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ABSTRACT: The complexes [Cp*M(x>N,N’,N”-L)][SbF,] (Cp*
=n>-CsMes; M = Rh, 1, Ir, 2; HL = pyridinyl-amidine) display M/
N transition metal frustrated Lewis pair reactivity toward a range of
substrates containing triple bonds. Whereas the rhodium complex 1
reacts with CO yielding compound [Cp*Rh(CO)(x*C,N-LCO)]-
[SbF] (3), which contains a terminal carbonyl and a carbamoyl
group, the iridium complex 2 generates compound [Cp*Ir-
(K*C,N,N'-LCO)][SbF] (4), which only features the carbamoyl
group. Compounds 1 and 2 react with stoichiometric amounts of
the isocyanides CNR (R = Cyclohexyl, p-CsH,(OMe), CH,SO,(p-
Tolyl)) to give the corresponding 1,1-insertion complexes
[Cp*M(k’C,N,N’-LCNR)][SbF,] (5—10). Complexes containing
inserted and coordinated isocyanide ligands of formula [Cp*M-
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(CNR)(K*C,N-LCNR)][SbF¢] (11—15) are obtained upon treating 1 and 2 with excess of the corresponding isocyanide.
Compound 2 reacts with CN'Bu affording the adduct [Cp*Ir(CN'Bu)(k*N,N’-L)][SbF,] (16) which contains a terminal CN‘Bu
ligand. Complex 16 is protonated by HSbF to give [Cp*Ir(CN'Bu)(x*N,N'-HL)][SbF], (17). The terminal alkynes HC=CR (R
= Ph, CO,Et) react with 1 and 2 rendering the alkynyl complexes 18—21. Dimethyl acetylenedicarboxylate reacts with complex 2 to
give compound 22 via the formal 1,2-addition of a basic nitrogen atom and the metal across the alkyne triple bond. The new
complexes have been characterized by analytical, spectroscopic and X-ray diffraction (XRD) methods.

B INTRODUCTION

The initial discovery that an intermolecular or intramolecular
combination of a Lewis acid and base that do not form the
corresponding adduct due to geometry constraints (FLP) can
activate small molecules' was followed by a large number of
studies introducing FLPs based on an ample variety of new
acidic and basic components,” including metal fragments
(TMFLPs).” The development of new FLPs demonstrated the
effectiveness with which these species react with a wide range of
small molecules (olefins, alkynes, CO,, SO,, NO, CO, N,O, N-
sulfinyltolylamines etc.).”*"™* In turn, the capability of FLP
chemistry to intervene efficiently in diverse fields such as
homogeneous and heterogeneous catalysis mcludlng asymmet-
ric versions,”"” 3 bioinorganic chemistry,” polymers,
organic chemistry,”® and materials science”* was evidenced.
In this context, a finding that substantially broadened this field
was the discovery that, to exhibit FLP behavior, it is not
necessary for the acidic and basic components to avoid
interacting with each other. It is sufficient that an equilibrium
allows access to the free acid and base for FLP reactivity to be
observed.”

In particular, FLP chemistry has been previously applied to
the activation of small molecules containing triple bonds such as
carbon monoxide, isocyanides or alkynes. Regarding the
activation of CO,” the donor and acceptor components of
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conventional FLP systems capture CO following a behavior
reminiscent of the o-donation and 7- acceptance of electron
density characteristic of CO coordination in organometallic
chemistry. Notably, the capture of CO by FLP species facilitates
its reduction in the resulting adducts either stoichiometrically or
catalytically.® Moreover, examples are known in which the
interaction of TMFLPs with CO leads to the formation of
terminal metal carbonyls’ or carbonyl ligand insertion
products,'’ without any apparent involvement of the basic
component of the FLP species in either case. As a rare example,
cooperative Lewis pair chemistry has been reported for the CO
activation using platinum(0) complexes as a Lewis base in
conjunction with the main group Lewis acid B(C¢Fs);. The
resulting Pt/B FLP systems led to the cooperative coupling of
ethene and carbon monoxide affording the five-membered
metallacycle compounds shown in Scheme 1."'
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Scheme 1. Activation of CO by TMFLPs Species
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Scheme 2. Reactions of TMFLP Species with Isocyanides
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Isocyanides are important organic reagents widely used in
coordination and organometallic chemistry that play an
important role not only in the academic area, but also in
numerous industrial processes, primarily due to their bonding
properties, reactivity, and implications in organic synthesis.12
They exhibit reactivity toward FLPs,"”'* but, in general, they
merely add to the acidic component of the TMFLPs, without
intervention of the basic site, as it is the case of the reactions of
the TMFLPs based on a Zr/P couple with butyl isocyanides
shown in Scheme 2 (eqs B and C)."*

The reactivity of FLP species based on main group elements
with alkynes has been extensively studied and has been the
subject of recent literature reviews.'> This reactivity includes
catalytic applications in a variety of organic transformations such
as alkyne derivatization,"* hydrogenation'® or hydrosilylation.'”
However, the chemistry of TMFLPs in this area is much less
developed,”"'*"**!¥~2> TMFLPs based on zirconium as metal
component being by far the most investigated.”'*'*~>°
Regarding alkynes, the most studied one is phenylacetyle-
ne, "1 15720 hose reaction with TMFLPs generally leads to
metal alkynyl complexes through deprotonation.”''®'®"
Scheme 3 collects in eqs D and E two selected examples in
which TMFLPs based on Zr/P and Zr/N couples react with
phenylacetylene giving rise to alkynyl phosphonium’ and
alkynyl ammonium adducts,"® respectively.

However, it has been reported that the reaction of
intermolecular TMFLPs, based on zirconocene aryloxide and
tertiary phosphanes, with phenylacetylene can yield deprotona-
tion products, 1,2-addition products, or mixtures of both,
depending on the phosphane substituents and whether the
zirconocene ring is CsHg or CsMey™ (Scheme 3, eq F).
Similarly, cooperative transition metal-only frustrated Lewis
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pairs based on Au(I) and Pt(0) are also able to effect
deprotonation and/or FLP 1,2-addition across acetylene.
Notably, subtle modifications of the phosphane ligands bound
to gold have a strong effect on the regioselectivit?/ of the
activation (deprotonation vs 1,2-addition, see eq G).>

Finally, a scandium mixed alkoxyl/diaryloxide complex reacts
with 0.5 mol of the internal alkyne dimethyl acetylenedicarbox-
ylate leading to the formation of a bicyclo[7.7.0]cetane-derived
metallacycle following a double 1,4-addition pattern (eq H).*

In recent years, we have been developing a research program
to study the behavior of species with stoichiometry I (Chart 1)
in the activation processes of small molecules as well as in
catalytic organic transformations. Compounds I are half-
sandwich complexes of rhodium(IIL), iridium(III), ruthenium-
(II), or osmium(II) with phosphanoguanidine, phosphano-
thiourea, pyridinyl-guanidine, and pyridinyl-amidine tridentate
ligands coordinated in a fac x> manner. These compounds can be
considered masked FLP because, in all cases, the steric strain of
the four-membered M—N'—C—N? ring makes the dissociated
species II, containing free acceptor (metal) and donor (N?
atom) sites, accessible in solution under mild conditions.
Indeed, following FLP reactivity pathways, they activate a variety
of small molecules and mediate some catalytic reactions.”®

In this work, we present the results obtained by applying the
masked rhodium and iridium FLPs 1 and 2 containing a
pyridinyl-amidine ligand (Chart 1) to the activation of carbon
monoxide, isocyanides, and alkynes.

