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ABSTRACT: Four metal halides of the (**PCN)NiX family [X *
= F (1), Cl (2), Br (3), or I (4); PCN = 1-[3-[(di-tert-

butylphosphino)methyl |phenyl]-1H-pyrazole] have been pre- § {'
pared through a direct reaction of the corresponding anhydrous &
NiX, salts and the unsymmetrical PCN pincer ligand. Structural ¢
information from single-crystal X-ray data, '°F solution nuclear p
magnetic resonance, and combined electrochemical results [cyclic »—
voltammetry (CV) and in situ electron paramagnetic resonance # .
spectro-electrochemistry] reveal that the fluoride complex 1 is &
different from the other halides 2—4 in terms of electro-oxidation :
behavior (presence of three anodic peaks instead of one in the CV
profile). 1 is also different from its symmetrical analogue
(®"PCP)NiF in terms of halogen-bonding capability toward the
halogen-bond donor, iodopentafluorobenzene (C¢F;l, IPFB). The
positive AS® value for the formation of the 1---IPFB adduct inferred from the van’t Hoff plots is in agreement with the existence
of (1-H,0) aggregates in solution, not present in 2—4. The high nucleophilicity of the fluoride ligand and the simultaneous
presence of electrophilic (acidic) protons on the sidearm of the pyrazole ligand are at the origin of the observed phenomena.

1. INTRODUCTION is a better halogen-bond donor than the simple iodobenzene
(C¢H;l), owing to the strong electron-withdrawing inductive
effect of fluorine on the aromatic ring. From the halogen-bond
acceptor side, transition metal fluorides have been analyzed as
candidates in recent years by a number of seminal studies.
They have been extensively studied to elucidate their unusual
reactivity and their role in C—F activation and C—F bond
formation processes.'*">® Indirect evidence based upon
complexes of other metal halides”* and upon simple fluoride
ions*>*” suggests that fluoride ligands may serve as halogen-
bond acceptors. Indeed, metal fluoride complexes are today

lower electronegativity and higher polarizability facilitate the recogngiclzas good accepto.rs of both hy.d.rogen and halogen
redistribution of the electron density when the halogen is bondf. ‘ Afflong the varlous.3d transition meta'l complex
involved in covalent bonds,'® thereby yielding an electron- fluorides conceivable, those of nickel play a predominant role.

deficient region aligned along the covalent bond. This region
w17

Intermolecular interactions such as hydrogen and halogen
bonding have found applications in various fields of chemistry
and interdisciplinary sciences.'~’ Over the past decade, the
study of halogen bonding in particular has undergone dramatic
development. It has emerged as a powerful, directional, and
selective noncovalent force in molecular recognition, supra-
molecular assembly, materials chemistry, and structural
biology.g_15 Halogen bonding typically involves a Lewis acidic,
covalently bound halogen and a Lewis basic site. It is
commonly observed for the heavier halogen iodine, where its

of positive electrostatic potential is called “c-hole,” " and it is Received: September 20, 2018
enhanced by the presence of an electron-withdrawing group Accepted: December 20, 2018
bound to iodine. Thus, iodopentafluorobenzene (CF;l, IPFB) Published: January 14, 2019
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In fact, synthesis and characterization of organometallic high-
valent nickel species is of great importance as they have been
widely proposed as key intermediates in carbon—carbon and
carbon—heteroatom bond formation reactions.**™*° Ligand
design turns out to play a vital role in determining the stability
and reactivity of the corresponding Ni centers. However, the
generation of high metal oxidation states (such as Ni"" or Ni'")
and related complexes is not easy using classical pathways but
can be achieved through electrochemical methods. In this
context, the study of electrochemical properties and mecha-
nism of redox processes of these organometallic species is of
great interest. Following our investigation on novel unsym-
metrical pincer-type complexes containing the pyrazole-based
k3-tridendate ligand "P'PCN(H) {1-[3-[(di-tert-
butylphosphino)methyl]phenyl]-1H-pyrazole, Scheme 1},%

Scheme 1. (a) Synthesis of (*"PCN)NiX (X = Cl, Br, or I);
(b) Synthesis of (*"PCN)NiF

=3 0
N—N NiX,, NEt3, toluene, A N—N\
H Ni—X
- (NEtzH)X \
P('Bu), P(Bu),
2 (X=Cl)
3 (X=Br)
4 (X=1)
(a)
0 3
N—N TIF, toluene, A N—N
\ . \
Ni—Cl Ni—F
\ -TICI \
P('Bu), P('Bu),
2 1
(b)

we have prepared and characterized the nickel(II) halide
series (B'PCN)NiX (X = F, Cl, Br, or I. Scheme 1). The
fluoride complex (P"PCN)NIF 1 has been compared with its
symmetrical analogue ("PCP)NiF*® in terms of halogen-
bonding capability toward IPFB. In the previous study carried
out by some of us on (**PCP)NiF,” the high nucleophilicity
of the fluoride ligand and its hydrogen-bonding ability toward
the acidic transition metal hydride CpW(CO);H (Cp = 7’-
CsH;") have been unveiled and analyzed in detail through 'F
and 'H nuclear magnetic resonance (NMR) spectroscopies. In
here, we present the extension of this chemistry to halogen
bonding toward IPFB. Finally, the combined structural (X-ray
crystal structure), spectroscopic [variable temperature (VT)
F NMR and electron paramagnetic resonance (EPR)], and
electrochemical [cyclic voltammetry (CV)] information on 1
has confirmed its special behavior when compared with
("PCP)NiF or other complex halides of the (""PCN)NiX

series.

2. RESULTS AND DISCUSSION

2.1. (PCN) Pincer Nickel(ll) Halide Synthesis and
Characterization. Following the same experimental proce-
dure reported in the literature for the preparation of
symmetrical nickel pincer complexes,” the (*"PCN)NiX [X
= Cl (2), Br (3), I(4)] compounds were straightforwardly
obtained through a direct reaction of the corresponding
anhydrous NiX, salts with the asymmetric pincer ligand
BUPCN(H)? in toluene at reflux for 24 h (Scheme la). The
HX byproduct is trapped by the addition of trimethylamine,
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with the concomitant formation of the related (NEt;H)X
ammonium salt that precipitates out of the reaction mixture.
As previously reported by some of us for the synthesis of
(""PCP)NiF,”® the fluoro-complex ("*"PCN)NiF (1) is
obtained from chloro-analogue 2 after treatment with thallium
fluoride in methanol (Scheme 1b). The driving force for the
halide abstraction reaction is provided by the formation of the
insoluble TICI that is easily separated from the supernatant
through filtration.

