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KAbstract: This contribution reports on a new family of Ni"
pincer complexes featuring phosphinite and functional imi-
dazolyl arms. The proligands "PIMC"OP® react at room tem-
perature with Ni' precursors to give the corresponding com-
plexes [(*PIMCOP®)NiBr]l, where "PIMCOP®=«"« k" -{2-
(R',P0),6-(R,PC;H,N,)C,H}, R=iPr, R'=iPr (3b, 84%) or Ph
(3¢, 45%). Selective N-methylation of the imidazole imine
moiety in 3b by MeOTf (OTf=0SO,CF;) gave the corre-
sponding  imidazoliophosphine  [(P"PIMIOCOP™)NiBr][OTf],
4b, in 89% yield ("PIMIOCOP™ ="« k" -{2-(iPr,PO),6-
(iPr,PC4HsN,)CgHs)). Treating 4b with NaOEt led to the NHC
derivative [(NHCCOP™)NiBr], 5b, in 47% yield (NHCCOP™ =
K"Kk {2-(iPr,P0O),6-(C,HsN,)CH3). The bromo  derivatives

o

3-5 were then treated with AgOTf in acetonitrile to give the\
corresponding cationic species [(*PIMCOP®)Ni(MeCN)][OTf]
[R=Ph, 6a (89%) or iPr, 6b (90%)], [*PIMIOCOP®)Ni(MeCN)]
[OTfl, [R=Ph, 7a (79%) or iPr, 7b (88%)], and
[(NHCCOP®)Ni(MeCN)][OTf] [R=Ph, 8a (85%) or iPr, 8b
(84%)]. All new complexes have been characterized by NMR
and IR spectroscopy, whereas 3b, 3¢, 5b, 6b, and 8a were
also subjected to X-ray diffraction studies. The acetonitrile
adducts 6-8 were further studied by using various theoreti-
cal analysis tools. In the presence of excess nitrile and
amine, the cationic acetonitrile adducts 6-8 catalyze hydroa-
mination of nitriles to give unsymmetrical amidines with cat-
alytic turnover numbers of up to 95. D

Introduction

Pincer ligands are considered as privileged platforms for devel-
oping practical applications in homogeneous catalysis and
functional materials, as well as for exploring fundamental
bonding and reactivity patterns.” Since their introduction
nearly 40 years ago,” research has shown that pincer ligands
featuring varying donor moieties, backbones, and metallacycle
sizes often lead to unusual bonding/structural features and
unique reactivities.® An important factor that has accelerated
the growth of pincer chemistry is the ease with which the
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k®ligand architecture, conformation, and steric/electronic
properties can be altered to generate a multitude of chemical
entities possessing different physical and chemical properties.
As the central carbyl moiety of ECE pincer ligands is strongly
o-electron donating, particular efforts have been devoted to
the study of “balanced” pincers with electron-withdrawing “co-
ordinating jaws”, like phosph(in)ite moieties. The objective is
to design new, unsymmetrical pincer ligands by judicious com-
binations of charge-neutral donor moieties, represented by E,
and positively charged jaws such as imidazoliophosphine moi-
eties, also regarded as acceptor-donor adducts of phospheni-
ums with N-heterocyclic carbenes (NHCs), [(NHC)R,P:]". Our in-
terests in the coordination chemistry of bi- or tridentate® Ii-
gands featuring imidazoliophosphine units,” and in the orga-
nonickel chemistry of pincer complexes (Figure 1; e.g., NCN,”!
PCP® POCOP® POCN")™ |ed us to collaborate on the devel-
opment of a family of unsymmetrical ECE’-type pincer ligands
incorporating [(NHC)R,P:]" and related coordination moieties.
In a previous report, we communicated the initial fruits of
our collaborative effort, namely an unprecedented family of Ni"
pincer complexes featuring a meta-phenylene backbone
flanked by donor moieties that were either electron-poor
(phosphinites, imidazolyl- and imidazoliophosphines) or elec-
tron-rich (NHCs), and generated metallacycles of different sizes
(5,5 and 5,6)."™ The present contribution reports on the results

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Various types of Ni" pincer complex.
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Results and Discussion

Syntheses

The title complexes were prepared as outlined in the synthetic
sequence shown in Scheme 1. The "PIMC"OP? proligands 2b
and 2c were prepared similarly to their previously reported Ph
analogue ""PIMCMOP™, 2a,"? by adding two equivalents of
chlorophosphines to the doubly deprotonated 3-hydroxyphe-
nylimidazole 1."¥ Thus, PPIMC"OP™ 2b was obtained in 70%
yield by using 2 equivalents of iPr,PCl, whereas sequential ad-
dition of iPr,PCI and Ph,PCl (1 equivalent each) gave the
“mixed” PPIMC"OP™ proligand 2c in 72% yield. Formation of
the latter confirmed the anticipated greater nucleophilicity of
the lithiated carbon atom of the imidazole ring, which was
phosphinylated first. The [(PIMCOP)NiBr] complexes 3b and
c were then obtained by direct nickelation of the central C—H
bond when the PIMCOP proligands 2b and c were treated at
RT with a slight excess of [Br,Ni(iPrCN)],"® in the presence of
NEt3.[16]

on PIMCOP-, PIMIOCOP-, and Q 1)2.0 Buli

NHCCOP-Ni species (Figure 1). HO N, -8 °C. THF 2a:R=R=Ph
The original synthetic methodol- L\N 2) 1.0 CIPR, 2¢: R = iPr, R' = Ph
ogy has been used to prepare 1 3) 1.0 CIPR',

