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The iridium(n) hydride compound [IrH{x>C,P,P'-(SINP—H)}CN'BU),][PF¢] (1PF¢) was obtained by reaction
of [Ir(SiNP)(cod)][PFe] with CN'Bu as the result of the intramolecular oxidative addition of the SiCH,—H
bond to iridium(1) [SINP = Si(CHz)>{N(4-tolyl)PPh,},, SINP—H = CH,Si(CH3){N(4-tolyl)PPh,},]. The mecha-
nism of the reaction was investigated by NMR spectroscopy and DFT calculations showing that the penta-
coordinated intermediate [Ir(SiNP)(cod)(CN‘Bu)l[PFg] (2PFg) forms in the first place and that further reacts
with CN‘Bu, affording the square planar intermediate [Ir(SINP)(CN'Bu),l[PF¢] (3PF¢) that finally undergoes
the intramolecular oxidative addition of the SiCH,—H bond. The reactivity of 1PFg was investigated. On
one hand, the reaction of 1PFg with N-chlorosuccinimide or N-bromosuccinimide provides the haloderi-
vatives [IrX{x>C,P,P'-(SINP—H)}(CN'Bu),][PF¢l (X = CLl, 4PFg; Br, 5PF¢), and the reaction of 5PFg with AgPFg
in the presence of acetonitrile affords the solvato species [Ir{x>C,P,P'-(SINP—H)}(CHsCN)(CNBu),]?* (6°7)
isolated as the hexafluorophosphate salt. On the other hand, the reaction of 1PFg with HBF, gives the
iridium() compound [IrH(CH,SiF>CHz)(HNP),(CN'Bu),][BF4l (7BF,) as the result of the formal addition of
hydrogen fluoride to the Si—N bonds of 1* [HNP = HN(4-tolyl)PPh,]. A similar outcome was observed in
the reaction of 1PFg with CFsCOOH rendering 7PO,F,. In this case the intermediate [IrH{x*C,P-
CH,SiMeFN(4-tolyl)PPh,}(HNP)(CN‘Bu),l* (8¥) was observed and characterised in situ by NMR spec-
troscopy. DFT calculations suggests that the reaction goes through the sequential protonation of the
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DOI: 10.1039/d2dt00794k nitrogen atom of the Si—-N—-P moiety followed by the formal addition of fluoride ion to silicon. Also, the

rsc.li/dalton crystal structures of SiNP, 1PF¢, 4PFg and 7BF, have been determined by X-ray diffraction measurements.

mimics, drugs, and redox-active multimetallic systems, among
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Introduction

Aminophosphanes are easily accessible ligands and both nitro-
gen and phosphorus substituents can be easily varied thanks
to the ample diversity of commercially available precursors. So
far, aminophosphano ligands of general formula NHRPR,
have been used to prepare mononuclear," di- or oligonuclear
species” supported by 1kN,2kP aminophosphanes (Fig. 1, top).
Alternatively, bidentate aminophosphano ligands have been
employed to prepare mononuclear complexes (Fig. 1,
bottom).>® In addition, the aminophosphano functionality
has been successfully used to decorate ligating functional-
ities,” in some cases as elusive as the silylene’’ and germyle-
ne’? groups. Remarkably, the applications of these complexes
are varied and span catalysis, bond activation, metaloenzyme
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and atomic coordinates of calculated structures.
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others.

Relevant to this paper, in 2001 Woolins reported® the syn-
thesis of SiMe,{N(2-pyridyl)PPh,}, (SiN™P) and of its palla-
dium and platinum «*P,P-derivatives and thereafter we
reported on the preparation of SiMe,{N(4-tolyl)PPh,}, (SiNP)
and its rhodium® and iridium®”° complexes. Notably, beside
the expected k*P,P' coordination of SiNP, we reported two un-
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Fig. 1 Selected amino-phosphane scaffolds and related metal-ligand
structures.
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precedented examples®” of a x>C,P,P’ coordination of SiNP as
a result of the intramolecular SiCH,-H oxidative addition to
iridium(1), triggered by n-acceptor ligands such as carbon mon-
oxide or trimethyl phosphite on [Ir(SiNP)(cod)]" (Scheme 1).

On this background, aiming at further expand the family of
metal complexes containing aminophosphano ligands, we
decided to assess the capability of tert-butyl isocyanide, iso-
electronic with CO, to promote the intramolecular SiCH,-H
oxidative addition to iridium(i) and eventually explore the reac-
tivity of the resulting complex. So, herein we report on the syn-
thesis of a novel iridium(m) complex of formula [IrH{x’C,P,P'-
(SINP-H)}(CN"Bu),]" as well as the detailed theoretical and
experimental study of the course of its formation. In addition,
a reactivity study was carried out on the above mentioned
hydrido derivative, including the hydride-halide exchange and
the following halide abstraction as well as protonation reac-
tions rendering the unexpected fragmentation of the amino-
phosphano ligand.

Results and discussion
Synthesis of [IrH{i*>C,P,P’-(SiNP-H)}(CN"Bu),][PF4] (1PF)

The reaction of [Ir(SiNP)(cod)][PF¢] with tert-butyl isocyanide
(1:2 molar ratio) yields the hydrido iridium(m) derivative [IrH
{k*C,P,P-(SINP-H)}(CN‘Bu),][PFs] (1PFs) (room temperature,
24 h) as a result of the intramolecular SiCH,-H oxidative
addition to the metal centre along with the substitution of the
cod ligand with two tert-butyl isocyanide ligands (SINP-H =
CH,SiMe{N(4-tolyl)PPh,},) (Scheme 2).

The crystal structure of 1PFs was determined by single
crystal X-ray diffraction measurements, and Fig. 2-top shows
the ORTEP plot of the cation [IrH{x*C,P,P'-(SiNP-H)}(CN‘Bu),]"
(17). For the sake of comparison, the crystal structure of SiNP
was also determined (Fig. 2-bottom). The metal centre of 1"
exhibits an octahedral environment, the metalated «*C,P,P'-
(SINP-H) ligand occupying three mutually cis coordination
sites [C1-Ir-P2 82.79(9)°, P1-Ir-P2 97.00(3)°, C1-Ir-P1 84.83
(9)°]- The hydrido ligand lies cis to P1 and ¢rans to P2 [P1-Ir-H
87.6(16)°, P2-Ir-H 169.2(16)°]. The remaining coordination
sites are occupied by two mutually cis isocyanide ligands [C47-
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Scheme 1 Reactivity of [Ir(SiNP)(cod)]* towards CO or P(OMe)s.
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Fig. 2 ORTEP plots of [IrH{x*C,P,P'-(SINP—H)}CN'Bu),]* (1*) (top) and
of SiNP (bottom). For clarity, most hydrogen are omitted and the tolyl
and phenyl rings are represented in a wireframe style for [IrH{x*C,P,P'-
(SINP—H)}CN'Bu),l*. Selected bond lengths (A) and angles (°) are given
in ESL.¥

Ir-C41 86.18(13)°], one trans to P1 [C47-Ir-P1 169.51(10)°] and
the other trans to the metallated carbon atom C1 [C41-Ir-C1
175.56(13)°]. Reasonably as a consequence of the metalation,
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Fig. 3 Selected delocalization indexes (DI) for SiNP and 1* (normal
type, values for the X-ray structure; italic type, values for the DFT-calcu-
lated structure).

the C1-Si-C2 angle of 1" [C1-Si-C2 124.65(15)°] is wider than
the C1-Si-C2 angle of SiNP [C1-Si-C2 111.48(10)°]. Also, the
formation of two fused five member metalacycles in 1" should
account for the smaller Si-N-P angles of 1" [P2-N2-Si 114.31
(15)°, P1-N1-Si 112.48(15)°] when compared with SiNP [P1-
N1-Si 121.40(9)°, P2-N2-Si 120.94(9)°]. In addition, it is also
remarkable that the nitrogen atoms N1 and N2 of both 1" and
SINP exhibit a planar geometry, i.e. the fragments N1-Si-P1-
C15 and N2-Si-P2-C34 are almost planar in both 1" and SiNP
suggesting that a p-d(r) backdonation could imply nitrogen
and phosphorus and/or silicon. In this connection, it is worth
a mention that the tolyl rings attached to N1 and that attached
to N2 lie almost perpendicular to the corresponding N1-Si-
P1-C15 and N2-Si-P2-C34 planes in 1" as well as SiNP (1%, N1
78.5°, N2 85.3%; SiNP, N1 71.5°, N2 72.2°), which rules out the
delocalization of the nitrogen lone pair on the aromatic ring as
the cause of the above mentioned planarity of the fragments
N1-Si-P1-C15 and N2-Si-P2-C34.