Complexes 1—4 were isolated in the form of air-stable
yellow powders; they were characterized both in solution
(multinuclear 'H, *C{'H}, and *'P{'H} NMR spectroscopy)
and in the solid state (single-crystal X-ray diffraction analysis).
In CD,Cl,, the 'H chemical shift of the acidic pyrazole proton
closer to the metal center [H(8)—Experimental Section]
follows an increasing trend when passing from 1 (6 = 7.58
ppm) to 2 (8y = 7.86 ppm), 3 (5 = 8.13 ppm), and 4 (5 =
8.47 ppm), in line with the decreased mesomeric effect (+R) of
the corresponding halide ligand. The same trend is observed in
the *P NMR chemical shifts of the coordinated phosphorus
atom (8, = 86.1, 87.3, 88.7, and 91.7 ppm for 1, 2, 3, and 4,
respectively). 1 and 4 crystallize in the P2;/n monoclinic space
group, with four molecules per unit cell, whereas 2 and 3 are
isostructural and crystallize in the P1 triclinic space group, with
two molecules per unit cell. In all cases, the coordination
geometry around the metal center is square planar (Figure 1),

Figure 1. ORTEP thermal ellipsoid plot diagram (ellipsoids at 50%
probability) of the structure of 3 as a representative example of the
family. Hydrogen atoms on the ligand omitted for clarity.

with the halide ligand occupying the coordination site trans to
the pincer ipso carbon. The phosphorus atom and one
nitrogen atom from the pyrazole ring (in trans to each other)
complete the metal coordination sphere. The main bond
lengths fall in the same range as those observed for similar
pincer Ni" halides in the Cambridge Structure Database [mean
d(Ni—F) value = 1.885 A;***°™* mean d(Ni—Cl) = 2.206
A;®7* mean d(Ni—Br) = 2359 A;*7°' mean d(Ni-I) =
2.541 A;>>7" mean d(Ni—Cj,,,) = 1.890 A]. Extensive C—H--
X intermolecular short contacts involving the methylenic
sidearm and the tert-butyl groups on the pincer are present in
the solid state. See Table 1 for the crystallographic parameters
of 1—4. Table S1 in the Supporting Information compares the
main bond lengths and angles among the three crystal
structures. An intriguing feature of 1 is the presence of one
water molecule as the crystallization solvent that engages into
multiple hydrogen bonding with three adjacent pincer
molecules, creating a trimeric adduct (Figure 2). The high
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Table 1. Crystal Data and Structure Refinement for Complexes 1—4

1-H,0 2 3 4
CCDC number 1868355 1868356 1868357 1868358
empirical formula C,sH,sFN,NiOP C,sH,cCIN,NiP C,sH,cBrN,NiP C,sH,IN,NiP
formula weight 397.10 395.54 440.00 486.99
temperature [K] 100(2) 100(2) 150(2) 100(2)
wavelength [A] 1.5414 1.5414 0.71069 1.5414
crystal system, space group monoclinic, P2,/n triclinic, P1 triclinic, P1 monoclinic, P2,/n
a [A] 16.001(4) 7.227(5) 7.323(3) 7.503(2)
b [A] 7.834(18) 11.137(5) 11.064(8) 23.001(6)
¢ [A] 16.745(5) 11.461(5) 11.597(9) 11.074(3)
a [deg] 90 81.712(5) 82.560(6) 90
B [deg] 116.551(3) 83.352(5) 83.246(5) 95.603(3)
v [deg] 90 85.775(3) 85.250(5) 90
V [A%] 1877.6(9) 905.2(8) 923.1(11) 1902.0(9)
Z, D, [g em™] 4, 1.405 2, 1451 2, 1.583 4,1.701
absorption coefficient [mm™']  2.434 3.726 3.303 14.999
F(000) 840 416 452 976
crystal size [mm] 0.01 x 0.01 x 0.02 0.01 X 0.01 x 0.07 0.02 x 0.02 X 0.0 0.02 x 0.03 x 0.0
O range for data collection 5.139-61.891 4.018—72.292 4.319-29.476 4.447-72.183

[deg

limiting indices

—18<h <18 -5<k<3§,

-8<h<8 -12<k<13,

-8<h<10,-14 <k<15

-8<h<7,-27<k<28

-19<1<19 -11<1< 14 -14 <1< 15§ -12<1<13
reflections collected/unique 8595/2866 9627/3472 8164/4188 10457/3599
GOF on P 1.029 1.040 1.177 1.108
data/restraints/parameters 2866/0/229 3472/0/214 4188/0/214 3599/0/202

final R indices [I > 206(I)]
R indices (all data)

R, = 0.0367, wR, = 0.0841
R, = 0.0506, wR, = 0.0912
0.352 and —0.232

R, = 0.0597, wR, = 0.1448
R, = 0.0941, wR, = 0.1696
0.660 and —0.767

R, = 0.0546, wR, = 0.1349
R, = 0.0670, wR, = 0.1410
1.083 and —0.783

R, = 0.0661, wR, = 0.1723
R, = 0.0975, wR, = 0.2335
2.502 and —1.837

largest diff. peak and hole
[e A7]

Figure 2. Solid-state structure of the trimeric adduct [(1);H,0].
Hydrogen atoms on the ligand (except for those involved in the
hydrogen bonding) and tert-butyl groups on phosphorus omitted for
clarity. Selected bond lengths [A] and angles [deg] for the hydrogen
bonding: d[H(7)---O(1)] = 2.28; d[H(3)--O(1)] = 2.71; d[H(100)--
F(1)] = d[H(101)--F(1)] = 1.92; a[H(3)—0O(1)-H(7)] = 62.1;
a[F(1)—0(1)—F(1)#] = 110.2.

affinity of transition metal fluorides shown toward water and
their tendency to keep hydrogen-bonding interactions with
water also in solution was already evidenced in the case of
(""PCP)NiF through ""F—'H heteronuclear Overhauser
spectroscopy (HOESY) NMR experiments.” In 1, the ligand
acidic protons H(3) and H(7) that strongly interact with the
oxygen atom from water play a fundamental role in the
formation of the trimer. Indeed, the electrostatic potential
surface (EPS) of 1 (Figure 3b) highlights an electrophilic
region associated with the hydrogen atom of the pyrazole ring
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9.0e [
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Figure 3. Molecular electrostatic potential, in hartrees, at the 0.001
electrons bohr™ isodensity surface of (*“PCP)NIF (a) and 1 (b).
The blue-colored electrophilic region around H(7) in 1 is clearly
visible.

lying opposite to the fluoride ligand [H(7)—Figure 2]. This
feature is totally absent in the crystal structure of (**PCP)NiF
(Figure 3a).”® The hydrogen bond interaction between 1 and
H,O seems to survive also in solution, and it can be at the
origin of the positive AS® value measured for the formation of
the halogen-bonded adduct 1---IPFB (vide infra, Section 2.2).