new examples of "PIMCOP® pro-
ligands (R=iPr; R"=Ph, iPr) and
new [(pincer)NiBr] complexes
bearing PIMCOP, PIMIOCOP, and
NHCCOP ligands. The related
mono- and dicationic acetonitrile
adducts  [(*PIMCOP®)Ni(NCMe)]
[(OTH], [(PIMIOCOP®)Ni(NCMe)]
[(OTH], and
[(NHCCOP®)Ni(NCMe)][(OTf)]
have also been prepared and
characterized. It was anticipated
that the cationic character of the
latter complexes would enhance
the electrophilicity of the nickel
center. To test this contention,
the C=N stretching frequency,
v(C=N), and redox potentials, £,
of these cationic species were
measured to evaluate their apti-
tude for promoting nucleophilic
hydroamination of coordinated
nitriles," allowing the develop-
ment of a new catalytic route to
a variety of amidines. Finally, the experimental studies were
complemented by extensive theoretical analyses to improve
our understanding of the bonding and reactivities in these
complexes.

o

PR' 4>f\|ll =N
Br R2

3a: R=R'=Ph

3b: R=R'=jPr
3c:R=iPr,R'=Ph

AgOTf l CH3CN
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Scheme 1. Synthesis of neutral and cationic PIMCOP-derived Ni' pincer complexes.

Similarly to the synthesis of its previously reported Ph ana-
logue 4a,"? the complex [(PPIMIOCOP™)NiBr], 4b, was pre-
pared in 89% yield by N-methylation of [(""PIMCOP™)NiBr], 3b,
with MeOTf (Scheme 1). Subsequent treatment of 4b with
a stoichiometric amount of NaOEt gave [(NHCCOP™)NiBr], 5b,
in 47 % vyield. A similar reactivity of the Ph analogue 4a has

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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been observed with a weaker nucleophile ([Et,N][CI]), giving
[(NHCCOP™)NiX] (X=Cl, Br) 5a."% Finally, all of the bromo de-
rivatives were converted into their corresponding cationic ace-
tonitrile analogues by reaction with a slight excess of AgOTf in
acetonitrile (Scheme 1).1"7

0" o1 N
Formation of the NHCCOP derivatives 5 is thought to arise RP—Ni_ =N R'2l5——Ni<?7<( ]
from the attack of a nucleophile (e.g., EtO™) on the phospheni- Pt ||3r E:m 1 I|3r /N
um center [R,P:]" in the PIMIOCOP complexes 4 (see the can-
onical forms shown in Scheme 2)."® The relative reactivities of 3a: R= R'= Ph 5a: R' = Ph
4a and 4b were investigated through NMR spectroscopy, 3b: R=R'=iPr 5b: R' = iPr
3c: R=iPr,R'=Ph

whereby 1 equivalent each of 4a and 4b was allowed to com-
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Table 1. Selected bond lengths (A) and bond angles (°) for complexes
3a-¢c, and 5a-b.

Ay

pete for 1 equivalent of NaOEt (Scheme 2). The *'P and 'H NMR Ni=C11 Ni-Br Ni=P11 - Ni=P12 P11-Ni-P12 - C11-Ni-Br

. . . . Ni—C1 Ni—P1 Ni—C7 P1-Ni-C7 C1-Ni-Br
spectra (Figures ST and S2 in Supporting Information) of the

2]
mixture recorded after heating at 50°C for one hour indicated :ab B::g; i;iﬁg; ;Bi;g 5.122(22(;) zgzgg; 1;2'228
_ .2 _ . : . - i .

that 4a [0p=+11.1 (d), +147.0 ppm (d); JPP)=367Hz] was | 3 194305 »3404(5) 21383(7) 21985(7) 175903) 169.54(3)
totally converted into 5a [0p= +144.9 ppm (s)] while 4b re- | 5202 187502 23521(3) 2.1451(5) 1.946(2) 161.21(6)  174.82(6)
mained unreacted [0p= +32.6 (d), +184.8 ppm (d); Z(PP)= |5b  1.8702) 23464(3) 21478(5) 1951(2) 16231(6)  173.14(6)
309 Hz] " The greater reactivity of [(""PIMIOCOP™)NiBr] 4a rel-
ative to its iPr analogue 4b is in agreement with the higher
electrophilicity of [Ph,P:"] vs. [iPr,P:*]. Table 1, and Tables S1 and S2 in Supporting Information);*”

Solid-state structural studies

Single crystal X-ray diffraction studies allowed us to establish
the solid-state structures of the [(PPIMCOP®)NiBr] complexes
3b and 3¢, and of the [[NHCCOP™)NiBr] complex 5b (Figure 2,

these structures can be compared to those of their previously
reported all-Ph analogues 3a and 5a, respectively.'”

The Ni atom in the PIMCOP complexes is located at the
center of a somewhat distorted square-planar environment,
with the two P atoms occupying mutually trans positions
(Figure 2, left and middle). This family of complexes features 5-

e e

PhoP—Ni o C-N == PhP—Ni_ )“\*N + (/Pr)zP—>N| <—> (i-Pr),P—=Ni C-N
| P/ \ l‘3 P B \ |\g/ N\
Br Ph r Phy r (IPI’)2 r (iPr),
4a 4b
1.0 NaOEt | -NaOTf
9 N
PhZP—>I\|li<—C\ ] + 4b
Br /N
5a

Scheme 2. Relative reactivities of [(*PIMIOCOP®)NiBr][OTf] 4a and 4 b towards NaOEt.