As a confirmation, a QTAIM analysis was carried out on
both the crystal and the calculated structures of 1" and SiNP
showing that the delocalization index DI (aka fuzzy bond
orders, FBO) of the bonds at the nitrogen atoms are 1.08-1.11
(N-C), 1.28-1.32 (N-P) and 1.08-1.15 (N-Si) (Fig. 3) pointing at
that some p-d(r) backdonation actually should exist mainly
between nitrogen and phosphorus and that therefore it should
be responsible for the planar geometry of the nitrogen atoms.

The crystal structure of 1" should be preserved in solution.
Indeed, its *'P{"H} NMR spectrum shows two doublets at 40.3
and 34.4 ppm with a *Jpp coupling constant of 20.4 Hz, in
agreement with a cis arrangement of the two phosphorus
atoms. Also, two 'H singlets at 1.37 and 1.20 ppm are indica-
tive of two non-equivalent tert-butyl isocyanide ligands. As for
the HIrCH,Si moiety, one '*C doublet of doublets at
—29.7 ppm (*Jcp = 2.1, 3.7 Hz) and one "H multiplet (vide infra)
at —10.58 ppm have been observed. In addition, similar to the
related trimethyl phosphito derivative [IrH{x’C,P,P-(SiNP-H)}
{P(OCH3;)3},]",*? the coupling pattern (see "Jxy in Fig. 4) of the
IrHCH, moiety suggests that the conformation observed in the
solid state is maintained in solution.}

1 The hydrido signal was observed as a 'H{*'P} doublet due to the scalar coup-
ling of the IrH hydrogen atom to one of the IrCH, hydrogen atoms (*Jyy = 2.6
Hz). Accordingly, the "H{*'P} signals at 0.46 and 0.67 ppm, assigned to the
IrCH2 moiety, are a doublet (> = 12.6 Hz) and a doublet of doublets (*/yy =
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Fig. 4 Selected *H and P NMR data for the IrHCH, moiety of 1*.

The formation of the hydrido iridium(mr) derivative 1" was
observed to be stepwise (Scheme 2). As a matter of fact, the for-
mation of 1" was monitored by NMR spectroscopy at —80 °C
showing that [Ir(SiNP)(cod)(CN‘Bu)]" (2*) forms in the first
place and further reacts with CN‘Bu upon raising the tempera-
ture, rendering the square planar intermediate [Ir(SiNP)
(CN‘Bu),]" (3", vide infra) which eventually evolves to 1'. As a
confirmation, [Ir(SiNP)(cod)(CN‘Bu)][PF,] (2PF,) could be pre-
pared in high yield upon reacting [Ir(SiNP)(cod)][PF¢] with tert-
butyl isocyanide (1:1 molar ratio) at —80 °C. Furthermore, the
reaction of 2PF, with CN‘Bu cleanly yielded 1PF, through
3PF,. Remarkably, also in this case, 3" formed along with 17,
which indicates that the formation of 3" and its conversion
into 1" should exhibit similar activation barriers. 2PF, was
fully characterised in solution by means of multinuclear NMR
spectroscopy. A *'P{"H} singlet is observed at 41.4 ppm along
with one 'H singlet at 2.04 ppm for the two methyl moieties of
the tolyl groups, suggesting that the two Si-Ntol-PPh, arms of
2" are equivalent. On the contrary, two 'H singlets at 0.56 and
—0.21 ppm are observed for the two SiCH; groups of 2*, which
indicates that they are non-equivalent reasonably as a conse-
quence of the coordination of the isocyanide ligand to iridium
in [Ir(SiNP)(cod)]" rendering a distorted square pyramidal geo-
metry at the metal centre (vide infra for the DFT calculated
structure). As for the cod ligand, broad "H signals are observed
even at —60 °C for the olefinic (3.46 ppm) and aliphatic hydro-
gen atoms (1.76 ppm), respectively, suggesting that even at
that temperature the putatively non-equivalent olefinic CH
moieties as well as the methylene hydrogen atoms are exchan-
ging and their signals are averaged.

As far as the intermediate 3" is concerned, it could be spec-
troscopically identified§ in situ (‘H, *'P NMR). Indeed, a *'P
{'H} singlet at 53.7 ppm was assigned to its equivalent phos-
phorus atoms. Accordingly two equivalent tolyl groups as well

12.6, *Jun = 2.6 Hz), respectively. As already discussed for the related hydrido
derivative [IrH{k>C,P,P-(SiINP-H){P(OCH3);},]",*” this pattern is the consequence
of the dependence of the *Juy constant on the H-X-Y-H dihedral angle (cf:
M. J. Minch, Concepts Magn. Reson., 1994, 6, 41-56).

§1t is worth a mention that in the course of the related reaction of [Ir(SiNP)
(cod)][PFs] with P(OCH,); the pentacoordinated derivative [Ir(SiNP)(cod){P
(OCH,);}][PFe], analogous to 2°, could not be isolated and was characterised
in situ whereas the putative square planar complex [Ir(SiNP){P(OCHj;);},]", analo-
gous to 3, could not even be observed and was proposed only based on DFT cal-
culations (see ref. 6b).

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt00794k

Open Access Article. Published on 21 April 2022. Downloaded on 07.08.2025 16:44:46.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Paper

CHs
sl' c’H
CHj NZI /{H
HyC—sgi_ N P,erH "
| NP p="S By
P CN'Bu
N—p ! TS_3*1*
[IF(SiNP)(cod)]*
—_—
00 CHj
. W@ s/‘ CNBu
y M3b=Si_
CN!B/-\\ \N\p\lll:r/i . Ir
u %
N N—p” [ ) si
\_\‘ 2" ) P
958
' > N
CN'Bu~_} ® ¢
> H
cod “\
1
[
H3C\Si\ It
\ N\P\IF-VCN Bu
N—p”" Ncnsu Mo
_Si
NZPSc<
- 7 e<H

TS_3*1*

Fig. 5 (left) Relative Gibbs free energy profile (kcal mol™) of the reaction Ir(SiNP)(cod) + 2 CN'Bu — 1* + cod (M06/def2tzvp//B3PW91-GD3BJ/
def2svp, 298 K, 1 atm); (right) view of the calculated structures of 2*, 3* and TS_3*-1* with selected interatomic distances (A) and angles (°) (for
clarity, most hydrogen atoms are omitted and only the ipso carbon atoms of the phenyl and tolyl moieties are shown).

as two equivalent ‘Bu and two equivalent SiMe groups were
observed.§

DFT calculations nicely underpinned the proposed pathway
for the formation of 1PF,. Fig. 5 shows the simplified Gibbs
free energy profile for the reaction Ir(SiNP)(cod) + 2 CN¢Bu —
1" + cod, including the calculated structure of the detected
intermediates 2" and 3" as well as the transition state TS_3"-1"
of the oxidative addition of SiCH,-H to iridium. The first step
is the exoergonic formation of the distorted square pyramidal
complex [Ir(SiNP)(cod)(CN‘Bu)]" (2%). In the following, [Ir(SiNP)
(CN*Bu),]" (3") is obtained by reaction of 1" with CN‘Bu (AG, =
—13.3 kecal mol ™). Remarkably 3 exhibits a boat conformation
of the six member ring Ir-P-N-Si-N-P which allows one of the
SiCH; group, namely the flagpole one, to approach the metal
centre (CH---Ir 2.683 A, Fig. 5) and eventually add oxidatively
to it (TS_3*-1", Fig. 5).

Reactivity of [IrH{k*C,P,P-(SINP-H)}(CN’Bu),][PF,] (1PFy)

In order to assess the applicability of 1PF, as a catalyst in the
functionalization of multiple carbon-carbon bonds, a prelimi-
nary reactivity study was undertaken. We observed that 1PF,
does not react either with alkynes - phenylacetylene or

Y Selected "H NMR data for 3" (CD,Cl,, 298 K) are: 8y 7.14 (d, *Jyy = 8.1 Hz, 2H,
C?H""), 6.87 (d, *Ju = 8.1 Hz, 2H, C*H'"), 2.54 (s, 6H, CH,'"), 1.41 ppm (s, 18H,
CH;™"), 0.86 ppm (s, 6H, SiCH;).