2.2. Reaction of 1 and (®“PCP)NiF with IPFB: Halogen
Bonding. NMR spectroscopy has been actively used in recent
years to probe the presence and strength of the halogen bond
both in solution®*”? and in solid state.”~®> NMR spectros-
copy was used to probe the ability of the fluorides,
("*PCP)NIF and 1, to act as halogen-bond acceptors. We
showed that both act as a Lewis base in the formation of
halogen bonds with the halogen-bond donor, IPFB (C¢F],
Scheme 2). IPFB is a very efficient halogen-bond donor
because the presence of fluorine constituents greatly increases
the electroph111c1ty of the iodine atom through the formation of
a o-hole.”*
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Scheme 2. Halogen Bonding between (*"PCE)NiF (E = P,
N) and IPFB

(tB” & & R F
—Fooee- \
@ F 4@ N |4®—F
(Bu) P(Bu), F F

(BUPCP)NiF (BUPCN)NIF (1)

The formation of adducts was monitored by VT multi-
nuclear ("H and '"F) NMR spectroscopy. The F NMR
chemical shift of the metal fluoride was used to evaluate the
thermodynamics of the interactions. '°F represents a reliable
spectroscopic probe as it is very sensitive to the fluorine
chemical environment, and the signal overlapping is very rare
because of the very broad chemical shift dispersion. The
effective formation of a halogen-bonded adduct in solution was
ascertained by evaluating the shift of the °F resonance upon
halogen bond formation. Titration experiments were carried
out in deuterated tetrahydrofuran (THF)-dg at variable
temperature. The room temperature '°F NMR fluoride signal
of the two complexes falls at —371.7 [(""PCP)NiF] and
—347.2 (1) ppm (Figure 4a,c). The '°F chemical shift of the
fluoride resonance was monitored while varying the fluoride/
IPFB molar ratio. Upon addition of an excess (20 times) of the
halogen-bond donor at room temperature, the fluoride
resonances exhibited an extensive high-frequency shift to
~—362 (Ab,9; = 10 ppm) and ~—327 ppm (A8,93 = 20 ppm)
for (P"PCP)NiF and 1, respectively (Figure 4b,d).

At 233 K, the fluoride resonances shift from ~—369 to
~—354 ppm [("PCP)NiF] (A8,;; = 15 ppm) and from
~—341 to ~—320 ppm (1) (Ad,3; = 21 ppm) upon addition
of IPFB (Figure Sl in the Supporting Information). IPFB
(present in excess) shows only small negligible changes in its
YE chemical shifts.

The 1:1 stoichiometry of the adducts was ascertained from
the Job plots. The change in the chemical shift of the '"F
resonance (AS) was monitored as a function of the IPFB
molar fraction (y) while keeping the sum of the concentrations
[metal complex] + [IPFB] constant and equal to 0.01 mol-L™".
The graph of yA¢ versus y showed a maximum at y = 0.5 as
expected for a 1:1 complex (Figure S). Interestingly, the broad
appearance of the plot of 1 (Figure Sb) can be attributed to a

Binding constants, enthalpies, and entropies of these
interactions were evaluated through 'F NMR titration
experiments. Figure 6 shows the titration data for the
experiments with both fluorides. For all curves, a significant
influence of the temperature on the chemical shifts is observed
because of the complexes interaction with IPFB. In (*"PCP)-
NiF, this effect is relevant for high IPFB concentrations,
whereas only small chemical shift differences are found for low
concentrations. For 1, the effect seems to be concentration
independent. The obtained titration curves were fitted using
the simple model of eq 1. This allowed to extract the
equilibrium constant (K,,) for formation of the adduct and the
difference between the (}9F chemical shift of the free metal
fluoride and of the pure adduct (A5™).

[Ni]-F + IPFB < [Ni]—F---IPFB (1)

Thermodynamic data (equilibrium constant, standard
reaction enthalpy, and entropy) were obtained from titration
curves acquired at various temperatures and from the van’t
Hoff plot (In K vs T™'). Analysis of the titration data gave
excellent fits in all cases as well as the resulting van’t Hoff plots
(R* = 0.99) (Figure 7). The thermodynamic values for both
fluorides are reported in Table 2.

Binding enthalpy values [—7.3 and —4.1 kJ'mol™" for
("PCP)NJF and 1, respectively] are smaller than those
reported in the literature for other metal fluoride complexes
(falling in the range between —16 and —26 kJ-mol™"), thereby
indicating the formation of weaker interactions.>”>" However,
comparison of 1 with the other samples might be
compromised by a possible association with water also in
solution.

Interestingly, complex 1 shows a positive AS°. This suggests
the formation of aggregates, likely dimers or adducts with
water molecules, of 1 in solution. This hypothesis is supported
by the crystallographic evidence [vide supra, Section 2.1] and
by the EPS calculations. Indeed, in the solid state, 1 forms
trimers kept together by a triply bridging water molecule
through O—H-+-F and C—H---O hydrogen bonding (Figure 2).
However, diffusion ordered spectroscopy experiments (see
Figure S2 in the Supporting Information) ruled out the
existence of such a trimer in solution; thus, a simple water
adduct (1-H,O) kept together by a strong hydrogen bond
interaction with water is much more likely to be the solution
form, as suggested by the Job plot shape (see above) and by

displacement rather than an association reaction,” suggesting the EPS. Indeed, the electrophilic regions evidenced in the EPS
a possible role of water in the adduct formation. of 1 (Figure 3b) indicate that H(7) could act as a hydrogen-
a) c)
. - ‘ e 1
b) d)
T |l T - 'I:r l_'_ T T
345 350 355 .60 365 370  .a75 .30  .ags 315 320 325  -330 335 340 345 350  -355

ppm

ppm

Figure 4. Plots of the fluoride region of the '°F NMR spectra of (**PCP)NiF (left) and 1 (right) at 293 K with increasing equivalents of IPFB in
THF-dg. (a) Pure (™"PCP)NiF; (b) (®“PCP)NIF with an excess of IPFB; (c) pure 1; (d) 1 with an excess of IPFB.
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Figure 5. Job plot for IPFB and (®"PCP)NIF (a) or 1 (b); total concentration = 0.01 M.
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Figure 6. Fit of the titration curves at different temperatures showing observed values for § 'F vs (complex: IPFB) molar ratio for (**PCP)NiF (a)

or 1 (b).
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Figure 7. van’t Hoff plot for halogen bonding of IPFB and complex (®'PCP)NiF (a) or 1 (b). Data were fitted with the following equations: y =

—1.50 + 872.60x, R* = 0.99 (a); y = 1.48 + 498.38x, R* = 0.98 (b).