Figure 2. Molecular views of the X-ray crystal structures of charge neutral Ni' pincer complexes 3b (left), 3¢ (middle), and 5b (right). Thermal ellipsoids are
drawn at the 50% probability level and H atoms have been omitted for clarity.
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and 6-membered fused metallacycles and bite angles (P11-Ni-
P12) that are much greater than in their POCOP analogues fea-
turing two fused 5-membered metallacycles (ca. 170-176° vs.
164°).2" The bite angles in [(*PIMCOP®)NiBr] are also influenced
by the P-substituents, being roughly 6-7° wider in the struc-
tures of 3b and 3¢ bearing the bulkier iPr,P moieties. Steric
factors appear to have less influence over bond lengths, but
the Ni—P distances in 3a and 3b (R=R": 2.132-2.134 and
2.168-2.169 A) are significantly shorter than those in 3¢ (R#R":
2.138 and 2.199 A).

A distorted square-planar geometry is also adopted by the
[(NHCCOP®)NiBr] complexes 5a and b, and minimal structural
variations result from the different P-substituents. The small
bite angles (ca. 161-162°) can be attributed to the metallacycle
size (5,5) and correlated with the shorter N1-C7 bonds in 5a
and 5b relative to the O—P bonds in the analogous POCOP
complexes.”? The Ni—P1 distances in 5a and 5b (av. 2.147 A)
are longer than those in 3a and 3c¢ (av.2.133 A) but remain
comparable to the corresponding distance in a typical POCOP
structure (2.148 A)."*?? These observations establish the fol-
lowing order of trans influence: ArOP(iPr),~NHC > 2-imidazol-
yl-PPh,. The Ni—CN, distances of approximately 1.95A in 5a
and 5b are longer than the corresponding distances of ap-
proximately 1.90-1.92 A found in previously reported Ni-NHC
complexes.” Finally, the central Ni—C1 bond lengths are much
shorter in the 5,5-complexes 5a and 5b than in the 5,6-com-
plexes 3a-c (1.87 vs. 1.94 A).

The crystal structures of the cationic complexes 6b and 8a
(Figure 3) also revealed a somewhat distorted square-planar
geometry around the Ni center. The above-noted smaller bite
angle P1-Ni-C7 and shorter Ni—C1 bond in NHCCOP complexes
are confirmed here. Likewise, the Ni—P1 bond lengths in 6b
(ca. 2.157 A) and 8a (ca. 2.166 A) reflect the superior trans in-
fluence of the NHC moiety, even though the PR, moieties
being compared are different. A greater deviation from the
ideally linear Ni-NCMe coordination mode is found in 6b than
in 8a: C1-Ni-N~169° vs. 178°; Ni-N-C~172° vs. 177°. This de-
viation is likely caused by the steric demand of the inserted
iPr,P moiety in 6 b.

Characterization of the proligands and complexes by NMR
spectroscopy

The most characteristic NMR features of the "PIMCOP® proli-
gands 2b and 2c consist of the pair of singlet *'P resonances
for the phosphinite and imidazolophosphine moieties, as well
as the C signals for the central C nuclei that are flanked by
these moieties [0~ 118-119 ppm (dd); *J(C,P) ~7-8 Hz, *J(C,P)
~3-5 Hz].'"? Upon nickelation, a dramatic >'P downfield shift
occurs, giving rise to doublets of doublets with 2J(P,P))>
300 Hz, as anticipated for the two inequivalent and mutually
trans P nuclei.”” The *C resonances for the reacting carbon
nucleus also moved downfield and turned into pseudo-triplets
[0c~ 125 ppm; 2(C,P) ~2J(C,P)~22 Hz].

Conversion of the PIMCOP complexes 3a,b and PIMIOCOP
complexes 4a,b into their respective cationic acetonitrile ad-
ducts 6a,b and 7a,b has a relatively minor impact on the NMR

Chem. Eur. J. 2015, 21, 17403 - 17414 www.chemeurj.org
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Figure 3. Molecular views of 6b (top) and 8a (bottom). Thermal ellipsoids
are drawn at the 50% probability level and the H atoms and the triflate
anion have been omitted for clarity. Selected bond lengths (&) and bond
angles (°) for 6 b: Ni—C1 1.944(2), Ni—N 1.882(2), Ni—P1 2.1572(5), Ni—P2
2.2005(5); P1-Ni-P2 175.70(2), C1-Ni-N 168.92(7), Ni-N-C 172.48(15). Selected
bond lengths (A) and bond angles (°) for 8a: Ni—C1 1.876(4), Ni-N 1.888(4),
Ni—P1 2.166(2), Ni—C7 1.943(5); P1-Ni-C7 161.0(2), C1-Ni-N 177.5(2), Ni-N-C
177.3(4).

features, whereas the extent of 0, deshielding upon N-meth-
ylation depends on the P-substituents (by ca. 8 ppm for 3a—
4a vs. 21 ppm for 3b—4b). The N*—CH, substituent of the
[(PIMIOCOP)NiX] complexes gives a single 'H NMR resonance
at oy~ +3.2 ppm. Finally, the NHCCOP complexes 5a,b and
8ab display characteristic *C NMR carbene signals at dc
~172-175 ppm [d; *J(C,P)~90-110 Hz].

IR spectroscopy, cyclic voltammetry, and theoretical studies

In an effort to estimate the electronic density of the Ni center
in the title complexes, the oxidation potentials £ and IR (=N
stretching frequencies v(C=N) were measured. Wide-scope
computational studies at the density functional theory (DFT)
level were also performed on the cationic acetonitrile adducts
6ab, 7ab, 8ab, and their previously reported POCOP ana-
logues 9a,b (Figure 4)."*?? The results that are most pertinent
to the present discussion are presented sequentially in the fol-
lowing sections and some of the computational results (includ-
ing geometry optimization studies, Figures S3-S10 and Ta-
bles S3-S8) are provided in the Supporting Information.