This journal is © The Royal Society of Chemistry 2022

1-hexyne - or alkenes - styrene or 1-hexene — even after pro-
longed reaction times (up to 48 h) and heating (70 °C in THF).
Reasonably the stable x’C,P,P’ coordination of the SiNP-H
ligand along with the substitutional inertness of the CN‘Bu
ligands hampered the reactivity of 1PFs. Thus, anticipating
that the abstraction of a halido ligand could trigger some reac-
tivity at the Ir{k’C,P,P-(SiNP-H)} platform, we decided to
exchange the hydrido ligand with a halido ligand. Thus, the
iridium haloderivatives of formula [IrX{ik’C,P,P-(SiNP-H)}
(CN"Bu),][PFs] (X = Cl, 4PFg; Br, 5PF,) were prepared by reac-
tion of 1PF, with N-chlorosuccinimide or N-bromosuccinimide
(Scheme 3).

The crystal structure of 4PFs was determined by means of
X-ray diffraction measurements and it exhibits an octahedral
environment of the metal centre with a «’C,P,P-(SiNP-H)
ligand along with the chlorido ligand and two tert-butyl isocya-
nide ligands (Fig. 6). The Ir{x*C,P,P-(SiNP-H)} moiety of 4"
and 1" are virtually superimposable, and by the same token no
significant differences are observed between the isocyanide
ligands when comparing 1" and 4".

The solution structure of 4" and 5" should be similar to
that of 4" in the solid state. Indeed, the *'P{"H} NMR spectrum
shows two doublets at 28.7 and 26.3 ppm (4"), and at 25.7 and
25.1 ppm (5°) with a coupling constant indicating a mutually
cis disposition of the phosphorus atoms (*Jpp = 18.2 Hz, 47;
17.4 Hz, 5%). Also, the "H NMR spectra contains two singlets at

Dalton Trans., 2022, 51, 7142-7153 | 7145
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Fig. 6 ORTEP plot of [IrCl{x>C,P,P"-(SINP—H)}CN'Bu),]* (4*). For clarity,
most hydrogen are omitted and the tolyl and phenyl rings are rep-
resented in a wireframe style. Selected bond lengths (A) and angles (°)
are given in ESL.{
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Scheme 3 Hydride-halide [IrH{*C,P,P'-(SINP—H)}

(CN'Bu),l[PFe] (1PFe).

exchange on

1.45 and 1.25 (4"), and 1.48 and 1.29 (5") ppm for the tert-butyl
isocyanide ligands, two multiplets at 1.30 and 1.21 (4'), and
1.37 and 1.24 (5") for the IrCH, moiety, and one singlet at
0.15 ppm (4") and 0.17 ppm (5") for the SiCH; group.

The bromido ligand of 5" was easily abstracted by reaction
with AgPF, but a clean product, namely [Ir{x*C,P,P’-(SiNP-H)}
(CH;CN)(CN'Bu),][PFe], (6[PFg],), could be isolated only in
the presence of acetonitrile (Scheme 4), whereas intractable
mixtures of products were obtained with styrene or
phenylacetylene.

The «*C,P,P' coordination of SiNP-H is preserved in 6>* as
judged by the *'P{"H} doublets observed at 25.1 and 18.0 ppm

CHs L Fe ?Hs L2 2PFys
N-SiazH +AgPFgin CHiCN  NZS~c<y)
< ¢ —_ N
P! B ~AgBr VP NGERHe
P~ | ~CN'Bu P ne Y
CN'Bu u
5PF 6[PFel>

Scheme 4 Bromide abstraction from [IrBr{k*C,P,P'-(SiNP—H)}CN'Bu),l*
(5%).
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(*Jp = 19.4 Hz) and the 'H doublet of doublets at 1.44 and
1.30 ppm assigned to the IrCH, moiety as well as the 'H
singlet at 0.34 ppm for the SiCH; group. The 'H singlets at
2.09, 1.48 and 1.29 ppm confirm the presence of one CH;CN
and two CN’Bu ligands, respectively. Unfortunately no reaction
of 6> with either styrene or phenylacetylene was observed indi-
cating that neither CH;CN nor CN‘Bu ligands in 6" are labile.

Protonation of [IrH{k>C,P,P'-(SiNP-H)}(CN’Bu),][PF] (1PF,)

On another note, the reaction of 1PFg with Brensted acid was
explored envisioning that the hydrido moiety could undergo
protonation rendering dihydrogen and eventually an accessible
coordination vacant. As a matter of fact, 1" does react with
Bronsted acids but with an unexpected outcome (Scheme 5).
Indeed the reaction of 1" with HBF, (1:2 molar ratio) renders
the hydrido iridium(m) derivative [IrH(CH,SiF,CHs,)
(HNP),(CN'Bu),][BF,] (7BF,) [HNP = NH(4-tolyl)PPh,] as a
result of the formal addition of two hydrogen fluoride mole-
cules to the ¥*C,P,P'-(SiNP-H) ligand along with the counterion
exchange (Scheme 5). In addition, formally PF; and BF;
should also result from the reaction, but unfortunately neither
they nor any chemically related species could be identified in
the course of the reaction.

The crystal structure of 7BF, was determined by means of
single crystal X-ray diffraction measurements (Fig. 7). The
metal centre exhibits an octahedral environment in which the
newly formed ligands NH(4-tolyl)PPh, and CH,SiF,CH; are
mutually cis, rendering an arrangement at the metal centre
which is reminiscent of the ¥*C,P,P' coordination of the SINP-
H ligand of 1" [P(1)-Ir-P(2) 98.52(2)°, C(1)-Ir-P(2) 89.12(7)°,
C(1)-Ir-P(1) 92.46(7)°]. The hydrido ligand lies cis to C1 and P1
and trans to P2 and the remaining cis coordination sites are
occupied by the tert-butyl isocyanide ligands. Remarkably the
N1-H1N group is involved in an intramolecular NH---F hydro-
gen bond to F1 [N1-H1N, 0.940(19); HIN---F1 2.11(2); N1---F1
3.001(3), N1-H1N-F1 158(3)°]. The crystal structure of 7BF,
should be preserved in solution. Indeed two *'P doublets are
observed at 11.4 and 3.1 ppm with a coupling constant *Jpp of
20.5 Hz pointing at a cis disposition of the two HNP ligands.
The 'H NMR spectrum shows two singlets at 1.25 and
1.21 ppm, assigned to the tert-butyl isocyanide ligands, and a
doublet of doublets of triplets at —11.86 ppm for the hydrido
ligand as a result of the scalar coupling of the IrH hydrogen to
the trans phosphorus (*Jyp = 152.9 Hz), the cis phosphorus
(*Jup = 17.4 Hz), and fluorine (*yr = 2.2 Hz). As for the
CH,SiF,CH; moiety, two '°F signals at —127.5 and —129.0 ppm
(*Jer = 20.6 Hz), and two 'H multiplets at 0.01 and —0.42 ppm

CHy  PFs oy By
_Si., Si.
NZ7~c<y HN, H,c” SF
NP leH +2 HBF, HN p 1
p— [ ~CN'Bu p—=cnBu
CNBu CN'Bu
1PFs 7BF,

Scheme 5 Reaction of [IrH{x>C,P,P'-(SINP—H)}CN‘Bu),][PFs] with HBF.
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Fig. 7 ORTEP plot of [IrH(CH,SiF,Me)(HNP),(CN'Bu),]* (7%). For clarity,
most hydrogen are omitted and the tolyl and phenyl rings are rep-
resented in a wireframe style. Selected bond lengths (A) and angles (°)
are given in ESL.{

for the IrCH,Si hydrogen atoms are observed (¢f. Experimental
section), which is indicative of two non-equivalent fluorine
atoms and two non-equivalent hydrogen atoms, respectively.
Also, while the "F{'H} signal at —129.0 ppm is a doublet, the
"9F{'H} signal at —127.5 ppm is a doublet of doublets due to
the above mentioned fluorine-fluorine coupling and to a fluo-
rine-phosphorus coupling (‘Jgzp = 2.7 Hz, vide infra for this
assignment).