Table 2. Thermodynamic Data (AH® in kJ'mol™" and AS° in
J-mol "*K™') for Halogen Bonding of (*"PCP)NiF and 1
with IPFB in THF-d,"

compound AH® AS° Ky Kp® ASES
(**"PCP)NiF -7.3+ 08 -12+3 4 10 21
1 —4.1 +£ 0.7 12+3 24 36 25

“Errors at 95% confidence level. “Extrapolated to 233 K. “Ad%, =

chemical shift difference between free metal fluoride and metal
fluoride---IPFB adduct, calculated from the curve fitting.

bond donor for oxygen lone pairs of water molecules.
Unfortunately, '"H—'"F HOESY experiments recorded both
at room temperature and at 253 K did not provide the
necessary evidence to support this assumption, probably due to
the very short 'F T, values related to the very efficient
chemical shift anisotropy (CSA) contribution to the '°F spin
lattice relaxation time. Indeed, a large CSA (Q = 663 + 20

1122

ppm) previously found for ("*"PCP)NGiF from the spinning side
band analysis® explains why the heteronuclear dipolar
mechanism is negligible compared with the much more
efficient CSA mechanism.

2.3. Electrochemical Studies. As a further character-
ization study, all synthesized complexes were characterized via
CV and in situ EPR spectro-electrochemistry. CV curves were
recorded at an ambient temperature (T = 293 K) using a glassy
carbon (GC) as the working electrode at the constant potential
scan rate of 50 mV-s~'. Figure 8 outlines the voltammetric
profiles of all Ni halides in the cathodic and anodic regions,
whereas Table 3 lists the observed peak potentials. At negative
potentials, all complexes show an irreversible reduction peak
(C,) ascribed to the Ni' — Ni’ conversion whose value [E
(V)] changes as a function of the halogen type. The higher the
halide electronegativity, the higher the overpotential value at
which reduction occurs. The appearance of minor reoxidation

DOI: 10.1021/acsomega.8b02452
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Figure 8. CV curves (cathodic—left and anodic—right) of the
investigated complexes 1 (blue), 2 (green), 3 (red), and 4 (yellow)
recorded in DMF (C = 5 X 107 M) in the presence of (Bu,N)BF,
(107! M). CV curves were recorded without infrared compensation at
the first scan at a constant potential scan rate S0 mV-s™' (GC working
electrode, T = 293 K). Peak potentials are referred to Ag/AgNOs;,
0.01 M in the CH;CN reference electrode. The dashed lines represent
the CV curves recorded at the scanning of the anodic potential of the
working electrode up to the peaks A,, A;, and As.

Table 3. Peak Potentials (E, V) on the CV Curves of the
PCN Pincer Complexes 1—4“

complex reduction oxidation

(B*PCN)NIF (1) C, -2.39 A, 0.44
A, -172 A, 0.65

A, 0.88

C, 0.52

(B*PCN)NICI (2) C, -2.13 A, 0.79
A, —1.64 A 1.32

C, 0.63

("*PCN)NiBr (3) C, -1.98 A, 0.83
A, —-1.56 A 127

C, 0.72

("B*PCN)NII (4) C, —-1.70 A 0.29
A, 0.64

C, 0.45

“CV curves were registered without infrared compensation. The
mentioned potentials are referred to Ag/AgNO;, 0.01 M in CH,;CN
[E°(Fc/Fc*) = +0.20 V1.

peaks (A;) for 1-3 in the —1.56 to —1.72 V range is
reasonably ascribed to the adsorption of traces of Ni(0) species
at the surface of the working electrode. On the other hand, the
complexes display different shapes of the anodic part of their
CV curves. Thus, for 2 and 3, quasi-reversible oxidation peaks
(A,—A,) are observed (Figure 9), which correspond to the
formation of stable nickel(III) derivatives in the electro-
chemical process. In the case of 4, a new irreversible oxidation
peak A; at less positive potentials is observed. This peak
corresponds to the oxidation of free iodine anions. In fact, the
addition of an increasing amount of tetrabutylammonium
iodide to the working solution translates into an increase of Ag
and A, currents (see Figure S3 in the Supporting Information).
The increase of both Ag and A, is due to a two-step oxidation
of the free iodide anion that goes through a putative I3~
intermediate.”*®” As expected, the corresponding oxidation
process of free chloride and bromide anions takes place at
higher potentials, whereas the oxidation of fluoride is not
observed because it falls out of the selected potential range. For
complex 1, three oxidation peaks A,, A3, and A, are observed in
solution. The first one (A,) is irreversible, and it is ascribed to
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Magnetic Field Strength (G)

Figure 9. EPR spectra of 1—4 obtained in the EPR spectro-
electrochemical cell using DMF as the solvent [S X 107> M] in the
presence of (NBu,)BF, [0.1 M] recorded during the electrochemical
oxidation process (1.5 V for 1, 0.8 V for 2, 0.8 V for 3, and 0.5 V for
4) at 300 K. The two different curves reported for complexes 2 and 3
refer to the square planar and tetrahedral four-coordinated Ni™

complexes bearing coordinated halogen, as sketched in Scheme 3.

the formation of the Ni"" complex 5 (Scheme 4—vide infra),

whereas A; and A, are reversible, and they may be ascribed to a
sequential [Ni™h...Ni'"] - [NiV--Ni"] - [Ni"--NiV]
oxidation of the two Ni' metal ions within the dimeric
species 7 formed in the electrochemical process after the first
oxidation of 1 at A, (Scheme 4). Ni' stable organometallic
complexes containing pincer ligands are known;*%%’ they have
been obtained through electrochemical methods starting from
their Ni" analogues. Their proven stability may be at the origin
of the reversibility of the A; and A, oxidation peaks.