B RESULTS AND DISCUSSION

Reaction with Carbon Monoxide. Reaction of complexes
[CP*M(K3N)N/)N”'L)] [SbFs] (CP* = ’75'C5Mesi M=Rh, 1, I,
2; HL = pyridinyl-amidine ligand) with carbon monoxide gives
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Scheme 3. Reactions of TMFLP Species with Alkynes
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rise to compounds [ Cp*Rh(CO)(¥*C,N-LCO)][SbF¢] (3) and o
[Cp*Ir(k*C,N,N’-LCO)][SbF¢] (4) in good yields (egs 1 and | o
2). OC/th—<NR“ Eq. 1
In good agreement with the structure proposed in eq 1, the IR \‘N Nz{
spectrum of complex 3 shows two absorption bands at 2054 and o 1 g 73
1688 cm™' attributed to terminal and carbamoylic carbonyl ,\‘A\ 1 MR
groups, respectively. Two doublets in the “C{'H} NMR ad \L  co@ -
spectrum, centered at 186.17 ppm (J(RhC) = 74.0 Hz) and ; 1 n 2 v=i s
. . =Rn, 1;1r, |
193.66 ppm (J(RhC) = 33.1 Hz), indicate that both carbonyl v \r\<Nw Eq.2

groups are coordinated with the rhodium atom. For complex 4, a
strong IR band at 1657 cm™" and a singlet at 185.30 ppm in the
BC{'H} NMR spectrum make evident the presence of the
carbamoyl group.”* In the formation of rhodium compound 3,
no monocarbonyl intermediate was detected by NMR. In
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Chart 1. Masked FLPs Studied in This Work and Their Derived Active Species

Ti@ ' Ting—l *
M — M—p
Q/ ‘ >N2\Rv i§ \N1
N
R

(Ring)M = (CsMes)Rh, (CsMes)lr, (Arene)Ru, (Arene)Os

A = Coordinated heteroatom
fac k3N,N' A coordination mode

Strained four-membered M-N'-C-N2 ring

0O =vacant site

@—I [SbFg]

TNR!

I
M
-
ZNT O\
/{
NZ\ , Q\/N

R

M=Rh, 1;1Ir, 2

s

N(3A)

Figure 1. Molecular structure of the cationic complex of 3 with 50% probability ellipsoids. For clarity, hydrogen atoms and minor part of disordered
pyridinic fragment have been omitted. Selected bond lengths (A) and angles (°): Rh—Ct 1.8674(8), Rh—N(1) 2.0711(14), Rh—C(11) 2.0290(16),
Rh—C(29) 1.9041(17), C(11)—N(2) 1.431(2), C(12)—N(2) 1.451(2), C(20)—N(1), 1.293(2), C(20)—N(2), 1.371(2); Ct—Rh—N(1) 129.37(5),
N(1)-Rh—C(11) 78.59(6), N(1)—Rh—C(29) 95.62(7), C(11)—Rh—C(29) 92.88(7). Ct represents the centroid of the Cp* ring.

contrast, the formation of the iridium dicarbonyl compound
homologous to complex 3 has not been observed after treating 4
for 24 h under the same conditions.

The formation of the carbamoyl fragment of compounds 3
and 4 can be explained as a result of the interaction between the
two components of the masked FLPs 1 and 2 with carbon
monoxide: coordination of the carbonyl carbon to the metal and
a nucleophilic attack by the nitrogen NR' on the same carbon
atom.

Molecular structure of cationic complex 3, determined by X-
ray diffraction (XRD) is depicted in Figure 1. The terminal and
carbamoylic nature of the carbonyl ligands lead to the markedly
different Rh—CO bond lengths, 1.9041(17) A for the terminal
group and 2.0290(16) A for the carbamoylic one.”**”*
Correspondingly, a typical CO triple bond distance (C(29)—
0(2), 1.125(2) A) was found for the terminal CO ligand while a
CO double bond distance (C(11)—0O(1), 1.201(2) A) was
determined for the carbamoylic one.”**™*

The bond distances C(20)—N(1), 1.293(2) A, and C(20)—
N(2), 1.371(2) A, within the metallacycle Rh—N(1)—C(20)—
N(2)—C(11) show 7 charge delocalization among the three
atoms and indicate a %reater double bond character for the
C(20)—N(1) bond.***" Comparing these distances with the

corresponding C—N bond distances measured in the iridium
compound 2, (1.378(6) and 1.304(6) A, respectively)zsb it can
be proposed that the bond order for C(20)—N(1) changes from
single to double upon the CO insertion reaction. Similarly, this
insertion causes the opposite change in bond order for the
C(20)-N(2) bond (see eq 1). The remaining structural
parameters match closely those reported for related Cp*Rh
pyridinyl-amidinato complexes.”**"

Reaction with Isocyanides. Reaction with CNCy, p-
CNC4H,4(OMe), and CNCH,SO,(p-Tolyl). Complexes 1 and 2
rapidly reacted with one equivalent of the alkyl or aryl
isocyanides CNR (R = Cyclohexyl, p-C¢H,(OMe),
CH,SO,(p-Tolyl)), at room temperature, to give the corre-
sponding 1,1-insertion compounds 5-10 which were isolated in
yields ranging from 80 to 87% (eq 3).

The new imidoyl compounds were characterized by micro-
analysis, mass spectrometry, IR and multinuclear one-dimen-
sional (1D) and two-dimensional (2D) NMR spectroscopy. The
IR spectrum of the products showed no bands assignable to
v(C=N) in the region 2200—1900 cm™" but did show bands in
the 1609—1559 cm™" interval assignable to C—N double or
partial double bonds.”® The '*C{'H} NMR spectrum showed a
doublet in the region 180—198 ppm with a coupling constant
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J(RhC) = 45 Hz for the rhodium complexes $, 7, and 9 and a
singlet in the interval 167—184 ppm for the iridium complexes 6,
8, and 10, tentatively attributable to the carbon atom of a
coordinated M—C(N)=N moiety.

As intense NOE interactions are observed between the
hydrogens of the isocyanide group R and the methyl protons of
the Cp* ligand (see Supporting Information), it is proposed
that, in compounds 5-10, the inserted isocyanide exhibits a Z
configuration around its C=N double bond. This configuration
was confirmed by the determination of the crystal structure of
compound 8, through X-ray diffraction (see below). The
corresponding E isomer was not observed.

The imidoyl compounds are able to add a new molecule of
isocyanide. Indeed, a dichloromethane solution of complex 6
reacts with cyclohexyl isocyanide leading to compound 11,
which contain one terminal and one inserted isocyanide
molecule (eq 4). Displacement of the pyridine arm from a
cyclometalated ligand by isocyanides has been previously
suggested for a gold(IIT) compound.'* As expected, complexes
12-18, congeners of 11, could also be prepared upon treatment
of dichloromethane solutions of 1 and 2 with a slight excess (3
equiv) of the corresponding isocyanide (eq S).

The IR spectrum of complexes 11-15 shows two strong bands
in the regions 2182—2158 and 1624—1600 cm ™" characteristic
of terminal and imidoyl ligands, respectively. In particular, the
wavenumbers of the terminal (C=N) band are approximately
40 cm™' shifted toward higher frequencies relative to the
corresponding free isocyanide. This positive shift supports an
almost exclusively o-donor coordination of the employed
isocyanide when coordinated with fragments of scarce -
donor capacity such as cationic Cp*M?* fragments.”*! Addi-
tionally, the *C{'"H} NMR spectra of the rhodium complexes
12 and 14 present two doublets at about 182 (J(RhC) =~ 36 Hz)
and 145 ppm (J(RhC) ~ 73 Hz) which support that both CNR
molecules are coordinated with the metal. For the iridium
complexes 11, 13, and 15 the inserted and terminal isocyanide
carbon atom resonate in the 172—154 and 127—114 ppm range,
respectively. NOE relationship between the isocyanide R group
and the Cp* methyl protons (see SI) indicate that in the
formation of 11-15 from the corresponding imidoyl complex 6-
10 the Z configuration around the C=NR double bond is
retained.