Remarkably the NH---F hydrogen bond observed in the
solid state is maintained in solution. For the sake of clarity,
the numbering scheme of the crystal structure given in Fig. 7
will be used in the following discussion of the NMR data.
While a 'H doublet (*/;;p = 15.9 ppm) at 4.21 ppm is observed
for the N2-H2N moiety, a "H doublet of doublets at 5.33 ppm
is observed for the N1-H1N group as a consequence of the
scalar coupling of hydrogen to the phosphorus atom P1 (*/yp =
15.9 Hz) and to the fluorine atom F1 (Jyr = 3.9 Hz). As a confir-
mation of the NH---F hydrogen bond and the consequent ham-
pered rotation around the Ir-CH,Si bond, NOE cross peaks are
observed in the 'H-'H NOESY spectrum between H1B
(-0.42 ppm) and HIN (5.35 ppm) and between H2N
(4.21 ppm) and both H1A (0.01 ppm) and H1B (—0.42 ppm).
Finally for the sake of confirmation, selected NMR data were
calculated by DFT methods (mPW1PW91/def2TZVP) confirm-
ing the proposed assignment. ||

Aiming at investigating the influence of the acid - more
specifically of its conjugated base - on the outcome of the

|| The calculated heteronuclear spin-spin constants Jxy are negligible in all the
cases except for F2 and P2 (6.5 Hz, calc.), thus the observed fluorine-phosphorus
coupling is the consequence of the conformation adopted by the F-Si-C-Ir-P
fragment rather than of the NH---F hydrogen bond. On the other hand, when it
comes to the NH---F hydrogen bond, the calculated heteronuclear spin-spin con-
stants are negligible in all the cases except for HIN and F1 (23.2 Hz, calc.),
nicely matching the proposed assignment.

This journal is © The Royal Society of Chemistry 2022
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Scheme 6 Reaction of [IrH{x>C,P,P'-(SINP—H)}CN'Bu),l[PFs] with HPFg
or CFzCOOH.

reaction, 1PF¢ was treated with different Breonsted acids,
namely HPFs in water (54% w/w) and CF;COOH.
Surprisingly no reaction between 1PFs and HPFs was
observed even after 48 h at room temperature. On the other
hand, the reaction of 1PF, with CF;COOH is slower than
that with HBF, and completeness is reached after 4 days
and in the presence of a moderate excess of CF3COOH (1:4)
at room temperature, rendering 7' and the anion PO,F,”.
Notably when the reaction was monitored by *'P{'"H} NMR
spectroscopy, the anion PF¢~ is quantitatively converted into
PO,F,” (6p = —84.1, 6p = —19.5, “Jpp = 957 Hz) after 24 h. As
a confirmation, the reaction of NBu,PFy; with CF;COOH
(1:4 molar ratio, in CD,Cl,) has a similar outcome cleanly
affording PO,F,”. On these grounds, reasonably the for-
mation of PO,F,” should not be metal-assisted and might
follow a route similar to the chlorination of carboxylic acids
with PCl; and POCI;.®

When the reaction of 1" with CF;COOH was monitored by
'H, °F and *'P NMR spectroscopy, [IrH{kx*C,P-CH,SiMeFN(4-
tolyl)PPh,}(HNP)(CN'Bu),]" (8") was detected as an intermedi-
ate as a result of the formal addition of one hydrogen fluoride
molecule to one Si-N bond (Scheme 6). Fig. 8 shows selected
areas of the 'H, '°F and *'P NMR spectra with the proposed
assignment.**

**The *'P{'H} doublets at 43.0 and 11.9 ppm (*/pp = 19.0 Hz) of 8" are indicative
of two mutually cis phosphorus atoms. The '°F doublet of quartets of doublets
at —125.8 ppm results from the scalar coupling of the fluorine atom to the SiCH;
moiety (*Jir = 6.4 Hz) and the SiCH, non-equivalent hydrogen atoms (*J;;r = 16.4
Hz, 2.0 Hz). Accordingly, the "H doublet at 0.22 ppm (*/yy = 6.4 Hz) was assigned
to the SiCH; group (8¢ = —1.3 ppm, doublet, */cr = 6.7 Hz) and the "H multiplets
at 0.20 and —0.24 ppm were assigned to the two non-equivalent SiCH, hydrogen

Dalton Trans., 2022, 51, 7142-7153 | 7147


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt00794k

Open Access Article. Published on 21 April 2022. Downloaded on 07.08.2025 16:44:46.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
®
. @]
o
*
N
"""" a0 s T2 T T T

-10.5 -11.0 -11.5
i b g
_si.H _Si Ssi. H
N/S'\C <H HN HZC “F HN/S"CiH
N T+ HNNp T+ N T+
\ Irs t /Ir\ t \ SIr et
= | “CNBu p= | “CNBu P~ | “CNBu
CN'Bu CN'Bu CN'Bu
® @ 8

Fig. 8 Selected areas of the H, *°F, °F{*H} and *'P{*H} NMR spectra of
the mixture resulting from the reaction of 1PFg¢ with CF;COOH in
CD,Cl, after 24 h with the proposed assignment. Inset A shows the
experimental and simulated *°F signal at —125.8 ppm of 8. Inset B
shows the expanded view of the °F{*H} signal at —127.5 ppm of 7*. *
unassigned.

In view of the *'P{"H} and 'H NMR spectra, the formal
addition of hydrogen fluoride to 1" affording 8" is regiospecific
since four products (I'-IV', Fig. 9) might form depending on
which nitrogen atom undergoes protonation (N' or N*) and on
the orientation of the formal addition of the fluoride ion to
silicon (syn or anti with respect to the protonated nitrogen atom).

In order to shed light on the above mentioned regiospecif-
ity, a thorough examination of the calculated structure of 1"
suggested that the steric hindrances at each nitrogen atoms
are similar. Further, the NBO charges of the nitrogen atoms
are virtually identical (—1.171, —1.185 a.u.), suggesting that no
preferential attack of H' to one of the two nitrogen atoms
should be expected as a consequence of the atomic charges at
the reacting sites. On these grounds, the observed selectivity in
the formation of 8" should rely on the thermodynamic stability

atoms. The 'H signal of the hydrido ligand was observed at —10.8 ppm as a
doublet of doublets (*/up, trans = 146.1 Hz, *Jup, s = 26.3 Hz).
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Fig. 9 Sequential addition of HF to 1* showing the possible intermedi-
ates and their relative Gibbs free energies (M06/def2tzvp//B3PW91-
GD3BJ/def2svp, 298 K, 1 atm).

of the intermediate itself. With this in mind, the proton
affinities (PA) of 1" were calculated along with the relative
Gibbs free energy for the sequential addition of hydrogen flu-
oride to the two Si-N bonds 1', namely Si-N1 and Si-N2
(Fig. 9). In agreement with the proposed structure of 8", the
most stable protonated species 1H>" is that resulting from the
protonation of N2, that is the nitrogen atom bonded to the
phosphorus trans to the hydrido moiety (PA = 143.2, N2;
139.4 kecal mol™, N1, Fig. 9). Accordingly, the most stable
intermediate I' results from the formal addition of hydrogen
fluoride to the bond Si-N2 of 1" with an anti orientation of the
attack of fluoride to silicon 1°.

Conclusions

tert-Butyl isocyanide triggers the oxidative addition of the
SiCH,-H bond to iridium(i) in [Ir(SiNP)(cod)][PFs] yielding
the iridium(m) hydrido derivative [IrH{x’C,P,P-(SiNP-H)}
(CN'Bu),|[PF,] (1PF,). Reasonably as a consequence of the
stable k’C,P,P' coordination of the SiNP-H ligand along with
the substitutional inertness of the CN‘Bu ligands, 1" as well
as the related haloderivatives [IrX{x’C,P,P'-(SINP-H)}(CN¢Bu),]

This journal is © The Royal Society of Chemistry 2022
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(X = Cl, 4% Br, 5") and solvato complex [Ir{x*C,P,P-(SiNP-H)}
(CH;CN)(CN*Bu),J** (6**) do not react with unsaturated mole-
cules such as olefins or alkynes.

On the other hand, 1" does react with Brgnsted acids such
as HBF, and CF;COOH undergoing the unexpected fragmenta-
tion of the SiNP backbone. Indeed the formal addition of two
molecules of hydrogen fluoride to the Si-N bonds affords the
iridium(m) derivative [IrH(CH,SiCH;F,)(HNP),(CN‘Bu),] (7")
through the formation of the intermediate [IrH{k’C,P-
CH,SiMeFN(4-tolyl)PPh,}(HNP)(CN'Bu),]* (8"), observed as the
result of the regiospecific formal addition of HF to one Si-N
bond. Accordingly DFT calculation suggests that a sequential
protonation of the Si—-N-P moieties takes place followed by the
formal addition of fluoride ion to silicon as well as that the
observed regiospecificity relies on the thermodynamic stability
of the observed intermediate.