To get additional insights about the nature of the species
formed in the electrochemical process, the in situ EPR spectro-
electrochemical study was performed on each compound. The
comparison of experimentally obtained and simulated EPR
spectra is reported in the Supporting Information (Figures S4—
S7 and Table S2). The data reveal that under reducing
conditions, a 2e” process takes place directly with the
formation of diamagnetic Ni(0) complexes, as no radical
species has been detected through EPR analysis. Under
oxidative conditions, we observed interesting results with
complexes 2 and 3. At the A, potential values, Ni(III) species
bearing coordinated halogen in solution are formed (g-factor is
2.177 for 2 and 2.150 for 3, see Figure 9). The presence of the
halogen in the metal coordination sphere is clearly visible in 3.
Indeed, its EPR spectrum shows a hyperfine interaction (HFI)
and signal coupling coming from the "’Br and *'Br isotopes (I
= 3/2) that are responsible for the generation of four lines with
a hyperfine splitting of 58 G. No hyperfine coupling was
observed for 2 because of the very small coupling constant of
3Cl and *’Cl isotopes (parallel = 29 G, perpendicular = 8 + 2
G).70

In line with several literature precedents, it can also be
claimed that Ni'’ — Ni™ oxidation causes a coordination
geometry modification from square planar to distorted
tetrahedral (Scheme 3).”" The latter is additionally supported
by the relatively high experimental AV(A,—C,) values (160
and 110 mV for 2 and 3, respectively) together with a larger g-
factor (g = 2.240). AV is too high for a simple and reversible
one-electron transfer process, but these data match well with a
coordination geometry change and with a halide ligand moving
from an equatorial to axial position. Furthermore, literature
precedents show that d’-Ni(III) complexes are generally in the
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Scheme 3. Electrochemical Oxidation of Complexes 2 and 3
and Related Coordination Geometry Change from Square
Planar to Tetrahedral

ﬂ A ﬁ X
N—N - N—N [‘\\Nl |.3+
\ 2 € \ 3+ NN
Ni—X N Ni—X - N,
e \ P(‘Bu),
P(‘Bu), C, P(Bu)
X =Cl (2), Br (3) g=2.177 (2), 2.150, 58 G (3) 9=2.240 (2, 3)

form of low-spin species (S = 1/2) with a strong preference for
the tetrahedral coordination geometry.”” The same g-value of
Ni(IlI) complexes derived from 2 or 3 comes from a weaker
HFI of the nuclear spin of the halogen atom in the axial
position. It is worth mentioning that this isomerization
proceeds even after the electric current switch off (Figure S8).

A comparison of the in situ EPR spectro-electrochemical
studies carried out on complexes 1 and 4 shows that during the
oxidation process, both compounds converge to the same
radical species 9 (g = 2.188, Scheme 4), although potentials
required for its generation are different. In the case of
(""PCN)NIL, the formation of 9 already takes place at E = 0.5
V, and it comes from the oxidation of the halogen-free form 6.
As for ("PCN)NiF, 9 is obtained at a more oxidizing
potential (E = 1.5 V) with no radical species observed at the
anodic peaks A,, A;, and A,. In this case, it can be supposed
that the formation of 9 proceeds with time through the
simultaneous occurrence of faradic and chemical processes.
After initial fluoride oxidation, dimerization of the resulting
[(B“PCN)Ni™F]*/* radical-cation § leads to the intermediate
7 bearing Ni'(u-F),Ni"" bridging fragments. After a
heterolytic bond cleavage occurring in 7, the monomeric
(P"PCN)Ni""F, species 8 and the halogen-free Ni"™ complex 9
are then obtained as final reaction products (Scheme 4). This
behavior mirrors that found in other organometallic Ni halides
bearing assorted aromatic N-containing ligands (pyridine,”
benzo[h]quinoline”*). The overall mechanism of the electro-
oxidation process observed for 1 and 4 is sketched in Scheme
4. Notably, the EPR spectrum for the dimeric intermediate 7
could not be observed because of its fast evolution to the
monomeric species 8 and 9 and because of the presence of
antiferromagnetic coupling between the two paramagnetic d’

Ni(III) cores (S = 1/2) magnetically coupled to each other via
a direct d—d orbital overlap.”® A similar diamagnetic behavior
was also observed for the related binuclear [Ni'™{-O}],
complexes formed by hydrotris(pyrazolyl)borate ligand
(Tp_)76 and for some bromo-derivatives with a [Ni™(u-
Br)Ni"™"] binuclear core,”” where antiferromagnetically coupled
low-spin Ni' centers have been invoked to justify their EPR-
silent nature. The absence of an EPR signal related to the
paramagnetic complex (P"PCN)NiF, (8, Scheme 4) is justified
by invoking its very low concentration in solution. In fact,
previous literature studies on related Ni'™F, complexes showed
that they rapidly undergo F~ loss from the metal coordination
sphere.”””® In the case of the paramagnetic intermediate 8, a
fast regeneration of the square planar Ni'"'F radical cation (5)
is thought to occur, “quenching” the paramagnetic signal
through dimerization to the EPR-silent 7.

3. CONCLUSIONS

The unsymmetrical (PCN) pincer halides (*"PCN)NiX have
been prepared and thoroughly characterized, both in solution
and in the solid state. The high nucleophilicity of the fluoride
ligand in (*"PCN)NiF leads to halogen bonding with the
electrophilic iodine atom in IPFB. The thermodynamic data on
halogen bonding are inferred from the titration of ("""PCN)-
NiF with IPFB at different temperatures. The halogen-bonding
capability is weaker than that of the symmetrical analogue
("P"PCP)NGF, and it is featured by a positive AS° value because
of higher degree of aggregation in solution (presence of
adducts with water molecules). The different behavior of
("*PCN)NGF with respect to the other halides of the family is
also observed during its electrochemical oxidation: three
distinct anodic peaks are recorded on the CV curve and no
halogen loss takes place after oxidation, at odds with what is
observed for the other scrutinized complexes. The pyrazole
sidearm in the ligand backbone with its acidic protons switches
on hydrogen-bonding interactions with other neighboring
molecules. These weak interactions [that are not present in the
bis(phosphine) ("PCP)NiX analogues] are at the origin of
the observed phenomena.