Reaction with CN'Bu. The reaction of compounds 1 and 2
with CN'Bu gave different results compared to those shown for
the isocyanides considered above. The rhodium compound 1
produced a mixture of unidentified products, even when the
reaction was carried out at low temperature. In contrast, the
iridium complex 2 reacts with one equivalent of CN'Buy, yielding
complex 16 in nearly quantitative yield (eq 6).

o

[
CNBu =Nt
y N/Ir\\/NR1 N/Ir C=NBu Eq.6
@ NJ\ CH,Cl, 7\

2 NR'
RT= %} 16

A strong absorption band centered at 2189 cm™' in the IR
spectrum of complex 16 along with one singlet at 116.69 ppm in
the *C{'H} NMR spectrum point to a terminal coordination
mode for the isocyanide in the complex. Again, the high shift
toward higher energies of the (CN) band observed in the IR
spectrum (about 60 cm™!)*® support the very low 7 basicity of
the iridium center in this compound. Strikingly, although it has
been described that a Av(CN) value higher than 40 cm™
indicates that the CNR ligand is susceptible to nucleophilic
attack,”” the intramolecular nucleophilic addition of the hanging
NR' fragment of the pyridinyl amidinato ligand to the CN'Bu
ligand has not been observed. It should be noted that the
bulkiness of isocyanide species has been found to play a key role
in controlling the insertion reactions they undergo”® and,
therefore, the presence of the bulky tert-butyl substituent could
be responsible for the lack of the mentioned nucleophilic
addition. In this regard, NOE interactions have been observed
between the methyl protons of the substituent on the amidinato
ligand and the Cp* methyl protons, as well as between the
methyl protons of the R' group and the methylene protons of the
pyridinyl-amidinato ligand (SI). These interactions suggest that
in compound 16, the bulkiness of the isocyanide ‘Bu substituent
forces the rotamer around the CH,N—C(Me)NR' single bond
of the amidinato moiety to adopt an s-trans conformation, with
the C(Me)=NR' nitrogen pointing away from the C=N
isocyanide carbon, thereby preventing the nucleophilic attack
from occurring.

The isolation and characterization of compound 16 suggest
that a possible mechanism for the insertion of isocyanides into
the M—NR! bond of compounds 1 and 2, leading to the
formation of compounds 5-10 (eq 3), involves the coordination
of the isocyanide with the metal after the M—NR' bond breaks,
followed by a nucleophilic attack of the nitrogen on the
coordinated carbon of the isocyanide. However, a mechanistic
pathway that, after the breaking of the M—NR' bond, begins
with a nucleophilic attack by the nitrogen atom on the carbon of
the isocyanide, followed by the coordination of this carbon to
the metal, cannot be ruled out.'*

Compound 16 is unstable in solution. At room temperature,
in dichloromethane, it decomposes within a few hours into a
mixture of unidentified products. In protic solvents, such as
methanol, it quickly evolves into compounds where protonation
of the uncoordinated nitrogen is detected, which led us to test
the reaction of protonation of 16 with HSbF. Indeed, when
stoichiometric amounts of HSbF, were added to dichloro-
methane solutions of 16, the dicationic complex [Cp*Ir-
(CN'Bu) (x¥®N,N’-HL)][SbF], (17) was obtained as a mixture
of two isomers in a 72/28 molar ratio (eq 7).

Abroad IR band centered at 3355 cm™' denotes the presence
of an N—H functionality and, for the most abundant isomer,
NOE interactions of the methyl protons of the substituent on
the amidinato ligand with the Cp* methyl protons as well as with
the tert-butyl methyl protons (SI) suggest that, the NHR' group
is pointing away from the isocyanide ligand.
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Molecular Structure of the Complexes 8, 11, 16, and 17.
The crystal structure of the isocyanide complexes 8, 11, 16, and
17 has been elucidated by X-ray diffractometric analysis.
Molecular structure of the cations are shown in Figure 2 and
Table 1 collects the most relevant structural parameters. In the
crystal of 17, two independent molecules, labeled as 17a and
17b, were observed in the asymmetric unit with no significant
differences between their structural parameters.

All the cations exhibit the so-called three-legged piano stool
geometry having a 1>-Cp* ligand formally occupying three fac
coordination positions. The insertion of CN(p-MeOC¢H,) into
the Ir—NR' bond of the starting compound 2 (eq 3) generates a
tridentate ligand that, adopting a K*C,N,N’ coordination mode,
occupies the three remaining vacant sites in the cation of 8. The
cation of 11 can be considered the result of the cleavage of the
Ir—N(pyridine) bond in complex 6 (homologous to 8 but with a
cyclohexyl isocyanide molecule, see eq 3) followed by the
coordination of a second molecule of cyclohexyl isocyanide as a
terminal ligand in the created vacant site. The cation of complex

16 can be regarded as resulting from the cleavage of the Ir—NR'
bond in compound 2, followed by the coordination of a CN‘Bu
molecule at the resulting vacant site. Protonation of the NR!
nitrogen atom in complex 16 leads to the formation of the
dicationic compound 17.

For terminal isocyanides, the Ir—C bond distance [from
1.936(2) A (11) to 1.970(2) A (17a)], as well as the C=N
bond distance [from 1.145(3) A (17b) to 1.155(3) A (16)], falls
in the range determined for Ir(II[)—C and C=N bond
distances, respectively, in Cp*Ir(III) terminal isocyanide
complexes.”” Analogously, for inserted isocyanides, the Ir—C
bond distance [2.0585(15) A (8) and 2.059(2) A (11)] is
comparable to those found in Cp*Ir(III) compounds containing
inserted 2,6-xylyl isocyanide into an Ir—P bond.”*

Insertion of an isocyanide ligand into a metal—nitrogen bond
usually leads to a charge delocalization involving the carbon and
nitrogen atoms of the isocyanide ligand along with the nitrogen
atom of the metal—nitrogen bond where the isocyanide has been
inserted.” In complexes 8 and 11, the presence of an additional
nitrogen atom located two bonds away from the nitrogen atom
undergoing the insertion reaction gives the resulting CN bond in
the inserted isocyanide a double-bond character, with lengths of
1.2773(19) A in complex 8 and 1.267(3) A in complex 11.
Instead, charge delocalization occurs between the two nitrogen
atoms, N(2) and N(3), of the amidine ligand and the bonded
carbon atom, C(17), with the following bond lengths: C(17)—

~_7

N(5)  ¢(34)

&a

f\\cm)
/\.)‘L f, s N@)
)
o’
(15) NN —@ / o
Y,

(16)
N3/ R :
W

c(19) _;\

4&-\&’

17a

Figure 2. Molecular structure of the cation of the complexes 8, 11, 16, and 17a with 50% probability ellipsoids. For clarity, hydrogen atoms (except the
NH proton of 17a) have been omitted. Only one (17a) of the two independent cations of compound 17 is shown.
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Table 1. Selected Structural Parameters of the Cation of the Complexes 8, 11, 16, and 17 (Bond Lengths in A and Angles in

Degrees)

Compd Ir—CN,” —C=N Ir—CN/° >C=N
2“ - -
8 - - 2.0585(15) 1.2773(19)
11 1.936(2) 1.153(3) 2.059(2) 1.267(3)
16 1.951(2) 1.155(3) - -
17a 1.970(2) 1.149(3)
17b 1.969(2) 1.145(3)

Ir—N(1) Ir—N(2) N(2)-C(17) N(3)-C(17)
1.378(6) 1.304(6)
2.1136(13) 2.0495(13) 1.304(2) 1.3477(19)
2.0610(16) 1.300(3) 1.352(3)
2.0914(17) 2.0879(18) 1.354(3) 1.301(3)
2.0879(18) 2.1028(17) 1.307(3) 1.345(3)
2.0910(19) 2.0941(17) 1.305(3) 1.341(3)

“Ref 23b. PCN, represents terminal isocyanide. “CN; represents inserted isocyanide.