Measured and calculated v(C=N): IR stretching frequencies
v(C=N) of coordinated acetonitrile molecules are a priori ex-
pected to reflect the overall donor character (o-donating vs. -
accepting properties) of coligands. It was indeed reported that
the (a priori nonbonding) lone pair of a nitrile, which is strong-
ly polarized on the nitrogen lone pair, could actually exhibit
some antibonding character. Therefore, v(C=N) values are ex-
pected to increase upon o-donation from the coordinated ace-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Cationic acetonitrile adducts analyzed by DFT studies.

tonitrile to the nickel center in the pincer complexes under
study.”>?? Indeed, an increase of 31-46 cm~' was observed for
the v(C=N) values within the pincer series (Table 2).

We found that calculated and experimental v(C=N) values
are comparable, with a shift of 100-120cm™ at the PCM-
B3PW91/6-31G** level. In particular, complexes of pincer li-
gands bearing Ph,P moieties (6a, 7a, 8a) exhibit higher v(C=
N) values than their iPr,P analogues (6b, 7b, 8b), an observa-
tion that could be anticipated from the greater electron-donat-
ing character of the iPr substituents, the same trend having
been observed for the previously reported complexes [(PO-
COP)Ni(NCMe)][OTf]."*7424 However, the IR data do not corre-
late with the relative overall electron-donating character of the
pincer ligand, as established previously on the basis of electro-
chemical measurements (NHCCOP > PIMCOP ~ POCOP > PIMIO-
COP)." For example, both DFT calculations and experimental
measurements showed that the v(C=N) value is lower in the
PIMCOP adduct 6b than in the NHCCOP adduct 8b (2284 vs.
2296 cm™ '), whereas the opposite order is a priori expected.
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An increase of the ¥(C=N) resulting from o-donation of ace-
tonitrile to the nickel center would normally imply a bond
order increase or a shortening of the C=N bond. However, the
calculated C=N bond length remains close to 1.158 A over the
entire series of the pincer complexes depicted in Figure 4 (see
the Supporting Information, Table S6). Similarly, a constant (=
N bond order of about 2.2 is found over the entire series by
electron localization function (ELF) topological analysis (see
below and Table S7 in the Supporting Information). The »(C=N)
values of Table 2 might, therefore, be probing the local electro-
static environment of the CN moiety rather than the electron
density of the nickel center. Indeed, the vibrational frequency
of nitrile groups has been reported to be very sensitive to
their local environment, and nitriles have been used as IR
probes of biomolecular structures and dynamics.”” Finally, the
v(C=N) values of 6b and 7b might also be influenced by the
experimentally observed (Figure 3) and computationally con-
firmed (Table S6) deviation of the Ni-N-CCH; angle from 180°,
which would decrease the orbital overlap between the Ni
center and NCCH;.

For the purpose of comparison, a few calculations were per-
formed on theoretical complexes (in the Ph,P series) in which
the MeCN ligand was replaced by a CO ligand, which is cur-
rently used for assessing relative electron densities of metal
centers as a function of the overall electron-donating character
of coligands.”® The calculated ¥(C=0) values (Table 2) are con-
sistent with the electrochemical trend of E¥; they decrease
with the electron-richness of the nickel center. PPPIMIOCOP™ >
PPPIMCOP™ > P"POCOP™" > NHCCOP™ 2!

Molecular orbital (MO) analysis: The near-frontier MOs of
[(pincer)Ni(NCMe)]™ complexes (iPr,P series in Figure 4) are
shown in Figures S5-S8 (see the Supporting Information), and
their energy levels are presented in Figure 5. A selection of the
more pertinent frontier MOs are depicted in Figure 6 to facili-
tate the present discussion. Inspection of the MO shapes and
energies indicate that those of the POCOP and PIMCOP com-
plexes are similar in shape and quasi-degenerate, but signifi-
cant differences can be noted in the NHCCOP and PIMIOCOP
complexes. Consistent with the respective electron-richness of
the pincer ligand, the MO levels are shifted up to higher ener-

Table 2. Experimental and calculated IR data for acetonitrile adducts and selected CO adducts of cationic pincer Ni complexes.

L =MeCN; »(CN) [cm~"]®

L=CO; ¥(CO) [cm ]!

Complexes/L Exptl Av(CN)® Calcd Av(CN) Calcd
[P"PIMIOCOPPMNILI[OTf], 7a 2291 38 2408 30 2079
[(*"PIMIOCOP™)NIL][OTf], 7b 2284 31 2393 15
[*"PIMCOPPMNIL][OTf] 6a 2287 34 2407 29 2071
[(*"PIMCOP™)NIL][OTf] 6 b 2284 31 2395 17
[*"POCOPPMNIL][OTS] 92 2297 44 2403 25 2065
[(*"POCOP™)NIL][OTf] 9 b"'7"! 2292 39 2397 19
[(NHCCOPPMNIL][OTf] 8a 2299 46 2400 22 2062
[(NHCCOP™)NIL][OTf] 8b 2296 43 2397 19
MeCN 2253 0 2378 0

ducts; [c] v(C=N) difference between the complexes and free acetonitrile.

[a] PCM-B3PW91/6-31G** level of calculation used for MeCN adducts (acetonitrile solvent, ¢ =35.688); [b] PBE/6-31G** level of calculation used for CO ad-
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Figure 5. MO diagrams for the complexes in Figure 4 (iPr,P series). Main con-
tributions to the MOs are indicated; m-phen and NHC refer to the central
m-phenylene and the N-heterocyclic carbene moieties, respectively.
PCM-B3PW91/6-31G** level of calculation in the acetonitrile continuum
(6=35.688).