Scheme 4. Proposed Pathways for the Electrochemical Oxidation of Complexes 1 and 4

dimerization

4 .
0 ('Bu),R ? (Bu)R o e
N—N 2 \ N—N
\ 3+ F>Ni3+ F\Ni3+ . \ 3+
R N—N | 7 N Ni\
P(Bu, U > (>3 P(Bu),
@ (®) (9,9=2.188)

“The different colors used for the fluoride and iodide complexes matches those of the corresponding CV and EPR plots in Figures 8 and 9.
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4. EXPERIMENTAL SECTION

4.1. Materials and Methods. All reactions were
performed using standard Schlenk procedures under a dry
nitrogen atmosphere. The ®"PCN(H) ligand®” and ("PCP)-
NiF [®"PCP 2,6-C4H;(CH,P'Bu,),]*® were prepared
according to the published procedures. Commercial reagents
[anhydrous NiX, (X = Cl, Br, or I), TIF, NEt;, and C4FI]
were purchased from Aldrich and used as received, without
further purification. Methanol and toluene were purified by
standard distillation techniques. Dimethylformamide (DMF)
was dried with calcium hydride and purified by distillation. The
electrolyte, (NBu,)BF,, was dried by melting in vacuum and
stored under nitrogen. CD,Cl, and THF-dg (Aldrich) were
stored over 4 A molecular sieves and degassed by three freeze—
pump—thaw cycles before use. NMR spectra were recorded on
Bruker AVANCE 400 and 300 spectrometers or on a JEOL
ECP 400 FT-NMR spectrometer. '"H and *C{'H} chemical
shifts are reported in parts per million (ppm) downfield of
tetramethylsilane and were calibrated against the residual
resonance of the deuterated solvent, whereas 3'P{'H} chemical
shifts were referenced to 85% H;PO, with downfield shift
taken as positive. '"F chemical shifts were referenced to
external CFCl; at 6 = 0. The temperature of the 7probe was
calibrated according to published procedures.”” Fourier
transform infrared (FTIR) spectra in the solid state (KBr
pellets) were recorded on a PerkinElmer Spectrum BX series
FTIR spectrometer in the 4000—400 cm ™' range with a 2 cm™
resolution. Elemental analyses were carried out by means of a
Carlo Erba model 1106 elemental analyzer with an accepted
tolerance of 0.4 units on C, H, and N.

4.1.1. Synthesis of (B“PCN)NiF (1).

9
10/,8
N—N

4 5
X
2 1 P15 18
ENS
12
1
;5 147°

TIF (0.423 g, 1.9 mmol) was added to a solution of
(P"PCN)NICI (2, 0.150 g, 0.38 mmol) in dry and degassed
MeOH (100 mL). The reaction mixture was then stirred under
reflux for 24 h. After cooling, the supernatant was filtered off,
and the solvent was removed under vacuum. The yellow
residue was then extracted with toluene (3 X 20 mL), and the
solvent collected was concentrated in vacuo to afford the
product as a yellow solid (0.122 g, yield 85%). NMR spectra in
CD,Cl, are reported in the Supporting Information (Figures
§9—S11). Crystals suitable for X-ray diffraction in the form of
yellow needles were obtained from slow evaporation of a THF

solution of the complex at room temperature.

'"H NMR (300 MHz, CD,Cl,, 293 K): § 1.49 (d, *Jpy; = 13.4
Hz, 18H, P—C(CH,),, H'?>!13%161718) '3 10 (d, %],y = 8.6 Hz,
2H, Ar-CH,—P, H’), 6.42 (m, 1H, CH, H°), 6.81—-6.76 (2H,
CH Ar, H**), 6.95 (m, 1H, CH Ar, H?®), 7.58 (m, 1H, CH,
H®), 7.85 (m, 1H, CH, H'). BC{'H} NMR (75 MHz,
CD,CL, 293 K): § 29.1 (d, YJpe = 3.2 Hz, P—C(CH,),,
CI2I3IBI61718) 133 9 (d, Jpe = 33.2 Hz, Ar-CH,—P, C7), 34.5
(d, Yoc = 13.5 Hz, P—-C(CH,);, C'"*®), 107.4 (C%), 108.3
(CY, 122.0 (d, 3Jpc = 162 Hz, C?), 124.6 (C'), 125.7 (C3),
138.5 (C®), 139.6 (C%), 145.3 (d, C"), 152.1 (d, *Jpc = 162
Hz, C%). 3'P{'H} NMR (121 MHz, CD,Cl,, 293 K): 6 86.1 (d,

17
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2Jor = 128.8 Hz). YF NMR (376 MHz, THE-d,, 293 K): §
—374.2. IR (KBr, cm™): 501 [v(Ni—F)]. Anal. Calcd (%) for
C,sH,FN,NiP (379.08): C, 57.03; H, 6.91; N, 7.39. Found:
C, 57.23; H, 7.02; N, 7.45.

4.1.2. Synthesis of (B“PCN)NiCI (2).

9
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NEt; (0.104 mL, 0.7S mmol) and anhydrous NiCl, (0.161 g,
0.98 mmol) were added to a solution of PCN (0.150 g, 0.49
mmol) in dry and degassed toluene (SO0 mL). The reaction
mixture was then stirred under reflux for 24 h. After cooling,
the solution was filtered on cotton to remove the formed
(NEt;H)Cl precipitate and concentrated in vacuo to afford a
yellow solid that was washed with pentane and dried in vacuo
(0.186 g, yield 96%). NMR spectra in CD,Cl, are reported in
the Supporting Information (Figures S12—S14). Crystals
suitable for X-ray diffraction in the form of yellow prisms
were obtained from slow evaporation of a THF/EtOH solution
of the complex at 273 K.

'"H NMR (400 MHz, CD,Cl,, 293 K): 6 1.48 (d, *Jpy; = 13.4
Hz, 18H, P—C(CH,),, H'»!3%161718) /350 (d, %],y = 8.8 Hz,
2H, Ar-CH,—P, H’), 6.41 (m, 1H, CH, H°), 6.86 (d, *Jgy =
7.4 Hz, 2H, CH Ar, H**), 7.02 (t, *Jgy = 7.4 Hz, 1H, CH Ar,
H3), 7.89-7.86 (2H, CH, H*'?). 3C{'"H} NMR (100 MHz,
CD,Cl,, 293 K): 6 29.4 (br s, P=C(CHj,);, C'>!3141617.18)
34.6 (d, YJpc = 32.4 Hz, Ar-CH,—P, C7), 35.0 (d, YJpc = 14.4
Hz, P—C(CH,;),, C'**),107.5 (C%), 108.3 (C*), 122.0 (d, ¥Jpc
= 16.2 Hz, C%), 125.1 (C"), 125.7 (C?), 139.5 (C?®), 144.8
(C%), 145.5 (d, ¥Jpc = 29.9 Hz, CY), 151.5 (d, *Jpc = 16.5 Hz,
C%. 3P{'H} NMR (161 MHz, CD,Cl, 293 K): 6 87.3 (s).
Anal. Calcd (%) for CgH,,CIN,NiP (395.53): C, 54.66; H,
6.63; N, 7.08. Found: C, 54.72; H, 6.70; N, 7.10.