N(2) is 1.304(2) A in complex 8 and 1.300(3) A in complex 11,
while C(17)—N(3) is 1.3477(19) A in complex 8 and 1.352(3)
A in complex 11. In the cation of the complexes 16 and 17,
where N(3) is not coordinated to the metal, a charge
delocalization is also observed among the N(2), N(3), and
C(17) atoms, regardless of whether N(3) is protonated or not.
However, while in 8, 11, and 17 the N(2)—C(17) bond exhibits
greater double bond character than the N(3)—C(17) bond, in
16 the opposite happens: it is the N(3)—C(17) bond that has
more double bond character (Table 1).

Reactions with Alkynes. Complexes 1 and 2 react with
terminal alkynes HC=CR (R = Ph, CO,Et) under mild
conditions affording complexes 18—21 in which the terminal
alkyne has been deprotonated (eq 8). Indeed, one strong IR

+ a9+
CR

r\‘/| HC=CR '\\A
oIV~ 1 - \CE
7N NR THF 7 N ’ Eq. 8
=~ NAK \ NQ'/NHR
R M

R = Ph Rh 18
I 19

COEt Rh 20
ro21

M=Rh, 1;1Ir, 2

band in approximately 2100 cm™' and two “C{'H} NMR
doublets (Rh) or singlets (Ir) in the regions 100—113 or 89—
100 ppm, respectively, are indicative of the existence of a
coordinated alkynyl group. Additionally, an IR band in the
region of 3250—3290 cm™' together with an 'H NMR broad
singlet in the interval 7—8 ppm denote the presence of an NH
group.

Only one isomer has been detected for compounds 18, 20,
and 21, but iridium compound 19 has been isolated as a mixture
of two isomers in a molar ratio of 87:13. NOE measurements
indicate that the most abundant isomer isolated from compound
19, as well as the only isomer detected for compounds 18, 20,
and 21, is the Z isomer with respect to the C=N double bond of
the pyridinyl amidine ligand (see SI).

On the other hand, the activated internal alkyne dimethyl
acetylenedicarboxylate reacts with the iridium complex 2
affording the 1,2-addition product 22 (eq 9). The presence of

j+
+
@ R [ COy,Me
—_ Me0,C-C=C-CO,Me M= -COMe Eq.o

[
I
- NR! SN
NN | \
THF 1
Q\/NJ\ 7 Nz\/NR
2

-
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two methyl ester functionalities in the product is indicated by
two £(CO) bands, at 1725 and 1685 cm ™/, in the IR spectrum, as
well as by two singlets, at 173.67 and 164.20 ppm, in the
BC{'H} NMR spectrum and two additional singlets, at 3.72 and
3.19 ppm, in the 'H NMR spectrum. All these data, together
with two singlets, at 134.57 and 114.56 ppm, in the *C{'H}
NMR spectrum, attributed to two olefinic carbon atoms,
support the existence of a MeCO,C=CCO,Me group in the
adduct.

Examples of terminal alkyne activation by TMFLPs are very
scarce and those of internal alkyne activation are even less
abundant. Only a handful of transition metals have been
investigated in these processes, zirconium being the most
studied metal. Specifically, the deprotonation of terminal
alkynes mediated by FLP species based on Zr/N pairs has
been described, without the observation of 1,2-addition
reactions to the alkyne.'®'” Regarding internal alkynes, as far
as we know, the only example of dimethyl acetylenedicarbox-
ylate activation by TMFLPs is the double 1,4-addition reaction
of dimethyl acetylenedicarboxylate mediated by the scandium
mixed alkoxyl/diaryloxide complex shown in eq H, Scheme 3.**

The proposed structure for complex 22 has been confirmed
by X-ray diffractometric methods. Figure 3 shows the molecular
structure of the cation together with the most relevant structural
parameters. The metal exhibits a pseudo-octahedral geometry.
An n>-Cp* group formally occupies three coordination
positions, and the other three are occupied by two nitrogen
atoms from the pyridinyl amidinato ligand and one carbon atom.
The addition of the complex to the triple bond of the alkyne
reduces the bond order of its central carbons [C(27)—C(30)
1.341(2) A] and forms a six-membered metallacycle Ir—N(2)—
C(17)—N(3)—C(30)—C(27). In the cation, this metallacycle
adopts a boat conformation, with atoms Ir(1) and N(3) at the
bow and stern. A certain charge delocalization is observed in the
N(2)—C(17)—N(3) fragment [N(2)—C(17) 1.298(2), N(3)—
C(17) 1.369(2)].

Finally, it should be noted that in all the new compounds
described in this work, the metal is a stereogenic center and the
compounds have been prepared as racemates. Regarding the
crystalline structures determined by X-ray diffraction, all the
compounds crystallize in centrosymmetric space groups (see SI)
and, therefore, they have also been isolated as racemates. The
ORTEP views of the cations shown in Figures 1, 2, and 3,
correspond to the R at metal enantiomer for compounds 8, 16,
17a, and 22 and to the S at metal enantiomer for compounds 3,
11.

B CONCLUSIONS

When compounds 1 and 2 react with molecules containing triple
bonds, such as carbon monoxide, isocyanides, or alkynes, they
behave like masked transition metal frustrated Lewis pairs. The
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Figure 3. Molecular structure of the cation of complex 22 with 50% probability ellipsoids. For clarity, hydrogen atoms and the minor component of the
disordered — CO,Me fragment have been omitted. Selected bond lengths (A) and angles (°): Ir—Ct 1.82256(11), Ir—N(1) 2.1079(13), Ir—N(2)

2.0683(13), Ir—C(27) 2.0566(15), N(2)—C(17) 1.298(2), N(3)—C(17) 1.369(2), C(27)—C(30) 1.341(2), N(3)—C(30) 1.432(2); Ct—Ir—N(1)
126.09(4), Ct—Ir—N(2) 130.56(4), Ct—Ir—C(27) 128.15(4), N(1)-Ir—N(2) 75.13(5), N(1)—Ir—C(27) 92.24(6), N(2)—Ir—C(27) 82.87(6). Ct

use of TMFLPs in the cooperative activation of this type of
molecules is very underdeveloped. This is likely due to the fact
that these substrates coordinate with the metal, forming very
stable terminal carbonyl, isocyanide, or alkynyl complexes, "' '
which hinders or prevents the basic part of the FLP system from
participating in the process. However, in our case, it has been
observed that both the acidic and its basic counterpart of the
FLP are involved in all the examined reactions. As an exception,
the reaction of the iridium complex 2 with CN'Bu results in the
formation of complex 16, in which only the coordination of the
isocyanide as a terminal ligand has taken place (eq 6). Most
likely, the steric hindrance associated with the bulky ‘Bu
substituent is responsible for this behavior.

In summary, compounds 1 and 2 provide a simple and easy
access to powerful TMFLPs, whose electronic properties enable
them to activate a variety of organic substrates. Understanding
the reasons behind their activity in detail allows us to design and
select new types of molecules with bonding situations that can
be activated for catalytic purposes. Such tasks are currently
underway in our laboratory.

B EXPERIMENTAL SECTION

General Information. All preparations have been carried out under
argon, unless otherwise stated. All solvents were treated in a PS-400—6
Innovative Technologies Solvent Purification System (SPS). Infrared
spectra were recorded on a PerkinElmer Spectrum-100 FT-IR
spectrometer (ATR mode). Carbon, hydrogen and nitrogen analyses
were performed using a PerkinElmer 240 B microanalyzer. 'H and *C
NMR spectra were recorded on a Bruker AV-300 (300.13 MHz) or a
Bruker AV-400 (400.16 MHz) spectrometers. Chemical shifts are
expressed in ppm upfield from SiMe,; J values are given in Hz. COSY,
NOESY, HSQC and HMBC 'H-X (X = 'H, *C) correlation spectra
were obtained using standard procedures. Mass spectra were obtained
with a Micro Tof-Q Bruker Daltonics spectrometer.