1

HOMO of 9b

LUMO of 6b LUMO of 7b LUMO of 8b

Figure 6. Representative frontier MOs of the complexes in Figure 4 (R=iPr).
PCM-B3PW91/6-31G** level of calculation in the acetonitrile continuum
(e=35.688).

gies in the NHCCOP complex, whereas the reverse is observed
in the PIMIOCOP complex. Also noteworthy is the changing
character of the LUMOs from m*,(CN) in the POCOP and
PIMCOP systems to m*(NHC) in the NHCCOP complex and to
w*(P—C) in the PIMIOCOP complex. In contrast, the nature of
the HOMO is fairly invariable along the series (Figures 5 and
6). The relative order of the HOMO—n is in line with the dis-
torted square-planar geometry of the nickel center. These MO
features will be valuable for the analysis of experimental cyclic
voltammetry (CV) and electrophilic reactivity results (see
below).

Electrochemical Measurements: Given that the oxidation po-
tential (E7") of a complex can reflect the electronic endowment
of its ligands, the title Ni" pincer complexes were investigated
by CV to establish the relative electron donation from various
pincer ligands. The ng values (Table 3) showed much variation
as a function of the pincer ligand: [(NHCCOP)NiBr] (ca.+
0.5 V) <[(PIMCOP)NiBr] (ca.+0.8 V) <[(PIMIOCOP)NiBr] (E)*~ +
1.0V). In the POCOP, PIMCOP, and PIMIOCOP series, passing
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Table 3. Oxidation potentials (vs. FeCp,) of Ni' pincer complexes.”
Complexes EX [mV] Reversibility
["PIMIOCOP™)Ni(NCMe)][OTf], 7 a 1220 quasi
[(""PIMIOCOP™)Ni(NCMe)I[OTf], 7b 1195 no
[(*"PIMIOCOP®")NiBF[OTf] 4a 1120 no
[("PIMIOCOP™)NiBr][OTf] 4b 1001 no
["PIMCOP™")Ni(NCMe)][OTf] 6a 1020 no
[(""PIMCOP™)Ni(NCMe)][OTf] 6 b 966 no
[(*"PIMCOP™)NiBr] 3a 820 no
[(*PIMCOP™)NiBr] 3b 862 no
[(P"PIMCOP"NiBr] 3¢ 834 no
[(NHCCOP™")Ni(NCMe)][OTf] 8a 530 no
[(NHCCOP™)Ni(NCMe)][OTf] 8b 618 no
[(NHCCOP™NiBr] 5a 500 quasi
[(NHCCOP™)NiBr] 5b 547 quasi
[a] The experiments were carried out at room temperature on solutions
prepared in dry CH,Cl, containing [nBu,N][PF] as electrolyte (0.1 m). For
complete details of the experimental set-up and conditions, see the Sup-
porting Information.
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from a charge-neutral bromo complex to the cationic acetoni-
trile derivative results in a significant increase of the E7* value
(by ca. 100-200 mV); by comparison, ionization has a more
muted impact on the oxidation potentials of the NHCCOP
complexes, which increased by 30 (5a/8a) and 71 mV (5b/8b).
The influence exerted on the E)* values by the relative donat-
ing characters of the P-substituents (Ph,P <iPr,P) varied by as
little as 25 mV (7a/7b) and as much as 119 mV (4a/4b). The
highest ng value was observed for the dicationic complexes
[(PIMIOCOP)Ni(NCMe)][OTf], (7ab; E*~ +1.2V), thus reflect-
ing the extreme electron deficiency of PIMIOCOP ligands.

The oxidation potentials of the complexes are correlated
with the character of the HOMOs, which involve mainly 7t orbi-
tals of the m-phenylene moiety, whereas the HOMO—n (n=1-
6) present a strong nickel d-orbital character. The relative
energy of these HOMOs is found in qualitative agreement with
the relative oxidation potentials of the complexes. Further-
more, the experimental oxidation potentials correlate linearly
with the energy of the particular HOMO—n with the highest
contribution of a Ni d,. orbital (see the Supporting Information,
Figure S9), thus corroborating the assumption that the ob-
served redox events are Ni-based, even in the case of irreversi-
ble oxidations.

Theoretical analysis of the reactivities of pincer-Ni com-
plexes

Although the oxidation properties of the complexes have been
correlated with the main features of their HOMOs, the electro-
philic reactivities should a priori be correlated with their
LUMOs, the features of which vary considerably with the
pincer ligand (Figures 5 and 6). In POCOP and PIMCOP com-
plexes where the major contribution to the LUMO is the wt* or-
bital of the nitrile moiety, interaction with nucleophiles is ex-
pected to weaken the C=N bond. In PIMIOCOP complexes in
which the main contribution to the LUMO involves the amidi-
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niophosphine m* orbital (Figure 6),*° interaction with nucleo-
philes is expected to weaken the P—C bond.

The chemical reactivity was first investigated by using ELF
and AIM (AIM=atoms in molecules) topological analyses and
Fukui functions. The results of these studies, including average
ELF populations and AIM atomic charges, are provided and de-
scribed in the Supporting Information (Figure S10). Altogether,
these results indicate that regions most susceptible to attack
by nucleophiles should be the acetonitrile C,, center in POCOP,
PIMCOP, and perhaps NHCCOP systems, whereas in PIMIOCOP-
based cations nucleophilic attack should occur at the P-CN,*
region.