Experimental
General section

All the operations were carried out using standard Schlenk
tube techniques under an atmosphere of pre-purified argon or
in a Braun glove-box under dinitrogen or argon. Organic sol-
vents were dried by standard procedures and distilled under
argon or obtained oxygen- and water-free from a Solvent
Purification System (Innovative Technologies). The compounds
SiMe,{(N(4-tolyl)(PPh,)}, (SiNP)°* and [Ir(SiNP)(cod)][PF,]*’
were prepared according to the literature. NMR spectra were
recorded with Bruker spectrometers (AV300 and AV400) and
are referred to SiMe, (‘H, ’C) and H;PO4 (*'P), CFCl; (*°F).
The proposed "H, '*C, and *'P assignment relies on the com-
bined analysis of 1D ['H, "H{*>'P}, ">C{"H}-apt, *'P{'H}] and 2D
NMR spectra ("H-'H COSY, 'H-'"H NOESY, 'H-"C HSQC,
'H-"C HMBC, "H-*'P HMBC). In compounds containing two
non-equivalent phosphorus atoms, namely P' and P?, P' indi-
cates the phosphorus atom trans to H (1%, 8"), Cl (4"), Br (5%),
or CH;CN (6°") and superscript labels “tol-P1/2” and “PhP1/2”
are used for hydrogen and carbon atoms belonging to the tolyl
and phenyl groups attached/linked to the phosphorus atom
P1/2. C, H, and N analyses were carried out on a PerkinElmer
2400 CHNS/O analyzer.

Synthesis of [IrH{i>C,P,P'-(SiNP-H)}(CN‘Bu),][PF;] (1PF¢)

Method 1. A dichloromethane solution (15 mL) of [Ir(SiNP)
(cod)][PF,] (199.80 mg, 0.184 mmol, 1084.15 g mol~") was
added with CN‘Bu (53.5 pL, 0.473 mmol, 83.13 g mol ™",
0.735 g mL™"). The yellow resulting solution was stirred for
24 h, partially evaporated up to 1 mL and added with hexane
(5 mL), affording a pale yellow solid which was filtered off and
washed with tetrahydrofuran/hexane (1:1, 5 mL), dried in
vacuo and finally identified as [IrH{x’C,P,P’-(SiNP-H)}
(CN‘Bu),][PFs] (1PFg, 149 mg, 0.130 mmol, 71% yield).

Method 2. A dichloromethane solution (12 mL) of [Ir(SiNP)
(cod)(CN'Bu)][PFs] (2PFs, vide infra, 619 mg, 0.530 mmol,
1167.29 g mol™") was added with CN“Bu (60.0 pL, 0.530 mmol,
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83.13 g mol™", 0.735 g mL™") at 313 K. The resulting yellow
solution was stirred for 14 h, partially evaporated and added
with diethyl ether/hexane (1:1, 20 mL), affording a pale yellow
solid which was filtered off and washed with tetrahydrofuran/
hexane (1:1, 5 mL), dried in vacuo and finally identified as
[IrH{x’C,P,P'-(SINP-H)}(CN‘Bu),][PFs] = (1PFs, 464  mg,
0.406 mmol, 77% yield). Found: C, 52.99; H, 5.07; N, 4.85.
Caled for CsoHsgFgIrN,P;Si (1142.24): C, 52.57; H, 5.12; N,
4.91. 'H NMR (CD,Cl, 298 K): 8y 7.68-7.56 (6H tot; 4H,
0-P'Ph, 2H, m-P'Ph), 7.55-7.43 (4H tot; 2H, m-P*Ph, 2H,
p-P'Ph), 7.44-7.32 (6H tot; 2H, p-P’Ph, 2H, o-P*Ph, 2H,
m-P'Ph), 7.00 (d, 2H, *Jyy = 8.3 Hz, C*H"'™"?), 6.92 (td, 2H,
e = 7.9 Hz, YJup = 2.3 Hz, m-P>Ph), 6.76 (d, 2H, Yy = 8.3
Hz, C*H"'""?), 6.74 (d, 2H, %,y = 8.3 Hz, C*H™™), 6.61 (ddd,
2H, *Jup = 11.5 Hz, *Ju = 8.1 Hz, %Jyp = 1.1 Hz, 0-P?Ph), 6.24
(d, 2H, *Jyy = 8.3 Hz, C*H™'™), 2.29 (s, 3H, CH,™'™), 2.15 (s,
3H, CH;"“'"™?), 1.37 (s, 9H, CH,™"), 1.20 (s, 9H, CH,;™"), 0.67
(dddd, 1H, *Jyp = 15.0 Hz, *Jyy = 12.6 Hz, *Jiyy = 2.6 Hz, *Jyp =
1.2 Hz, SiCH*H"Ir), 0.46 (ddd, 1H, 2Jyyyy = 12.6 Hz, *Jyp = 9.0
Hz, Jyp = 1.2 Hz, SiCH*HPIr), —0.21 (s, 3H, SiCH;,), —10.58
(ddd, 1H, *Ji1p trans = 149.6 Hz, *Jup o = 17.9 Hz, *Jiyy = 2.6 Hz,
IrH). "*C{'H} NMR (CD,Cl,, 298 K): 6. 140.2 (dd, YJcp = 45.0
Hz, *Jcp = 1.9 Hz, C¥ *"?), 139.0 (d, %Jcp = 10.1 Hz, Cb ©F2)
138.5 (d, YJcp = 9.6 Hz, C" ©) 136.0 (d, *Jop = 1.6 Hz, C*
P 1135.5 (C* %) 135.4 (d, ¥cp = 13.8 Hz, C* *"?), 134.64
(d, Yep = 60.2 Hz, C" PP7), 134.60 (d, %Jcp = 12.0 Hz, Yep = 1.2
Hz C* ") 133.90 (dd, YJcp = 63.4 Hz, *jcp = 4.5 Hz, C* PP,
131.8 (d, ¥cp = 10.9 Hz, C* *") 131.7 (d, Ycp = 2.2 Hz, C*
PhP2)"131.5 (d, Yep = 2.0 Hz, C* PPP1), 131.1 (d, Ycp = 2.4 Hz,
c* PP 1130.5 (d, ¥cp = 10.2 Hz, C* "), 130.3 (d, Ycp = 2.0
Hz, C* P"") 129.7 (d, YJcp = 1.4 Hz, C* *'%) 129.64 (d, YJcp =
0.7 Hz, C* ") 129.61 (d, YJcp = 1.4 Hz, C* *), 129.1 (d,
*Jep = 1.4 Hz, C* '), 128.4 (d, *Jcp = 10.8 Hz, C* *"F?), 128.3
(d, ¥Jcp = 9.7 Hz, C¥ PP 128.0 (d, ¥Jcp = 11.1 Hz, C> P'*?),
127.4 (d, ¥Jcp = 10.8 Hz, C* P'*1), 58.4 (C"?), 58.2 (C™®"), 30.0
(CH;™"), 29.8 (CH;™"?), 20.5 (CH;™'"?), 20.4 (CH;™"™""), —0.9
(t, *Jep = 7.6 Hz, CH,Si), —29.7 (dd, *Jcp = 3.7, 2.1 Hz, CH,S).
3p{’H} NMR (CD,Cl,, 298 K): &p 40.3 (d, ¥Jpp 20.4 Hz, P" SNF),
34.4 (d, *Jpp 20.4 Hz, P> SN) _144.4 (hept, Jpr = 710.2 Hz, PFg").