Preparation and Characterization of Complexes 3 and 4. At
room temperature, in a sealed NMR tube, 0.10 mmol of [Cp*M-
(K*N,N',N"-L)][SbF¢] (M = Rh, 1; Ir, 2) were dissolved in dry and
oxygen-free acetone (0.5 mL). The solution was charged with CO (2

10442

bar) and monitored by "H NMR. The conversion to 3 (M = Rh) or 4
(M =1Ir) was completed after 12 h or 30 min, respectively. The resulting
orange (M = Rh) or yellow (M = Ir) solution was vacuum-dried
affording 3 or 4 as pure compounds without further purification.

Compound 3. Yield: 64.9 mg (83%). Anal. Calcd for
C,H,;F(N;O,RhSb: C, 42.99; H, 4.25; N, 5.37. Found: C, 42.72; H,
447; N, 5.47. HRMS (4-TOF): C,sH;;N;O,Rh [M-SbE,]*: caled
546.1622, found 546.1610. IR (cm™): v(C=0) 2054 (s); v(C=0)
1688 (m); v(C=N) 1620 (m), 1594 (w); (SbE) 653 (s).

_\ [SbF¢]

| 0
// Me H3'
/Rh C\
Rty
N
Me H5'
Me

"H NMR (300.13 MHz, THF-dg, RT, ppm). 5 =8.51 (d, ] = 6.1 Hz, 1H,
Hy); 7.85 (pt, 1H, H,); 7.53 (d, ] = 7.7 Hz, 1H, H,); 7.32 (pt, 1H, Hy);
7.29—7.14 (m, 3H, Hy, Hy, Hy/); 5.52, 4.82 (AB system, J(AB) = 16.3
Hz, 1H, CH,); 2.16,2.15 (2 X s, 6H, C¢H;Me,); 2.12 (s, 3H, Me); 1.94
(s, 15SH, CsMes).

3C{"H} NMR (75.48 MHz, THF-dg, RT, ppm). 5 = 193.66 (d, ] = 33.1
Hz, Rh—C=0); 186.17 (d, ] = 74.0 Hz, Rh—C=0); 171.14 (C=N);
156.50 (C,); 150.38 (Cy); 138.60 (C,); 137.56, 137.52, 137.13 (C,,
C,, C¢); 130.57, 129.77, 129.70 (Cy, C,, Cs); 124.35 (Cy); 124.20
(C,); 108.31 (d, ] = 4.7 Hz, CsMes); 59.67 (CH,); 18.31, 18.13
(CeH;Me,); 15.55 (Me); 9.44 (CsMes).

Compound 4. Yield: 65.1 mg (77%). Anal. Calcd for
Cy,H;;F(IrN;0Sb: C, 38.4S; H, 3.94; N, 4.98. Found: C, 38.53; H,
3.98; N, 525. HRMS (u-TOF): C,;H33IrtN;O [M-SbF]*: caled
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608.2247, found 608.2231. IR (cm™): v(C=0) 1657 (m); v(C=N)
1607 (m), 1594 (m); v(SbFy) 652 (s).
_\ [SbFg]

\ 9
Hs-
! \ % ‘ "
4

"H NMR (300.13 MHz, THF-dg, RT, ppm). 5 =8.59 (d, ] = 6.4 Hz, 1H,
Hy); 8.01 (pt, 1H, H,); 7.84 (d, ] = 7.8 Hz, 1H, H,); 7.42 (pt, 1H, Hy);
7.23-7.00 (m, 3H, H;, H,, Hy ); 5.66, 5.16 (AB system, J(AB) = 16.3
Hz, 2H, CH,); 2.15 (s, 3H, Me); 2.06, 1.61 (2 X s, 6H, CcH;Me,); 1.75
(s, 1SH, C;Me).

3C{'H} NMR (75.48 MHz, THF-dg, RT, ppm). & = 185.30 (Ir—C=
0); 175.22 (C=N); 166.58 (C,); 153.91 (Cq); 140.95 (C,); 137.44,
136.84, 136.50 (C;,, C,, C¢); 129.68, 129.36, 129.29 (Cy, Cy, Cs);
126.53 (Cy); 123.27 (C,); 94.12 (CsMes); 63.39 (CH,); 18.38, 17.95
(CeH Me,); 13.92 (Me); 8.91 (CMes).

Preparation and Characterization of Complexes 5—10. Under
argon, at room temperature, to a suspension of [Cp*M(K3N,N’,N”-
L)][SbF¢] (M = Rh, 1; Ir, 2) (0.10 mmol) in CH,Cl, (6 mL), 0.10
mmol of the corresponding isocyanide were added. After 30 min of
stirring, the resulting solution was vacuum-concentrated until ca. 0.5
mL. Slow addition of diethyl ether afforded an orange (M = Rh) or
yellow (M = Ir) solid which was filtered off, washed with diethyl ether
(3 X 3 mL) and vacuum-dried.

Compound 5. Yield: 71.8 mg (86%). Anal. Calcd for
Cy;H, FeN,RhSb: C, 47.45; H, 5.31; N, 6.70. Found: C, 47.43; H,
5.14; N, 6.56. HRMS (u-TOF): C;3H,N,Rh [M-SbF¢]*: caled
599.2615, found 599.2623. IR (ecm™): v(C=N) 1609, 1585 (br);
v(SbFy) 654 (s).

_‘ [SbFg]

N
Me .
Rh% e
N/ \ N @ Hy
N:< Mé Hs-
Me
5

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5 = 8.28 (d,] = 7.0 Hz, 1H,
Hy); 7.90 (pt, 1H, H,); 7.56 (d, J = 7.9 Hz, 1H, H,); 7.41 (pt, 1H, Hy);
7.26—6.96 (m, 3H, Hy, H,, Hy/); 5.10, 5.16 (AB system, J(AB) = 16.9
Hz, 2H, CH,); 3.45—3.25 (m, 1H, CH of Cy); 2.14, 1.56 (2 X s, 6H,
C¢H;Me,); 1.92 (s, 3H, Me); 1.69 (s, 15H, CMes); 2.00—1.10 (m,
10H, CH, of Cy).

BC{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 180.79 (d, ] = 43.8
Hz, Rh—C=N); 172.06 (C=N); 163.75 (C,); 152.77 (C¢); 139.98
(C,); 138.84, 137.51, 135.35 (C,, C,, Cq); 128.86, 128.72 (C;, C,,
Cs); 125.83 (Cy); 122.45 (Cy); 98.927 (d, ] = 5.9 Hz, C;Mey); 66.26
(CH of Cy); 60.39 (CH,); 38.78, 35.39, 26.32, 25.59, 25.42 (5 X CH,
of Cy); 19.26, 18.46 (C¢H;Me,); 15.85 (Me); 10.27 (CsMes).

Compound 6. Yield: 79.8 mg (86%). Anal. Calcd for
Cy3H F(IrN,Sb: C, 42.89; H, 4.80; N, 6.06. Found: C, 43.29; H,
4.59; N, 6.07. HRMS (u-TOF): C33H,IrN, [M-SbF¢]*: calcd
689.3190, found 689.3206. IR (cm™): v(C=N) 1599, 1579, 1561
(br); v(SbF¢) 654 (s).
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"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5= 8.39 (d, ] = 6.6 Hz, 1H,
Hy); 7.90 (pt, 1H, H,); 7.63 (d, ] = 7.8 Hz, 1H. H,); 7.35 (pt, 1H, Hy);
7.26—7.00 (m, 3H, Hy, Hy, Hy); 5.28, 4.93 (AB system, J(AB) = 16.2
Hz, 2H, CH,); 3.55—3.24 (m, 1H, CH of Cy); 2.09, 1.57 (2 X s, 6H,
C¢H;Me,); 1.99 (s, 3H, Me); 1.74 (s, 15H, C;Me;); 1.85—0.85 (m,
10H, CH, of Cy).