4.1.3. Synthesis of (B“PCN)NiBr (3).
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NEt; (0.103 mL, 0.74 mmol) and anhydrous NiBr, (0.161 g,
0.74 mmol) were added to a solution of PCN (0.150 g, 0.49
mmol) in dry and degassed toluene (SO mL). The reaction
mixture was then stirred under reflux for 24 h. After cooling,
the solution was filtered on cotton to remove the formed
(NEt;H)Br precipitate and concentrated in vacuo to afford a
yellow solid that was washed with pentane (0.210 g, yield
98%). NMR spectra in CD,Cl, are reported in the Supporting
Information (Figures S15—S17). Crystals suitable for X-ray
diffraction in the form of yellow prisms were obtained from
slow evaporation of a THF/EtOH solution of the complex at

room temperature.
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'"H NMR (300 MHz, CD,Cl,, 293 K): § 1.52 (d, *Jp; = 13.4
Hz, 18H, P—C(CHj),, H'2!314161718) '3 55 (d, 2],y = 8.8 Hz,
2H, Ar-CH,—-P, H’), 6.41 (m, 1H, CH, H°), 6.86—6.92 (2H,
CH Ar, H**), 7.05 (m, 1H, CH Ar, H?), 7.90 (m, 1H, CH,
H"), 8.13 (m, 1H, CH, H®). “C{'H} NMR (75 MHyz,
CD,ClL, 293 K): 6 29.6 (d, *Jpc = 2.2 Hz, P—C(CH,),,
C12B3I41617.18) 35 1 (d, YJpe = 32.2 Hz, Ar-CH,—P, C7), 35.3
(d, Ypoc = 14.6 Hz, P-C(CH,;);, C'"*%), 107.8 (C%), 108.4
(CY, 122.1 (4, *Jpc = 16.3 Hz, C?), 125.3 (C'9), 125.9 (C?),
141.1 (C?), 144.8 (C%), 147.0 (d, ¥Jpc = 29.5 Hz, C'), 151.4
(d, 3Jpc = 16.1 Hz, C°). 3'P{'H} NMR (121 MHz, CD,Cl,,
293 K): 6 88.7 (s). Anal. Caled (%) for C,;gH,(BrN,NiP
(439.98): C, 49.14; H, 5.96; N, 6.37. Found: C, 49.23; H, 6.03;
N, 6.39.

4.1.4. Synthesis of (B“PCN)Nil (4).
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NEt; (0.104 mL, 0.75 mmol) and anhydrous Nil, (0.235 g,
0.75 mmol) were added to a solution of PCN (0.150 g, 0.49
mmol) in dry and degassed toluene (S0 mL). The reaction
mixture was then stirred under reflux for 24 h. After cooling,
the solution was filtered on cotton to remove the formed
(NEt;H)I precipitate and concentrated in vacuo to afford a
yellow solid that was washed with pentane (0.220 g, yield
92%). NMR spectra in CD,Cl, are reported in the Supporting
Information (Figures S18—S20). Crystals suitable for X-ray
diffraction in the form of dark yellow prisms were obtained
from slow evaporation of a THF/EtOH solution of the
complex at room temperature.

'H NMR (300 MHz, CD,Cl,, 293 K): § 1.50 (d, *Jpy; = 13.4
Hz, 18H, P—C(CHj),, H'2!1314161718) '3 59 (d 2], = 8.8 Hz,
2H, Ar-CH,—P, H’), 6.37 (m, 1H, CH, H®), 6.86 (d, *Juy =
7.6 Hz, 1H, CH Ar, H*), 6.93 (d, *f4; = 7.4 Hz, 1H, CH Ar,
H?), 7.06 (m, 1H, CH Ar, H®), 7.92 (m, 1H, CH, H'?), 8.47
(m, 1H, CH, H®). ®C{*H} NMR (75 MHz, CD,Cl,, 293 K): §
29.9 (d, YJpc = 2.2 Hz, P—C(CH,),, C'>!3141617.18) '35 4 (d,
Toc = 14.7 Hz, P—C(CHj;);, C'*%), 35.6 (d, 'Jpc = 32.1 Hz,
Ar-CH,—P, C7), 108.2 (C?), 108.5 (C*), 122.0 (d, *Jpc = 16.1
Hz, C?), 125.7 (C'), 125.9 (C3), 144.3 (C®), 144.5 (C®),
149.7 (4, Ypc = 28.5 Hz, C'), 150.9 (d, 3Jpc = 16.1 Hz, C°).
SIp{'H} NMR (121 MHz, CD,Cl,, 293 K): 6 91.7 (s). Anal.
Caled (%) for C,H,4IN,NiP (486.98): C, 44.39; H, 5.38; N,
5.75. Found: C, 44.50; H, 5.42; N, 5.81.

4.2. Crystal Data Collection. Single-crystal X-ray data for
1—4 were collected at low temperature (T = 100 or 150 K) on
Oxford Diffraction XcaliburPX diffractometers equipped with a
charge-coupled device area detector using Cu Ka (4 = 1.5418
A) or Mo Ka (A = 0.7107 A) radiation. The program used for
the data collection was CrysAlis CCD 1.171.°° Data reduction
was carried out with the program CrysAlis RED 1.171,*" and
the absorption correction was applied with the program
ABSPACK 1.17. Direct methods implemented in Sir97"* were
used to solve the structures, and the refinements were
performed by full-matrix least-squares against F* implemented
in SHELX2014.*> All non-hydrogen atoms were refined
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anisotropically, whereas the hydrogen atoms were fixed in
calculated positions and refined isotropically with the thermal
factor depending on one of the atoms to which they are bound.
The H atoms on the water molecule in the structure of 1
[H(100) and H(101), Figure 2] were located in the residual
electron density maps and refined isotropically against O(1).
The geometrical calculations were performed by PARST97,**
and molecular plots were produced by the program
ORTEP3.*> CCDC 1868355 (1), 1868356 (2), 1868357
(3), and 1868358 (4) contain the supplementary crystallo-
graphic data for this paper.

4.3. F VT-NMR Study of the Halogen Bonding
Between 1/(“PCP)NiF and IPFB. The equilibrium con-
stants for 1 and ("PCP)NiF were determined through "F
NMR. The chemical shift of the fluoride ligand coordinated to
nickel was followed in a series of titrations with IPFB at various
temperatures (T = 233, 253, 273, 293, and 313 K). Solutions
of 1 and (*"PCP)NiF (1.00 X 107> M) were prepared by
dissolving the related complex in THF-dg. Such solutions
(0.600 mL) were titrated by subsequent additions of neat IPFB
in quantities ranging from 0.4 uL up to 16.0 uL. The volume of
the solutions was assumed to be the sum of the volumes of the
components. For each spectrum, the temperature of the
samples was left to equilibrate inside the probe at least for 10
min before the spectrum acquisition. For the Job plots, 1.00 X
1072 M stock solutions of IPFB, 1, and (®*PCP)NiF in THEF-
dg were prepared. NMR tubes were prepared with measured
aliquots of each solution so that the total volume in the tube
was 0.600 mL.