Synthesis of [Ir(SiNP)(cod)(CN‘Bu)][PF¢] (2PF,)

A dichloromethane solution (10 mL) of [Ir(SiNP)(cod)]|[PFs]
(178 mg, 0.164 mmol, 1084.15 g mol~") was added with CN‘Bu
(37.4 pL, 0.331 mmol, 83.13 ¢ mol™*, 0.735 ¢ mL™") at 253 K.
The yellow resulting solution was stirred for 30 minutes, par-
tially evaporated and added with hexane (10 mL) affording a
light yellow solid which was filtered off, dried in vacuo and
finally identified as [Ir(SiNP)(cod)(CN‘Bu)][PF¢] (2PFs, 176 mg,
0.151 mmol, 92% yield). Found: C, 53.97; H, 5.31; N, 3.65.
Caled for Cs3Hg FeIrN;P;Si (1167.29): C, 54.53; H, 5.27; N,
3.60. "H NMR (CgDs 298 K), the labels “up” and “down” are used
for the CH or CH; moieties pointing towards the CN'Bu ligand
and apart from it, respectively: Sy 7.70-7.55 (8H, o0-PPh),
7.43-7.24 (12H, m-PPh and p-PPh), 7.19 (d, 2H, *Juy = 8.2 Hz,
C?H™! 9" 6,83 (d, 2H, *Juy = 8.2 Hz, C*H"' 9"™) 6.64 (d,
2H, *Jyyy = 8.2 Hz, CCH™! "P), 6.24 (d, 2H, *J;yy; = 8.2 Hz, C*H™!
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UP), 3.47 (br, 4H, CP?H*°%), 2.03 (s, 6H, CH;""), 1.97 (s, 9H,
CH,™"), 1.76 (br, 8H, C*P*H°Y), 0.56 (s, 3H, SiCH,"P), —0.21 (s,
3H, SiCH;*"™). *C{'H} NMR (C¢Ds, 298 K): 6 139.6 (C* ),
136.7 (C* '), 135.6 (C* P7), 132.6 (C* ™), 132.0-131.9 (C* *!
UP and ¢ ' 4o 131.8 (C* PMP), 130.5 (C* PP), 129.6 (C* !
dowm 129.1 (C* ' "), 127.6 (C* M), 78.4 (CP* «°Y), 59.9
(C™), 32.6 (CP* %), 30.4 (CH5™") 20.5 (CH5™"), 3.4 (t, *Jcp =
2.2 Hz, CH;Si%"™), 2.1 (CH;Si"P). *'P{'"H} NMR (C¢Ds, 298 K):
8p 41.3 (s, PS™), —142.5 (hept, Jpp = 708.8 Hz, PFg ).

Synthesis of [IrCl{i*C,P,P'-(SINP-H)}(CN’Bu),][PF¢] (4PFs)

A dichloromethane solution (8 mL) of [IrH{x’C,P,P’-(SiNP-H)}
(CN’Bu),][PFs] (1PFg, 87.3 mg, 0.0764 mmol, 1142.24 g mol ™)
was added with N-chlorosuccinimide (10.1 mg, 0.0756 mmol,
133.53 ¢ mol ™). The resulting colourless solution was stirred
for 32 h, partially evaporated and added with hexane (5 mL),
affording a colourless solid which was filtered off and washed
with diethyl ether (3 x 5 mL), dried in vacuo and finally identi-
fied as [IrCHx’C,P,P-(SiNP-H)}(CN‘Bu),][PFs] (4PFs, 81.5 mg,
0.0693 mmol, 92% yield). Found: C, 51.65; H, 4.78; N, 4.70.
Caled for CsoHs,CIF6IrN,P;Si (1176.68): C, 51.04; H, 4.88; N,
4.76. "H NMR (CD,Cl, 298 K): 8y 7.62-7.47 (10H tot: 4H,
0-PPh, 4H, m-P*Ph, 2H, p-P*Ph), 7.45 (m, 2H, m-P'Ph),
7.43-7.31 (4H tot: 2H o-P'Ph, 2H p-P*Ph), 7.11 (td, 2H, *Jyy =
7.9 Hz, *Jyp = 3.0 Hz, m-P*Ph), 6.92 (d, 2H, *Jyy = 8.2 Hz,
C*H™™?), 6.86 (ddd, 2H, *jp = 12.5 Hz, %y = 8.2 Hz, *Jyyp =
1.0 Hz, 0-P*Ph), 6.81 (d, 2H, *Juy = 8.2 Hz, C’H"'™™), 6.52 (d,
2H, Jun = 8.2 Hz, C*H™'™?), 6.41 (d, 2H, *Jyy = 8.2 Hz,
C?H™"™1), 2.24 (s, 3H, CH;™"™"), 2.18 (s, 3H, CH;*"™?), 1.45 (s,
9H, CH;™"?), 1.30 (dd, 1H, *Jgy = 13.1 Hz, *Jyp = 6.6 Hz,
SiCH,Ir), 1.25 (s, 9H, CH;"™"), 1.21 (ddd, 1H, ¥/uy = 13.1 Hz,
3up = 3.6 Hz, *Jup = 1.3 Hz, SiCH,Ir), 0.15 (s, 3H, SiCH,). *C
{'H} NMR (CD,Cl,, 298 K): 5 138.3 (d, YJcp = 67.5 Hz, C" PPh),
137.6 (d, *Jcp = 9.6 Hz, C" ©°'"1) 137.2 (C" %) 136.5 (d, *Jcp
= 1.9 Hz, C* "), 135.8 (d, *Jop = 1.5 Hz, C* '), 134.3 (d,
%Jcp = 10.0 Hz, C* PP"1) 134.2 (d, %/cp = 10.6 Hz, C* P'%?), 1332
(d, >Jep = 10.8 Hz, C*> P'%2) 1324 (d, YJcp = 2.8 Hz, C¥ PIF2),
132.04 (d, YJep = 2.9 Hz, C* P"P1), 131,99 (d, Y/cp = 2.8 Hz, C*
PhP2y " 131.4 (d, YJcp = 2.7 Hz, C* PP 131.1 (d, ¥cp = 10.2 Hz,
c> "1 129.8 (d, °Jcp = 1.7 Hz, C* ©'F?) 129.5 (C* ),
129.2 (d, “Jcp = 3.4 Hz, C* ''7?), 128.8 (d, %Jcp = 11.5 Hz, C>
PP 128.6 (dd, *Jcp = 6.6 Hz, *Jcp = 3.2 Hz, C* *°'"1), 128.5 (d,
*Jep = 11.3 Hz, C* P 127.9 (d, ¥Jcp = 11.7 Hz, C* P"7?), 127.2
(d, *Jcp = 11.3 Hz, C*» ") 593 (C®"3), 59.0 (C™""), 29.8
(CH;™"), 29.7 (CH;™"%), 20.5 (CH;™'™"?), 20.3 (CH;™"™), —1.2
(t, *Jep = 7.0 Hz, CH;Si), —16.2 (CH,Si). *'P{'H} NMR (CD,Cl,,
298 K): Jp 28.6 (d, *Jpp = 18.2 Hz, SiNP'), 26.3 (d, *Jpp = 18.2 Hz,
SiNP?), —144.4 (hept, “Jpp = 710.2 Hz, PF,").

Synthesis of [IrBr{i*C,P,P'-(SiNP-H)}(CN‘Bu),][PFs] (5PF)