BC{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). 6 = 173.09 (C=N);
167.26 (Ir—C=N); 164.78 (C,); 153.01 (Cy); 139.98 (C,); 138.65,
137.50, 135.09 (Cy, C,, Cy); 128.87, 128.68 (C,, C,, Cs); 126.09
(Cs); 122.16 (C;); 91.51 (C;Me;); 67.04 (CH of Cy); 61.85 (CH,);
39.41, 35.49, 26.35, 25.55, 25.44 (5 X CH, of Cy); 19.05, 18.37
(CgH;Me,); 15.16 (Me); 10.07 (CsMes).

Compound 7. Yield: 75.0 mg (87%). Anal. Calcd for
C3,H,0FN,ORKSD: C, 47.52; H, 4.69; N, 6.52. Found: C, 46.94; H,
4.94; N, 6.56. HRMS (u-TOF): C;,H,,N,ORh [M-SbF]*: calcd
623.2252, found 623.2294. IR (cm™): v(C=N) 1598, 1583 (br);
v(SbFy) 654 (s).

MeO

% _‘ [SbFe]

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). § = 8.62 (d, ] = 5.5 Hz, 1H,
Hg); 7.98 (t, ] = 7.7 Hz, 1H, H,); 7.72—7.49 (m, 2H, H;, Hy); 7.22 (d, ]
=S.1Hz,2H, Hy, Hy/); 7.04 (t, 1H, H,); 6.95 (d, ] = 8.8 Hz, 2H, H,,);
6.71 (d, 2H, H,,); 5.28, 5.22 (AB system, J(AB) = 16.7 Hz, 2H, CH,);
3.82 (s, 3H, OMe); 2.27, 1.69 (2 X s, 6H, C{H;Me, ); 2.01 (s, 3H, Me);
1.38 (s, 15H, CsMe;).

BC{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). 5 = 185.29 (d, ] = 45.5
Hz, Rb—C=N); 171.56 (C=N); 163.79 (C,); 156.71 (C,,); 152.75
(Cq); 144.95 (C,,); 140.21 (C,); 138.87,137.09, 135.54 (C,,, Cy, Co);
129.19, 129.15, 129.07 (Cy4, C,, Cy); 12640 (Cs); 123.38 (Cy,);
122.54 (C,); 114.63 (C,,); 98.98 (d, J = 6.1 Hz, CsMes); 60.17 (CH,);
56.08 (OMe); 19.17, 18.41 (C¢H;Me,); 15.93 (Me); 9.79 (CsMes).

Compound 8. Yield: 75.9 mg (80%). Anal. Calcd for
Cy,H,0FglrN,OSb: C, 43.0S; H, 4.25; N, 5.90. Found: C, 43.07; H
4.18; N, 5.90. HRMS (u-TOF): C;H,IrN,O [M-SbF¢]*: calcd
713.2831, found 713.2862. IR (ecm™): v(C=N) 1592, 1577 (br);
v(SbFy) 657 (s).
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_‘ [SbFe]

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 6 = 8.67 (d,] = 6.5 Hz, 1H,
Hy); 7.98 (pt, 1H, H,); 7.69 (d, J = 5.4 Hz, 1H, H,); 7.54 (pt, 1H, Hy);
7.21(d,J = 4.7 Hz, 2H, Hy, Hy/); 7.04 (t, 1H, H,); 6.93 (d, J = 8.7 Hz,
2H, H,,); 6.63 (d, 2H, H,,); 5.38, 5.08 (AB system, J(AB) = 16.4 Hz,
2H, CH,); 3.81 (s, 3H, OMe); 2.20, 1.59 (2 X s, 6H, CcH;Me,); 2.08 (s,
3H, Me); 141 (s, 15H, CMe;).

3C{"H} NMR (75.48 MHz, CD,Cl,, RT, ppm). & = 172.69 (C=N);
170.30 (Ir—C=N); 165.01 (C,); 156.36 (C,,); 152.62 (Cg); 146.13
(Can); 14027 (C,); 138.66, 136.97, 135.34 (Cy, C,, Cg); 129.17,
129.08 (C5, Cy, Cs); 126.64 (Cs); 123.56 (Cy,); 122,23 (C;); 114.61
(Ch); 9241 (CMes); 61.59 (CH,); 56.18 (OMe); 18.98, 18.36
(C¢H;Me,); 15.31 (Me); 9.53 (CsMes).

Compound 9. Yield: 76.5 mg (83%). Anal. Calcd for
C;sH,,F¢N,O,RhSSb: C, 45.62; H, 4.59; N, 6.08; S, 3.48. Found: C,
45.22; H, 4.49; N, 6.25; S, 3.47. HRMS (u-TOF): C3,H,,N,O,RhS
[M-SbF,]*: calcd 685.2078, found 685.2094. IR (cm™): v(C=N)
1598, 1582 (br); v(SbFs) 654 (s).

_\ [SbFe]

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5 = 8.49 (d, ] = 5.2 Hz, 1H,
Hg); 7.93 (pt, 1H, H,); 7.61 (d, J = 7.7 Hz, 1H, H,); 7.54—7.06 (m, 8H,
H,, Hy, Hy, Hy, Hy,); 5.32, 4.87 (AB system, J(AB) = 12.0 Hz, 2H,
CH,S); 5.27, 5.21 (AB system, J(AB) = 16.2 Hz, 2H, CH,NRh); 2.38
(s, 3H, C¢H,Me); 2.07, 1.69 (2 X s, 6H, CsH;Me,); 2.06 (s, 3H, Me);
1.70 (s, 15H, CsMe;).

3C{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). 6 = 197.30 (d, ] = 44.7
Hz, Rh—C=N); 174.05 (C=N); 163.30 (C,); 154.40 (C); 145.43
(Can); 140.31 (C,); 138.18, 137.14, 136.33, 135.39 (C;/, C,/, Cay, Co);
129.99 (Cy,); 129.62, 129.25, 129.10 (Cy, C,, Cy); 128.84 (Cy,);
125.97 (C;); 122.43 (C,); 92.45 (d, J = 5.9 Hz, C{Me;); 82.16 (CH,S);
60.91 (CH,NRh); 21.87 (C¢H,Me); 18.93, 18.34 (C¢H;Me,); 16.12
(Me); 10.14 (CsMes).

Compound 10. Yield: 87.9 mg (87%). Anal. Calcd for
C;3sH,,F(IrN,0,SSb: C, 41.59; H, 4.19; N, 5.54; S, 3.17. Found: C,
41.36; H, 4.12; N, 5.61; S, 3.29. HRMS (u-TOF): C3H,,IrN,0,S [M-
SbF,]*: caled 7752652, found 775.2657. IR (cm™): v(C=N) 1588,
1559 (br); v(SbFg) 654 (s).

_‘ [SbFg]

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5 = 8.58 (d, ] = 6.6 Hz, 1H,
Hy); 7.92 (pt, 1H, H,); 7.84 (d,] = 7.8 Hz, 1H, H;); 7.48 (d, J=8.2 Hz,
2H, H,,); 7.40 (pt, 1H, Hy); 7.30—7.05 (m, SH, Hy, H,, Hy, Hy,);
541, 5.06 (AB system, J(AB) = 16.2 Hz, 2H, CH,NIr); 5.28, 4.98 (AB
system, J(AB) = 11.9 Hz, 2H, CH,S); 2.37 (s, 3H, C¢H,Me); 2.13 (s,
3H, Me); 2.03, 1.70 (2 X s, 6H, CgH;Me,); 1.74 (s, 1SH, C;Mey).