Catalytic conversion of nitriles to amidines

As dinitrogen analogues of carboxylic acids and esters, ami-
dines exhibit particular biological activities and can be used
in the synthesis of functional heterocycles.*” Among many
possible routes to amidines,®” the most straightforward
strategy is the addition of an amine to a nitrile.*® Such addi-
tions can be promoted by stoichiometric amounts of Lewis
acids,® but in most cases such additions require harsh con-
ditions.® Alternatively, nitriles can be converted into ami-
dines in a catalytic fashion by using lanthanide(lll) ions.>®
For instance, Yb"-amide complexes have been shown to cat-
alyze the formation of amidines along with pyrimidine and
triazine byproducts.’*

In the course of previous studies on Michael-type hydroal-
koxylation and hydroamination of olefins catalyzed by cat-
jonic POCOP-Ni complexes (Scheme 3), path A),["7>243% it was
discovered that addition of morpholine to 4-cyanostyrene or
cinnamonitrile took place at the nitrile moiety, giving the ami-
dine products with catalytic turnover numbers (TONs) of 25 or
35, respectively (Scheme 3, paths B and C)."*¥ The same reac-
tivity was also evident with nitriles lacking an olefinic moiety,
as exemplified by the reaction of morpholine with [(POCOP)-
Ni(NCMe)1*, from which an acetamidine adduct was isolated
(Scheme 3, path D). A report by Arnold and co-workers also
showed that the addition of piperidine to acetonitrile is cata-
lyzed, at ambient temperature and with TON=~ 14, by the
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Access to the new set of electrophilic PIMCOP- and PIMIO-
COP-based pincer complexes 6 and 7 allowed us to screen
them for the catalytic hydroamination of nitriles. The bench-
mark reaction of piperidine with benzonitrile was thus studied
under the following conditions: equimolar quantities of piperi-
dine and benzonitrile, no solvent, 50°C, and 1 mol% of a cat-
ionic pincer complex (Table 4). For the sake of comparison, we
also screened the catalytic competence of the previously re-
ported cationic adduct [(""POCOP™)Ni(NCMe)]*, 9a.2* Control
experiments demonstrated that no hydroamination occurs in
the absence of a Ni precursor.

Table 4. Catalytic addition of piperidine to benzonitrile.”

n+
L Ph—C=N: { NH
l n [OTf]

Ni-N=—Me 1 PhJ\l\(j
neat, 50 °C, 67 h
L
1%
Entry Catalyst TON
1 7a 13
2 7b 30
3 6a 0
4 6b 8
5 [(""POCOP™Ni(NCMe)] * 9a 2

[a] TON values determined by GC-MS analysis of the final mixtures, using n-
C,,H,6 as internal standard.

The highest TON values obtained with the PIMIOCOP-based
precursors 7a and 7b were at first attributed to the increased
electrophilic character relative to the PIMCOP analogues 6a
and 6b (see above). Nevertheless, the very low TON obtained
with the P"POCOP™-based precursor 9a is at odds with our ex-
pectations of the greater electrophilicity of this diphosphinite
complex. Likewise, the higher catalytic activity observed with
complex 7b vs. 7a does not correlate with the greater electro-
philicity of the latter, which is both anticipated in view of its
less electron-donating P-substituents (Ph,P vs. iPr,P) and also

related dicationic “pincer-like” complex kNP~  revealed by the more positive oxidation potential of this spe-
{(iPr,PCH,CH,),NHINi(NCMe)][BF 1,." cies.

Optimal reaction conditions
were then sought for the hydro-
amination of benzonitrile with

excess /©\ excess the most competent precursor,

0 N 9 CY o 40°C complex 7b (Table 5). We first
NC/\/N\/ RZP_:I_PR2+ [Nj \/EJ)L L_o found that the TON values de-
TON up to 2000 H TON =25 clined significantly when the re-
action time was shortened from

/©\ 67 to 3 h, even when the tem-

® 9 /\K % o perature was raised from 50 to

R2P—N|—F’R2 excess N_J Ton=35 o tain-
Ph_~cN = T ?0 CtéTable 5, ent;y 1). Maclintaln

\\ o in is temperature and run-

C/N\J eoe ni:g the reac?cion over 21 h re-

Me sulted in much higher TON

Scheme 3. Hydroamination of nitriles promoted by [(POCOP)Ni(NCMe)] *. values (Table5, entry2 vs.
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Table 5. Conditions for the preparation of piperidinobenzamidine from
benzonitrile and piperidine using 7b as catalyst precursor.”

“10Tf H
N

OTf ph—c=N + Q NH
Ph

0y

(lPr)zP—>N| I\O
neat

N \ iPr Me 80 or 100 °C

W iPr 3or21h
L 7b Me
Entry Cat. loading T[° C] t [h] PhCN/piperidine Yield [%] TON

[mol %]

1 1 80 3 11 13 13
2 1 80 21 1:1 49 49
3 1 80 21 1:2 68 68
4 1 100 21 1:2 72 72
5 5 80 21 1:2 80 16
6 10 80 21 1:2 68 7

[a] Yields and TON values determined by GC-MS analysis of the final mix-
tures, using n-C,,H,, as internal standard.

Table 4, entry 2 and Table 5, entry 1). Further improvements in
TON resulted from using 2 equivalents of piperidine (Table 5,
entry 3) and raising the reaction temperature to 100°C
(entry 4). Finally, increasing the precursor loading from 1% to
5% resulted in the anticipated yield enhancement (to 80%;
Table 5, entry 5), but a further increase to a 10% loading led to
a yield decrease (entry 6); this unexpected result will be ad-
dressed later.

The reaction scope in terms of compatible amine and nitrile
substrates was investigated next. As shown in Figure 7, benzo-
nitrile was found to be much more reactive than acetonitrile,
and piperidine was found to be a more effective nucleophile
than morpholine (TON =49 vs. 33).