A dichloromethane solution (8 mL) of [IrH{x’C,P,P’-(SiNP-H)}
(CN’Bu),][PFs] (1PFg, 175 mg, 0.153 mmol, 1142.24 g mol ™)
was added with N-bromosuccinimide (27.3 mg, 0.153 mmol,
177.98 g mol ™). The resulting colourless solution was stirred
for 30 min, partially evaporated and added with hexane
(5 mL), affording a colorless solid which was filtered off and
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washed with diethyl ether (3 x 5 mL), dried in vacuo and finally
identified as [IrBr{x’C,P,P’-(SiNP-H)}(CN‘Bu),][PFs] (5PFs,
147 mg, 0.120 mmol, 79% yield). Found: C, 49.27; H, 4.72; N,
4.39. Calcd for Cs5oHs,BrFgIrN,P;Si (1221.13): C, 49.18; H, 4.70;
H, 4.59. 'H NMR (CD,Cl, 298 K): 6y 7.66-7.41 (12H tot: 4H
0-PPh, 4H m-PPh, 4H p-PPh), 7.37-7.28 (4H tot: 2H 0-P'Ph, 2H
m-P'Ph), 7.15 (td, 2H, *Juy = 7.9 Hz, YJup = 3.0 Hz, m-P>Ph),
6.94 (ddd, 2H, *Jyp = 12.3 Hz, *Jyy = 7.9 Hz, *Jyp = 1.1 Hz,
0-P°Ph), 6.91 (d, 2H, *Juy = 8.2 Hz, C*H™'""?), 6.83 (d, 2H, *Jun
= 8.2 Hz, C*H""™), 6.50 (d, 2H, *J;; = 8.2 Hz, C*H"""?), 6.43
(d, 2H, *Jyyyy = 8.2 Hz, C*H™™), 2.24 (s, 3H, CH,"'™"?), 2.19 (s,
3H, CH;™™), 1.44 (s, 9H, CH,™"), 1.37 (ddd, 1H, %[y = 13.2
Hz, *Jup = 3.3 Hz, *Jup = 1.3 Hz, SiCH,Ir), 1.25 (s, 9H, CH;""?),
1.24 (dd, 1H, */g = 13.2 Hz, *Jyp = 8.6 Hz, SiCH,Ir), 0.17 (s,
3H, SiCH3). C{"H} NMR (CD,Cl,, 298 K): §. 137.8 (dd, YJcp =
65.3 Hz, >Jcp = 2.7 Hz, C" ™), 137.7 (d, ¥cp = 9.1 Hz, CV
P 1137.1 (d, *Jcp = 9.0 Hz, C ©2) 136.4 (d, Jcp = 2.0 Hz,
c* *°2) 135.8 (d, *Jep = 1.6 Hz, C* ") 134.1 (d, ¥/cp = 10.1
Hz, C* """2),134.0 (d, *Jcp = 10.0 Hz, C* *""*), 133.4 (d, YJcp =
10.8 Hz, C* *"™) 132.5 (d, YJcp = 2.7 Hz, C* P"%2), 132.1 (d,
Yep = 2.8 Hz, C* P"")132.0 (d, YJcp = 2.5 Hz, C* P"*?), 131.5
(dd, Yep = 62.7 Hz, ¥Jcp = 1.6 Hz, C" *"%), 131.4 (d, Ycp = 2.8
Hz, C* """ 131.3 (d, *Jcp = 10.1 Hz, C*> P'*?) 130.3 (dd, Yep =
57.1 Hz, *Jcp = 1.4 Hz, C" '), 129.7 (d, *Jcp = 1.6 Hz, C*>
©P2) 1 129.5 (d, *Jop = 1.2 Hz, C* ©°"F1) 129.0 (d, Ycp = 3.5 Hz,
C? ©%2) 1288 (d, ¥cp = 11.3 Hz, C* *"%2),128.6 (d, YJcp = 3.3
Hz, C* ") 128.40 (d, *Jcp = 10.8 Hz, C* *"**), 128.37 (dd,
Yep = 66.5 Hz, *Jep = 1.2 Hz, C» ") 128.1 (d, ¥Jcp = 11.6 Hz,
c® PPP2) 1279 (d, *Jep = 11.2 Hz, C* PPP1) 593 (C2), 58.9
(C™'), 29.8 (CH,;™""), 29.6 (CH;™"?), 20.4 (CH;™"?), 20.4
(CH,;*"™), —1.1 (t, *Jcp = 7.1 Hz, CH;Si), —18.9 (d, %Jcp = 3.8
Hz, CH,Si). *'P{"H} NMR (CD,Cl,, 298 K): 8p 25.7 (d, *Jpp =
17.4 Hz, P* %) 251 (d, ¥/pp = 17.4 Hz, P> ™), —144.4 (hept,
Yo = 710.2 Hz, PF").

Synthesis of [It{k*C,P,P’-(SINP-H)}(CH;CN)(CN'Bu),][PFq], (6
[PFe],)

An acetonitrile solution (10 mL) of [IrBr{x*C,P,P-(SiNP-H)}
(CNBu),][PFs] (5PFs, 233 mg, 0.191 mmol, 1221.13 g mol )
was added with AgPF, (53.2 mg, 0.210 mmol, 252.83 g mol ™).
The resulting colorless suspension was stirred for 12 h and fil-
tered. The resulting solution was partially evaporated and
added with diethyl ether (5 mL), affording a colourless solid
which was filtered and washed with diethyl ether (3 x 5 mL),
dried in vacuo and finally identified as [Ir(CH;CN) {’C,P,P"
(SiNP-H)}(CN'Bu),][PF¢], (6[PF¢),, 179 mg, 0.0135 mmol, 71%
yield). Found: C, 46.81; H, 4.69; N, 5.32. Caled for:
Cs,HeoF1,IrNsP,Si (1327.24): C, 47.06; H, 4.56; N, 5.28. 'H
NMR (CDZCIZ 298 K): Oy 7.73-7.46 (12H tot: 4H m-PPh, 4H
p-PPh, 4H 0-PPh), 7.46-7.31 (4H tot: 2H 0-P’Ph, 2H m-P*Ph),
7.18 (td, 2H, *Jyyy = 7.8 Hz, *Jup = 3.2 Hz, m-P'Ph), 6.95 (m, 2H,
m-P*Ph), 6.90 (br d, 4H, *Jyy; = 8.0 Hz, C*H™'""* and C*H""?),
6.50 (d, 2H, *J;y; = 8.0 Hz C*H™™), 6.41 (d, 2H, *J;44 = 8.0 Hz,
C?H™'*?), 2.23 (br s, 6H, CH;"""* and CH;"*""?), 2.09 (s, 3H,
CH;CN), 1.48 (s, 9H, CH;™"), 1.44 (dd, 1H, *J;; = 13.0 Hz,
*Jup = 7.5 Hz, SiCH,Ir), 1.30 (dd, 1H, */gy; = 13.0 Hz, *Jygp = 2.7
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Hz, SiCH,Ir), 1.29 (s, 9H, CH;"®"%), 0.34 (s, 3H, SiCH3). *C{'H}
NMR (CD,Cl,, 298 K): 8¢ 137.0 (d, *Jcp = 2.1 Hz, C* ©F2)
136.7 (d, %Jcp = 8.7 Hz, C" " or C* *'%), 136.5 (d, *Jcp = 1.5
Hz, C* *"") 135.81 (d, >/cp = 8.0 Hz, C" " or C* '), 135.79
(d, ¥cp = 70.6 Hz, C> *'P) 133.9 (d, ¥cp = 10.7 Hz, C> PhP2),
133.7 (d, ¥cp = 11.1 Hz, C* *""1) 133.2 (d, *Jcp = 2.8 Hz, C*
PhP2) 1133.0 (d, YJcp = 1.9 Hz, C* P""1), 132.9 (d, “Jcp = 1.8 Hz,
c* PP2) 132.5 (d, Ycp = 2.8 Hz, C* PP 132.3 (d, 3Jcp = 10.1
Hz, C* *P"2)131.4 (d, *Jcp = 10.2 Hz, C* "), 130.8 (d, Ycp =
60.7 Hz, C* ""%), 130.0 (d, *Jcp = 1.5 Hz, C* *"7?),129.9 (d, YJcp
= 1.4 Hz, C» *™), 129.4 (d, *Jcp = 11.7 Hz, C* *"2) 129.4 (d,
3Jep = 11.2 Hz, C> P""1) 129.1 (d, *jcp = 11.7 Hz, C* P'%?), 128.9
(d, Yep = 3.7 Hz, C* “°2) 128.6 (d, *Jcp = 12.0 Hz, C> PIPY),
127.8 (d, *Jcp = 3.8 Hz, C* 1), 127.7 (d, Ycp = 62.0 Hz, C¥
PhPY 126.8 (d, Jep = 70.9 Hz, C* %), 121.9 (d, ¥/cp = 18.6 Hz,
NCCH;), 61.1 (C**%), 60.7 (C®""), 29.4 (CH,®""), 29.3
(CHstBuZ)’ 20.4 (CH3t011 or tolZ)’ 20.3 (CH3t011 or tolZ), 2.6
(CH5CN), —1.5 (t, *Jcp = 6.8 Hz, CH;Si), —18.7 (t, Jcp = 3.6 Hz,
CH,Si). *'P{"H} NMR (CD,Cl,, 298 K): 6p 25.1 (d, *Jpp 19.4 Hz,
P SNP) 18,0 (d, Ypp 19.4 Hz, P? SNP) _144.4 (hept, YJpp = 710.2
Hz, PFg").