3C{"H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 183.06 (Ir—C=N);
175.24 (C=N); 164.52 (C,); 154.74 (Cy); 145.32 (C,,); 140.41 (C,);
137.96, 137.03, 136.44, 135.19 (C;, C,, Ca, Cg); 129.93 (Cy);
129.57, 129.20, 129.07 (Cy4, C,, Cy); 128.82 (Cy,); 12625 (Cs);
122.13 (C;); 92.45 (CsMes); 83.64 (CH,S); 62.28 (CH,NIr); 21.86
(CeH,Me); 18.74, 18.25 (C4H;Me,); 15.43 (Me); 9.88 (C Mes).

Reaction of Complex 6 with Cyclohexyl Isocyanide. Under
argon, at room temperature, to a solution in CH,Cl, (6 mL) of
[Cp*Ir(k*C,N’,N"-L(CNCy))][SbFq] (6) (0.06 mmol), 15 uL (0.12
mmol) of cyclohexyl isocyanide were added. The mixture was stirred for
24 h under reflux and the resulting solution was vacuum-concentrated
until ca. 0.5 mL. Slow addition of diethyl ether afforded an orange solid
which was filtered off, washed with diethyl ether (3 X 3 mL) and
vacuum-dried.

Compound 11. Yield: 542 mg (86%). Anal. Calcd for
C,oHoF(IrN(Sb: C, 46.47; H, 5.36; N, 6.77. Found: C, 46.07; H,
5.03; N, 6.86. HRMS (u-TOF): C,HIrNg [M-SbF¢]*: caled
798.4081, found 798.4088. IR (cm™): (C=N) 2180 (s); v(C=N)
1600, 1562 (br); v(SbFy) 654 (s).

| [sbFel

Wmesd

11

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5 = 8.50 (d, J = 5.0 Hz, 1H,
Hy); 7.77 (t, ] = 7.7 Hz, 1H, H,); 7.32—7.04 (m, SH, H,, H, Hy, H,,
Hy); 5.47, 4.71 (AB system, J(AB) = 16.1 Hz, 2H, CH,); 3.51-3.14
(m, 1H, CH of Cy); 2.87—2.66 (m, 1H, CH of Cy); 2.09 (brs, 6H,
C¢HsMe,); 1.99 (s, 3H, Me); 1.93 (s, 1SH, CsMes); 1.82—1.06 (m,
20H, CH, of Cy).

BC{"H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 170.20 (C=N);
156.74 (C,); 154.99 (Ir—C=N); 149.90 (Cq); 137.64 (C,); 140.26,
137.33, 135.79 (C;,, C,, C¢); 128.93, 128.70, 128.60 (Cs, Cy, Cs);
123.46 (Cy); 122.79 (Cy); 114.77 (Ir—C=N); 97.61 (CMes); 65.29
(CH of Cy); 60.93 (CH,); 55.57 (CH of Cy); 36.36, 35.41, 33.85,
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33.17,26.26,25.41,25.18, 25.04, 24.05, 24.01 (10 X CH, of Cy); 18.70,
18.01 (CgH3Me,); 15.42 (Me); 10.37 (CsMes).

Preparation and Characterization of Complexes 12-15.
Under argon, to a solution of [Cp*M(x>N,N',N”-L)][SbF,] (M = Rh,
1; Ir, 2) (0.10 mmol) in CH,Cl, (6 mL), 0.30 mmol of the
corresponding isocyanide were added. The mixture was stirred for 12 h
(12) and 2 h (14) at RT or 48 h (13) and 8 h (15), under reflux. The
resulting solution was vacuum-concentrated until ca. 0.5 mL. Addition
of diethyl ether afforded a yellow (M = Rh) or pale yellow (M =Ir) solid
which was filtered off, washed with diethyl ether (3 X 3 mL) and

vacuum-dried.
Compound 12. Yield: 78.4 mg (79%). Anal. Calcd for

C,,H,,F¢N;O,RhSb: C, 50.83; H, 4.77; N, 7.06. Found: C, 50.31; H,
4.57; N, 7.08. HRMS (u-TOF): C,,H,,N;O,Rh [M-SbF¢]*: calcd
756.2761, found 756.2779. IR (cm™): v(C=N) 2168 (s); v(C=N)
1624, 1604 (br); v(SbFq) 652 (s).

MeO _l [SbFe]

12

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 6 = 8.30 (d, ] = 4.8 Hz, 1H,
Hy); 7.63 (pt, 1H, H,); 7.30 (d, ] = 7.9 Hz, 1H, H,); 7.27—6.87 (m, 8H,
H,, H,, H,, Hy, Hy,); 6.74 (d, ] = 9.0 Hz, 2H, H,,); 6.66 (d, J = 9.0 Hz,
2H, H,,); 5.35, 4.78 (AB system, J(AB) = 15.9 Hz, 2H, CH,); 3.87 (s,
3H, OMe); 3.70 (s, 3H, OMe); 2.31, 2.17 (2 X s, 6H, C{H;Me,); 2.03
(s, 3H, Me); 1.65 (s, 15H, C;Me;).

BC{"H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 175.19 (d, ] = 36.8
Hz, Rh—C=N); 169.52 (C=N); 161.52 (C,,); 156.31 (C,); 156.23
(Can); 149.97 (Cy); 145.17 (d, ] = 74.9 Hz, Rh—C=N); 143.18 (C,,);
140.44 (C,); 137.63 (C,); 136.57, 136.03 (C,, C4); 129.28, 129.20,
129.10 (Cy4, Cy,, Cs); 128.04 (Cy); 123.37 (Cy,); 122.89 (C,); 122.44,
115.56,114.82 (3 X C,,); 103.87 (d, ] = 5.0 Hz, CsMes); 58.99 (CH,);
56.42, 56.07 (2 X OMe); 18.67, 18.08 (CsH;Me,); 16.48 (Me), 10.28
(CsMeg).

Compound 13. Yield: 93.0 mg (86%). Anal. Calcd for
C,,H,,F(IrN(O,Sb-CH,Cl,: C, 44.26; H, 4.23; N, 6.00. Found: C,
44.15; H, 4.50; N, 6.15. HRMS (4-TOF): C,,H,,IrN;O,Ir [M-SbF,]*:
calcd 846.3353, found 846.3341. IR (cm™): v(C=N) 2158 (s);
v(C=N) 1614, 1603 (br); v(SbF4) 652 (s).

MeO _\ [SbFg]

MeO

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5 =8.29 (d, ] = 4.7 Hz, 1H,
Hy); 7.63 (pt, 1H, H,); 7.30 (d, ] = 7.3 Hz, 1H, H,); 7.28—6.86 (m, 8H,
H,, H,, H,, Hy, Hy,); 6.72 (d, ] = 9.1 Hz, 2H, H,,); 6.64 (d, 2H, H,,);
5.59, 4.80 (AB system, J(AB) = 16.0 Hz, 2H, CH,); 3.86 (s, 3H, OMe);
3.70 (s, 3H, OMe); 2.25, 2.20 (2 X s, 6H, C¢H;Me, ); 2.14 (s, 3H, Me);
1.70 (s, 15H, C;Me;).

3C{"H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 171.00 (C=N);
161.12 (C,,); 157.77 (Ir—=C=N); 156.02 (C,,); 155.81 (C,); 149.99
(Cq); 14431, 139.94 (2 X C,,); 137.69 (Cy); 136.51 (C,); 135.96,
129.25 (C,, C¢); 129.21, 129.19, 129.09 (Cy, Cy, Cs); 128.01 (Cs);
124.55 (Ir—C=N); 123.44 (C,,); 122.86 (C,); 122.51,115.43,114.78
(3 X Cu); 99.03 (CsMes); 60.81 (CH,); 56.37, 56.04 (2 X OMe);
18.55, 18.08 (C4H;Me,); 15.83 (Me); 9.80 (CsMes).