Primary aliphatic amines led to various mixtures of N-mono-
substituted or N,N'-disubstituted amidines, depending on the
amine/PhCN ratio. For instance, using a 4:1 amine/PhCN ratio
with n-hexylamine led to the disubstituted product only (m/

NH NH NH

Ph)LN/\

Me)LIO Ph)J\I\Q |

TON= 10 TON= 49 TON= 33
NP(CH2)5CH3 NH NFO
J\ (CH,)sCH J\
Ph” N7V h” N + Ph” N
H H H
1:2
TON =95 \ J
Y
Total TON = 41

Figure 7. Products of nitrile hydroamination reactions carried out at 80 °C
for 21 h (with PhCN) or 5 d (with acetonitrile), in a solvent-free manner
using 1 mol % of the precursor complex 7 b, and an amine/RCN ratio of 1:1
(for piperidine and morpholine) or 4:1 (for cyclohexylamine and n-hexyla-
mine). Yields were determined by GC-MS with n-C,,H,, as internal standard.
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z=1288; TON=95), whereas cyclohexylamine gave a mixture of
mono- and disubstituted products (m/z=201 and 284, respec-
tively; total TON=41). The disubstituted amidines result from
a second nucleophilic attack on the coordinated amidine and
subsequent elimination of ammonia; it is worth noting that
this step occurs in an uncatalyzed manner.?® Finally, PhCN re-
acted with neither weakly nucleophilic aromatic amines, such
as aniline and diphenylamine, nor bulky aliphatic amines, such
as iPr,NH.

Mechanistic issues

Two different mechanistic postulates have been put forth for
the hydroamination of nitriles catalyzed by lanthanide com-
plexes. Forsberg etal. proposed that hydroaminations cata-
lyzed by Ln" ions proceed via an outer-sphere mechanism in-
volving nucleophilic attack of amines on coordinated nitriles.*®
This proposal appears to be somewhat incongruent with the
fact that amines are more nucleophilic towards lanthanide
ions, and they are present in equimolar or even excess quanti-
ties in these catalytic settings; these considerations call into
question the coordination—activation of nitriles. The authors ra-
tionalize this apparent contradiction by proposing that labile
binding of amines to Ln" allows competitive nitrile binding
and activation. The hydroamination reactions catalyzed by Yb
amides are believed to proceed via a conceptually different,
inner-sphere mechanism involving insertion of R'C=N into the
Yb—NR, bond, followed by aminolysis of the resulting amidi-
nate Yb—N=C(R')NR,.>”!

In the search for a mechanism adapted for the Ni-catalyzed
hydroamination of nitriles under discussion, we selected as
guiding concepts the following known reactivities of Ni' spe-
cies with nitriles and amines: i) Nitriles coordinate very readily
to the Ni" center in cationic species; ii) cationic adducts of the
type [(pincer)Ni(NCMe)]* promote Michael-type additions of
amines to N-coordinated acrylonitrile derivatives."***? There-
fore, an outer-sphere mechanism similar to that proposed by
Forsberg et al. for Ln" catalysts (see above)®? seems plausible
in the system under discussion. This postulate is also support-
ed by Fukui index values (see the Supporting Information, Fig-
ure S10). We have studied the stoichiometric reactions shown
in Scheme 4 to examine whether the hydroamination of nitriles
proceeds by direct attack by amines on the coordination-acti-
vated nitriles. The results are described below.

Addition of excess piperidine to a CD;CN solution of 7b
(Scheme 4, reaction A) led to disappearance of the *'P doublets
of 7b [0=+194.2 and +31.2 ppm; J(PP)=250 Hz] and ap-
pearance of a broad singlet at 6 =187-188 ppm, which could
be attributed to the cationic adduct [(NHCCOP™)Ni(amidine)]
(10-CH; or 10-CD,). Consistent with the in situ formation of an
NHC species, the *C NMR spectrum of the reaction A mixture
indeed showed a signal at d=+173.9 ppm [J(C,P)~ 100 Hz]
characteristic of a carbene center and comparable to the C
signal at 0=172.9 ppm [J(C,P)=93 Hz] attributed to the car-
bene carbon in 8b. The proposed formation of NHC species
10 was further supported by the observation that adding an
authentic amidine sample to the NHC complex 8b gave the
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the hydroamination reaction in-
volving the PIMIOCOP precata-
lyst 7b revealed no significant
induction period (see the Sup-
porting Information, Figure S11),
indicating that the initial de-
phosphinylation of 7 to 8 is very
rapid.

An intriguing  observation
from the above experiments is

that, although the catalytic hy-
droaminations require high tem-
peratures, the stoichiometric
conversion of the cationic nitrile
adduct 8b into the amidine ad-

INI OH; HN Me ducts 10-R proceeds at room
‘ 187 188 >\\ Q temperature. This suggests that
Fh the hydroamination catalysis is

10-Ph susceptible to some degree of

Scheme 4. Formation of amidine complexes 10-R’ from cationic acetonitrile adducts 7b and 8b. Triflate counter-

ions are omitted for clarity.

same broad °'P singlet at 6=187-188 ppm (Scheme 4, reac-
tion B).

