2,3,4,5-CgF,l)(PEt;),] ||

. %
)

( DFT ,,
[NiF(2,3,5,6-CF,1) (PMe;),]

& : _/

0 -200

-400

Relative Frequency (ppm)

Fig. 6 Top: positions of the observed (**F-MAS SSNMR) principal
tensor components (614, 655, 633) and isotropic shift (6;s.) for 3F, 10F and
1pF. Middle: values of 011, 022, 033, and s, determined by DFT calcu-
lations for trans-[NiF(2,3,5,6-CgF4l)(PMesz),] and its halogen-bonded
complex with CgFsl. Bottom: calculated structure of CgFsl---
FNi(2,3,5,6-CgF4l)(PMez), showing orientation of CSA tensor (d33
component is perpendicular to the plane of the page).
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Table 4 Chemical shifts in solution in C¢Dg (40 pM) and °F-MAS
SSNMR parameters for 1pF, 1oF and 3F¢

Sample Solution 6 0djs0 Q K 011 0o 033

1pF —388.3 —359.8(2) 480(10) 0.58(3) —165 —266 —645
10F —397.9 —373.0(2) 530(10) 0.40(3) —143 —302 —673
3F —394.3 —393.9(2) 575(10) 0.50(3) —154 —298 —729

% Chemical shift tensor parameters,* d;,, Isotropic chemical shift, 6;s, =
(611 + 625 + 033)/3, 2 Span of the CSA powder pattern, Q = 645 — 033,
Skew, measures the asymmetry of the powder pattern, x = (05, — diso)/Q.

Ni---Ni---Ni angles in the 155-160° range (see figures in ESIZ).
The angles between adjacent metal coordination planes and the
angles between adjacent benzene ring planes also show marked
differences between 1pF on the one hand and 1pCl, 1pBr and
1pI on the other (Table 2). The zig-zag in the ortho series is
dominated by the 60° angle imposed by the ortho substitution,
which causes a major reduction in the Ni---Ni---Ni angle
compared to the para analogues (1pF 180° and 10F ca. 114°,
1pCl ca. 160° and 10Cl ca. 112°, 1pI ca. 157° and 10l(at) ca. 97°).
Both the angle between adjacent ring planes and the Ni---Ni---
Ni angle are significantly smaller for 10I(a) than for the fluorine
and chlorine analogues.

Trend with halide ligand for 1pX and 10X: distance

The normalised distances (Table 2) range from 0.76 for 1pF to 0.90
for 2pl (Alvarez radii, Rix) or 0.77 to 0.93 (Bondi radii, Rix).***” The
normalised distance is markedly smaller for 1pF than for 1pCl,
1pBr and 1pl. Nevertheless, there is a small increase from ClI to Br
and from Br to I. Thus the large negative electrostatic potential of
fluorine is the dominant effect®®** and the changes between the
other halogens are smaller in this series. The trend is consistent
with the observations for hydrogen-bond acceptor behaviour of
halide ligands, e.g. D-H---X-M, where the H-bond donor D = N, O

180°
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(or even C). Normalised hydrogen bond distances follow the trend
Rir < Rbcl = Rbpr < Rp® Overall, the geometric results are
consistent with fluoride ligands being much stronger halogen-
bond and hydrogen-bond acceptors than their heavier conge-
ners. Our results on 1pCl and 1pBr are also comparable to those
recorded for the co-crystals of 1,4-(CgF,1,) with PAX(PCP) (X = Cl,
Br), but the Pd-F complexes were not synthesised.*

The normalised distances for the 1pX series are considerably
smaller than for the 10X series, especially for X = F (Table 2).
Considering that the regiochemistry has a very minor effect on
the Ni-C and the C-I distances, there is no evidence that the
changes in the halogen-bond distance have an electronic origin.
On the other hand, they can be rationalised on steric grounds
since the c-hole of the 1pX halogen-bond donor atom is more
accessible than that in the 10X series. The trend in normalised
distances with halide ligand for the 10X series,
resembles that for 1pX.

however,

Trend with halide ligand for 1pX and 10X: angle

Halogen bonding interactions are directional forces because of
the anisotropic charge distribution around halogen atoms. The
charge distribution is compressed along the C-I axis, creating the
positive potential ¢rans to the C-I bo