Synthesis of [IrH(CH,SiF,CH;)(HNP),(CN‘Bu),][BF,] (7BF,)

A dichloromethane solution (5 mL) of [IrH(SiNP-H)
(CN’Bu),][PFs] (1PFg, 116 mg, 0.102 mmol, 1142.24 g mol ™)
was added with HBF,-Et,O (27.8 pL, 0.203 mmol, 161.93 g
mol ™', 1.18 g mL™") at 193 K. The resulting colourless solution
was stirred for 30 min, allowed to warm up at room tempera-
ture, partially evaporated and added with hexane (10 mL),
affording a colourless solid which was filtered off and washed
with diethyl ether/hexane (1:10) (12 mL), dried in vacuo and
finally identified as [IrH(CH,SiF,CH;)(HNP),(CN‘Bu),][BF,]
(7BF4, 64.4 mg, 0.0573 mmol, 56% yield). Found: C, 53.29; H,
5.47; N, 5.09. Caled for CsoHgoBFeIrN,P,Si (1124.09): C, 53.42;
H, 5.38; N, 4.98. "H NMR (CD,Cl, 298 K): 6;; 7.74-7.62 (4H tot:
2H p-P*Ph and 2H o-P*Ph), 7.62-7.45 (12H tot: 2H 0-P'Ph, 2H
0-P>Ph, 4H m-P'Ph, 2H m-P*Ph and 2H p-P'Ph,), 7.40 (td, 2H,
Yum = 7.7 Hz, “Jup = 2.8 Hz, m-P*Ph), 7.31 (m, 2H, o-P'Ph),
6.77 (d, 2H, *Juy = 8.4 Hz, C*H""™), 6.73 (d, *Jun = 8.4 Hz,
C*H"'""), 6.11 (d, 2H, *Juy = 8.4 Hz, C*H""™™"), 5.94 (d, 2H,
3Jun = 8.4 Hz, C*H™'"™?), 5.33 (dd, 1H, *J;4p = 15.9 Hz, i3y = 3.9
Hz, NH"Y), 4.21 (d, 1H, *Jgp = 15.9 Hz, NH"?), 2.16 (s, 3H,
CH;""""), 2.15 (s, 3H, CH;™"?), 1.25 (s, 9H, CH;™""), 1.21 (s,
9H, CH;"""?), 0.33 (t, 3H, *Jur = 6.3 Hz, SiCH;), 0.01 (ddddd,
1H, *Juy = 13.4 Hz, *Jyp = 13.4 Hz, “Jyp = 10.5 Hz, “Jup = 4.7
Hz, *Jyr = 2.4 Hz, SICH*H"Ir), —0.42 (ddddd, 1H, *fi = 13.4
Hz, [y = 13.4 Hz, *Jip = 11.6 Hz, *Jip = 3.6 Hz, *Jip = 3.5 Hz,
SiICH*HPIr), —11.86 (ddt, 1H, *fip srans = 152.9 Hz, *Jup s = 17.4
Hz, “Jur = 2.2 Hz, IrH). "*C{"H} NMR (CD,Cl,, 298 K): 6. 138.9
(d, Ycp = 9.0 Hz, C¥ ©2)138.0 (d, ¥cp = 11.1 Hz, C ©PY),
132.2 (d, ¥cp = 10.2 Hz, C* ") 131.9 (d, Jcp = 2.3 Hz, C*
PP 1131.73 (d, *Jcp = 10.6 Hz, C* *"72),131.67 (d, *Jcp = 11.0
Hz, C* ") 131.5 (dd, *Jcp = 10.0, ’Jcp = 2.8 Hz, C> P!
130.8 (C* ' and C* *'*?),130.7 (d, ¥Jcp = 11.2 Hz, C* PP,
129.1 (d, ¥Jep = 11.2 Hz, C* 1) 129.0 (d, Ycp = 7.6 Hz, C>
tolP2)°128.9 (d, Ycp = 1.6 Hz, C* P'"2) 128.6 (d, 3Jcp = 11.2 Hz,
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c* PP2) 118.4 (d, %Jcp = 5.7 Hz, C* °'"1),117.9 (d, ¥Jcp = 5.1
Hz, C* "1 58,9 (C™"2), 58.8 (C™"), 29.7 (CH;™""), 29.4
(CH;™"2), 20.0 (CH,™"™"), 20.0 (CH;"™'"?), -3.6 (t, Ycr = 19.3
Hz, CH;Si), —34.9 (CH,Si). "’F{'"H} NMR (CD,Cl,, 298 K): 5g
—127.5 (dd, 1F, *Jgr = 20.6 Hz, “Jgp = 2.7 Hz, SIF*F®), =129.0 (d,
1F, *Jgr = 20.6 Hz, SiF°F). *'P{'"H} NMR (CD,Cl,, 298 K): &p
11.4 (d, *Jpp 20.5 Hz, P"), 3.1 (d, */pp 20.5 Hz, P?).

DFT calculations

Molecular structure optimizations and frequencies calcu-
lations were carried out with the Gaussian09 program (revision
D.01)° using the method B3PW91," including the D3 dis-
persion correction scheme by Grimme with Becke-Johnson
damping."" The def2-SVP' basis and pseudo potential were
used for all atoms and the “ultrafine” grid was employed in all
calculations. Stationary points characterized by
vibrational analysis. The structures were optimized in dichloro-
methane (298 K, 1 atm) using the PCM method."® In order to
improve the accuracy of the calculated energies, single point
energy calculations were carried out on the optimized struc-
tures of intermediates and transition states using the method
M06,"* the def2-TZVP'* basis and pseudo potentials, where
appropriate, and the SMD model® for the solvent (dichloro-
methane). Finally a correction of +1.89 kcal mol™" to Gibbs
free energy was also applied for the change of the standard
state from gas phase (1 atm) to solution (1 M) at 298 K.'
Delocalization indexes (DI) were calculated using Multiwfn."”

were

Crystal structure determination

Single crystals of SiNP and 7BF, were obtained by slow evapor-
ation of dicholoromethane solutions of the compounds; single
crystals of 1PF, and 4PF, were grown by slow diffusion of
hexane into a THF (4PF,) or dichloromethane solution (1PFs)
of the compounds. X-ray diffraction data were collected at 100
(2) K on a Bruker APEX SMART (1PF,, 4PF,, 7BF,) or APEX
DUO (SiNP) diffractometer with graphite-monochromated Mo-
Ka radiation (1 = 0.71073 A) using 0.6° » rotations. Intensities
were integrated and corrected for absorption effects with
SAINT-PLUS' and SADABS' programs, both included in
APEX2 package. The structures were solved by the Patterson
method with SHELXS-97%° and refined by full matrix least-
squares on F* with SHELXL-2014>" under WinGX.*

Crystal data for SiNP

CaoH40N,P,Si, 638.77 g mol ™', monoclinic, P21/c, a = 23.093(3)
A, b =9.0864(13) A, ¢ = 17.039(2) A, f = 107.176(2)°, V = 3415.9
(8) A’, Z = 4, reflections collected/independent 65 969/6980
[R(int) = 0.0406], R, = 0.0435 [I > 26(I)], WR, = 0.1380 (all data).
CCDC deposit number 2155640.F

Crystal data for 1PF,

2C50H5gF6IrN,P;Si-CH,Cl,-CgHyy, 2455.50 ¢ mol™", triclinic,
P1, a = 10.9615(7) A, b = 12.7205(8) A, ¢ = 20.4705(12) A, a =
86.1880(10)°, f# = 77.4030(10)°, y = 85.9510(10)°, V = 2774.8(3)
A%, Z = 1, reflections collected/independent 34 093/11 291
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[R(int) = 0.0280], R, = 0.0293 [I > 20(I)], WR, = 0.0762 (all data).
CCDC deposit number 2155643.F

Crystal data for 4PF,

4Cs5¢Hs,ClIF(IrN,P,Si-3C,HgO, 4922.88 ¢ mol™', monoclinic,
C2/c, a = 46.824(5) A, b = 10.9773(11) A, ¢ = 25.668(3) A, f =
121.1930(10)°, V = 11286(2) A’, Z = 2, reflections collected/
independent 58271/12 421 [R(int) = 0.0495], R, = 0.0364 [I >
206(I), WR, = 0.0815 (all data). CCDC deposit number
2155642.F

Crystal data for 7BF,

C50HeoBF(IrN,P,Si-CH,Cl,, 1208.98 ¢ mol~*, monoclinic, P2,/
¢, @ = 16.3517(10) A, b = 11.6078(7) A, ¢ = 28.9040(17) A, f =
93.8810(10)°, V = 5473.6(6) A*, Z = 4, reflections collected/inde-
pendent 61 703/11 193 [R(int) = 0.0364], R, = 0.0231 [I > 26(I)],
WR, = 0.0525 (all data). CCDC deposit number 2155641.F
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