The hydroamination reaction was then monitored step-by-
step by conducting reaction C (Scheme 4). The *'P NMR spec-
trum of a RT solution of 7b in benzonitrile®" showed the ap-
pearance of two AX spin systems. One of these resonated at
virtually the same chemical shifts as 7 b, thus prompting us to
assign it to the corresponding PhCN adduct formed by dis-
placement of MeCN. The second AX spin system consisted of
doublets centered at 6 =191.5 and 14.0 ppm [J(P,P) =244 Hz],
which was tentatively assigned to a cationic adduct arising
from the displacement of the MeCN in 7b by residual water.""
Subsequent addition of piperidine to the sample (1 equivalent
with respect to PhCN) led to appearance of the broad singlet
at 0= +187-188 ppm (assigned to 10-Ph; see above), along
with a sharp singlet at 6 = + 57 ppm. The latter was attributed
to iPr,P(O)H, based on our previous observations that hydrolyt-
ic oxidation of iPr,PCl gives similarly sharp singlets in the 53-
55 ppm region of the *'P NMR spectrum. We postulate that
iPr,P(O)H arises from a rearrangement of iPr,P(OH) generated
by hydrolysis of either the phosphenium moiety in 7b or that
of the decomposition byproduct iPr,P(c-N(CH,);) resulting from
the nucleophilic attack of piperidine on 7b.

The above observations allow us to conclude that the PI-
MIOCOP complexes 7 are dephosphinylated to the NHCCOP
analogues at the outset of the catalysis. This assertion is con-
sistent with both the calculated Fukui indices (see the Support-
ing Information, Figure S10) and previous reports of nucleo-
phile-induced P—C bond cleavage in PIMIOCOP species and
other imidazoliophosphanes.'® As a final argument in support
of the proposed scenario, we found that benzonitrile hydroa-
mination proceeds with similar catalytic activities with the pre-
catalysts 8b and 7b (TON=55 vs. 49). Kinetic monitoring of

Chem. Eur. J. 2015, 21, 17403 - 17414 www.chemeurj.org

17411

product inhibition, which can be
counteracted by heating to
induce substrate uptake and
turnover. This scenario is sup-
ported by the finding that the
amidine ligand in 10-Ph (Scheme 4) is resistant to substitution
by PhCN: the *'P NMR spectrum of a mixture of 10-Ph with
excess PhCN and piperidine showed no sign of a new adduct
even after it had been heated at 80°C for over 20 min. The
amidine adduct is thus the only observable species during the
Ni-catalyzed hydroamination reaction; in other words, this
adduct represents the resting state of the catalysis, as illustrat-
ed in the proposed mechanism shown in Scheme 5.

The proposed mechanism also provides a rationale for the
aforementioned lower activity observed with a 10% loading of
the precatalyst 7 b. Recall that the in situ transformation of the
PIMIOCOP adduct 7 to its NHCCOP analogue at the outset of
the catalysis would result in the release into the reaction
medium of one equivalent of R,PNR"”,. The presence of this
free ligand in runs using 1% catalyst loadings would have neg-
ligible impact on the course of the catalysis, but it would be
reasonable to expect an inhibition of catalysis during a catalytic
run using a 10% loading of the precatalyst.

Conclusion

To consider its results in broad strokes, this report illustrates
how deeply interactive experimental and theoretical ap-
proaches can help address challenges in the three traditionally
quite delineated fields of coordination chemistry of new com-
plexes, their spectroscopic and structural characterization, and
their use in catalysis. The title complexes were thus extensively
characterized by complementary experimental techniques
(crystallography, spectroscopy, voltammetry) and DFT model-
ing (structure optimization; orbital, ELF and AIM analyses; reac-
tivity Fukui indices calculation), and their reactivities in the hy-
droamination of nitriles were investigated. Beyond their obvi-
ous potential developments (generalization of structures and
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Scheme 5. Proposed mechanism for catalytic nitrile hydroamination using
PIMIOCOP pincer complexes 7 as precatalysts.

tuning of reactivities), these investigations aim to advance our
understanding of the interplay between electronic and electro-
static effects in organometallic coordination chemistry and cat-
alysis, in particular by reference to electrostatics-governed en-
zymatic recognition and transformation processes.

In more concrete terms, the results described in the present
study serve to highlight the differences in structural and spec-
troscopic properties of PIMCOP, PIMIOCOP, and NHCCOP com-
plexes of Ni" and the reactivities of their cationic derivatives in
the hydroamination of nitriles. IR spectroscopic analysis of the
cations based on experimental and computational v(C=N)
values has demonstrated how P-substituents and the
positive charge on the imidazoliophosphine moieties exert in-
fluence on Ni-ligand interactions, in the process shaping the
electrophilic character of the complexes. Whereas the v(C=N)
values of various cationic adducts followed the counter-intui-
tive order NHCCOP™ >""POCOP" >NHCCOP™ >™POCOP™ >
PPPIMIOCOP®" > P"PIMCOP" > PPIMIOCOP™ and "PIMCOP™, the
oxidation potentials of both charge-neutral bromo derivatives
and cationic adducts followed the intuitively anticipated order
PIMIOCOP > PIMCOP > NHCCOP.

In terms of their catalytic activities in hydroamination of
benzonitrile, the cationic precatalysts [(PIMIOCOP)Ni(NCCH,)]
[OTf], proved to be significantly more active than their POCOP
and PIMCOP analogues. Interestingly, the more electrophilic
Ph,P complexes proved to be less active than their iPr,P coun-
terparts. Moreover, it was found that the PIMIOCOP complexes
are readily converted into NHCCOP analogues during the catal-
ysis, implying that such in situ-generated NHCCOP cationic
species have superior catalytic activities in spite of their lower
electrophilicities. This unexpected observation can be attribut-
ed to the greater thermal stability of the reaction intermedi-
ates bearing an NHC moiety. Optimization studies allowed the
formation of benzamidines with relatively high catalytic turn-
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over numbers (TON =95 with n-hexylamine and 72 with piperi-
dine), but the range of amine substrates active in this reaction
remains quite limited. Future studies will be aimed at improv-
ing our understanding of how metal-pincer bonding is influ-
enced by ligand features (electrostatic effects and structural ar-
chitecture), and what factors govern the electrophilicity of the
metal center.
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