4.4. Electrochemical and EPR Measurements on 1-4.
Cyclic voltammograms were recorded with a GC electrode
(working surface 3.14 cm?) in a thermostatically controlled (T
=293 K) three-electrode electrochemical cell under N, in the
presence of (NBu,)BF, (0.1 M). A silver electrode Ag/AgNO;
(0.01 mol-L™" solution in CH;CN) was used as a reference
electrode, and a platinum wire served as an auxiliary electrode.
Curves were recorded at a constant potential scan rate of 50
mV-s™' using an E14-440 analog-to-digital converter and a
potentiostat/galvanostat PI-50-1. The EPR measurements
were performed with a Bruker EMX spectrometer operational
in the X-band.

4.5. Computational Methods. All calculations were
performed by the Gaussian 09 (G09) program package™
employing the density functional theory method®” with a PBEO
functional.™® The LanL2DZ effective core potential and the
related basis set®® was used for the nickel atom, and the 6-
31G** basis set’” was used for all the other atoms. Geometry
optimizations were carried out without any symmetry
constraints. The nature of all stationary points was verified
by using harmonic vibrational frequency calculations. No
imaginary frequencies were found, thus indicating that we had
located the minima on the potential energy surfaces. EPSs are
shown in space as well as mapped on electron density (isovalue
0.001) of the molecules.
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Table S1. Selected bond distances (A) and angles (°) for complexes 1-4. See Figure 1 in the main text for

atom numbering. X =F, Cl, Br, L.

1-H,O 2 3 4
Ni(1)-X(1) 1.8724(16) 2.2322(16) 2.3627(13) 2.559(2)
Ni(1)-P(1) 2.1436(10) 2.1677(15) 2.1658(17) 2.175(3)
Ni(1)-N(1) 1.903(2) 1.919(4) 1.924(5) 1.923(9)
Ni(1)-C(1) 1.856(3) 1.885(5) 1.880(6) 1.877(10)
N(1)-N(2) 1.372(3) 1.361(5) 1.358(7) 1.390(12)
X(1)-Ni(1)-N(1) 92.44(8) 92.94(13) 92.86(15) 93.2(2)
X(1)-Ni(1)-P(1) 100.33(6) 101.45(6) 101.45(6) 101.62(10)
C(1)-Ni(1)-N(1) 83.60(11) 82.76(19) 82.6(2) 83.2(4)
C(1)-Ni(1)-P(1) 83.63(9) 83.24(15) 83.62(19) 82.8(3)
N(1)-Ni(1)-P(1) 166.98(7) 164.62(13) 164.41(16) 163.6(3)
C(1)-Ni(1)-X(1) 176.05(10) 174.18(15) 173.48(18) 172.7(3)
a) c)
b) d)
S
a5 950 355 960 965 970 O75 080 365 15 a0 a5 330 335 o40 345 350 355
ppm ppm

Figure S1. Plots of the fluoride region of the °F NMR spectra of (B“PCP)NiF (left) and 1 (right) at 233
K with increasing equivalents of IPFB in THF-dj. (a) pure (B"PCP)NiF; (b) (B*PCP)NiF with an excess
of IPFB; (c) pure 1; (d) 1 with an excess of IPFB.
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Figure S2. 2D DOSY NMR measurement of an equimolar solution of (B*PCP)NiF and 1 in DMF-d.
The horizontal axis represents chemical shifts, whereas the vertical axis diffusion coefficients; the
dark spots are the resonances of the solution components spread in the second dimension according
to their measured diffusion coefficient.
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Figure S3. CV curves of 4 [5:10° M] in the presence of increasing amounts of
tetrabutylammonium iodide (TBAI). The CV curves were recorded in the presence of
(NBuy)BF, [10! M] without IR compensation at the first scan at constant potential
scan rate 50 mV-s*! (GC working electrode, T = 293 K). Peak potentials are referred
to Ag/AgNO;, 0.01M in CH;CN reference electrode.
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Table S2. EPR data details.

Eos Line width of main g-factor of the main Line width of g-factor of
signal signal the second the second
signal signal
F 1,5V 62 G 2.188 - -
Cl 0,8V 60 G 2.177 75 G 2.24
Br 0,8V 27G;31G;39G;48G 2.150 75 G 2.24
I 0,5V 62 G 2.188 - -

Comparison of experimental and simulated EPR spectra for complexes 1-4.
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Figure S8. Monitoring of the oxidation process of complex 3 [5-10-* M] using
in situ EPR spectro-electrochemistry in DMF in the presence of (NBuy)BF,
[10-! M]. On — current is on, Off — current is off. Time dependence plot.
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Figure S9. 'H-NMR spectrum (300 MHz, CD,Cl,, 298K) of 1.
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Figure S10. 3C{'H}-NMR spectrum (75 MHz, CD,Cl, 298K) of 1.
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Figure S11. 3'P{'H}-NMR spectrum (121 MHz, CD,Cl, 298K) of 1.
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Figure S12. '"H-NMR spectrum (400 MHz, CD,Cly, 298K) of 2.
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Figure S13. 3C{'H}-NMR spectrum (100 MHz, CD,Cl, 298K) of 2.
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Figure S14. 3'P{'H}-NMR spectrum (161 MHz, CD,Cl, 298K) of 2.
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Figure S15. '"H-NMR spectrum (300 MHz, CD,Cl,, 298K) of 3.
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Figure $16. *C{'H}-NMR spectrum (75 MHz, CD,Cl,, 298K) of 3.
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Figure S17. 3'P{'H}-NMR spectrum (121 MHz, CD,Cl, 298K) of 3.

S12



S ST 1 Ji \
® )‘_, ) | " | ||
£ B \%W gg : 8 8
[=] [=] (=] [=] ol —
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
(ppm)
Figure S18. 'H-NMR spectrum (300 MHz, CD,Cl,, 298K) of 4.
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Figure S19. 3C{'H}-NMR spectrum (75 MHz, CD,Cl, 298K) of 4.
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Figure S20. 3'P{'H}-NMR spectrum (121 MHz, CD,Cl, 298K) of 4.
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