Compound 14. Yield: 97.2 mg (87%). Anal. Caled for
C,4Hg FeNO,RhKS,Sb: C, 47.33; H, 4.60; N, 6.27; S, 5.74. Found: C,
46.99; H, 4.49; N, 6.25; S, 5.94. HRMS (u-TOF): C,,H;N;O,RhS,
[M-SbF¢]*: caled 880.2432, found 880.2440. IR (cm™): v(C=N)
2182 (m); v(C=N) 1614, 1595 (br); v(SbFs) 657 (s).

o\\ “I [SbFe]
__S
Me {
N
//

H

14

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5 = 8.48 (d, ] = 4.1 Hz, 1H,
Hy); 7.79 (d,] =82 Hz,2H, H,,); 7.72 (t, ] = 7.8 Hz, 1H, H,); 7.47 (d, ]
= 8.1 Hz, 2H, H,,); 7.38 (d, ] = 8.1 Hz, 2H, H,,); 7.34—7.06 (m, 7H,
H,, Hy, Hy, Hy, Hy, Hy,); 5.29, 4.72 (AB system, J(AB) = 15.6 Hz, 2H,
CH,NRh); 5.12, 4.33 (AB system, J(AB) = 14.7 Hz, 2H, SCH,N=C);
5.02,4.19 (AB system, J(AB) = 12.2 Hz, 2H, SCH,N=C); 2.49 (s, 3H,
C¢H,Me); 2.38 (s, 3H, C4H,Me); 2.21,2.07 (2 X s, 6H, C{H;Me,); 2.05
(s, 3H, Me); 1.88 (s, 15H, C;Me;).

3C{"H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 188.46 (d, ] = 35.6
Hz, Rh—C=N); 170.40 (C=N); 156.49 (C,); 149.98 (Cs); 148.05
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(Cap); 145.58 (d, J = 71.7 Hz, Rh—C=N); 145.39 (C,,); 139.70 (C;);
137.98 (C,); 137.16, 135.86 (C,, Cy); 135.96, 133.11, 131.30, 129.90
(4 X Cy); 129.53, 129.10 (Cy, Cy, Cs); 129.21, 129.02 (2 X Cy,);
123.80 (Cs); 123.32 (C;); 10441 (d, J = 4.8 Hz, C;Mes); 80.64
(SCH,N=C); 63.81 (SCH,N=C); 59.12 (CH,NRh); 22.13
(CgH,Me); 21.88 (C4H,Me); 18.71, 18.10 (C¢H;Me,); 16.47 (Me);
10.54 (CsMes).

Compound 15. Yield: 104.9 mg (87%). Anal. Calcd for
CH, FIrN(O,S,Sb-H,0: C, 43.18; H, 4.36; N, 5.72; S, 5.24.
Found: C, 42.73; H, 4.32; N, 5.59; S, 5.34. HRMS (u-TOF):
CyHg Ir'N;O,S, [M-SbF¢]*: caled 970.3006, found 970.3010. IR
(em™): »(C=N) 2172 (m); v(C=N) 1602, 1595 (br); v(SbFs) 657

(s).
_] [SbF¢]

o

15

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). § = 8.46 (d, ] = 4.3 Hz, 1H,
H¢); 7.78 (d,]=8.3Hz,2H,H,,); 7.71 (t,] = 7.6 Hz, 1H,H,); 7.46 (d,]
= 8.1 Hz, 2H, H,,); 7.39 (d, ] = 8.3 Hz, 2H, H,,); 7.37—7.11 (m, 7H,
H,, H,, Hy, H,, Hy, Hy,); 5.52, 4.73 (AB system, J(AB) = 15.5 Hz, 2H,
CH,NIr); 5.17, 4.34 (AB system, J(AB) = 14.4 Hz, 2H, SCH,N=C);
4.98,4.30 (AB system, J(AB) = 12.0 Hz, 2H, SCH,N=C); 2.48 (s, 3H,
CH,Me); 2.38 (s, 3H, C4H,Me); 2.24,2.03 (2 X s, 6H, C¢H;Me, ); 2.07
(s, 3H, Me); 1.95 (s, 15H, C;Me;).

BC{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 172.20 (C=N);
171.05 (Ir—=C=N); 156.05 (C,); 149.92 (Cy); 147.89, 145.30 (2 X
Ca); 139.16 (C;); 138.18 (C,); 137.19, 136.16 (C,, Cy); 135.77,
131.23, 131.30, 129.90 (4 X C,,); 129.54, 129.48, 129.08 (C;, C,,
Cs); 12920, 129.03 (2 X C,,); 126.06 (Ir—C=N); 123.80 (C;);
123.35 (C5); 99.66 (CsMey); 82.18 (SCH,N=C); 63.91 (SCH,N=
C); 60.86 (CH,NIr); 22.11 (CgH,Me); 21.87 (CcH,Me); 18.58, 18.10
(CgH,Me,); 15.86 (Me); 10.15 (CsMes).

Preparation and Characterization of Complex 16. Under
argon, at room temperature, to a suspension of [Cp*Ir(x>N,N’,N"-
L)][SbF] (2) (81.5 mg, 0.10 mmol) in CH,Cl, (6 mL), 10.6 uL (0.10
mmol) of CN'Bu were added. An instantaneous color change, from pale
yellow to intense yellow, was observed and after 15 min of stirring the
resulting solution was vacuum-concentrated until ca. 0.5 mL. Slow
addition of diethyl ether afforded a yellow solid which was filtered off,
washed with diethyl ether (3 X 3 mL) and vacuum-dried.

Compound 16. Yield: 742 mg (91%). Anal. Calcd for
C3 H,FN,IrSb: C, 41.43; H, 4.71; N, 6.23. Found: C, 41.26; H,
479; N, 6.32. HRMS (u-TOF): C3H,,N,IrSbF, [M-SbF]": calcd
664.3111, found 664.3094. IR (cm™): v(C=N) 2189 (s); v(C=N)
1574, 1556 (br); v(SbF) 654 (s).

16

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5 = 8.47 (d, ] = 6.4 Hz, 1H,
Hy); 7.94 (pt, 1H, H,); 7.64 (d, J = 7.7 Hz, 1H, H,); 7.42 (pt, 1H, Hy);
6.94(dd,J=11.6,7.4 Hz,2H, Hy, Hy/); 6.70 (pt, 1H, H, ); 6.11,4.75 (2
X d, J = 19.2 Hz, 2H, CH,); 2.07, 1.90 (2 X s, 6H, CH;Me;,); 1.73 (s,
1SH, CsMes); 1.56 (s, 3H, Me); 1.47 (s, 9H, CMe;).

3C{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 167.10 (C,); 159.29
(C=N); 152.27 (C¢); 151.96 (C.); 140.02 (C,); 129.53,129.17 (C,,
Cy); 127.64 (Cy, Cs); 125.74 (Cs); 121.98 (C,); 120.46 (C,); 116.69
(Ir—C=N); 94.92 (C;Me;); 61.30 (CH,); 59.45 (CMe,); 30.18
(CMe;); 21.14 (Me); 19.03, 18.59 (C4H;Me,); 9.21 (CsMes).

Preparation and Characterization of Complex 17. Under
argon, at room temperature, to a suspension of [Cp*Ir(CN'Bu)-
(K*N,N’-L)][SbF,] (16) (89.8 mg, 0.10 mmol) in CH,Cl, (6 mL),
HSbF4-6H,0 (8.8 1L, 0.10 mmol) was added. After 30 min of stirring,
the resulting solution was vacuum-concentrated until ca. 1 mL.
Addition of diethyl ether afforded a yellow solid which was filtered off,
washed with the precipitant (3 X 3 mL) and vacuum-dried. The isolated
solid consists of a mixture of two isomers in a 72:28 molar ratio.

Compound 17. Yield: 88.6 mg (78%). Anal. Calcd for
C;H3F N, IeSb, -CH,CL,, C, 31.49; H, 3.72; N, 4.59. Found: C,
31.03; H, 3.70; N, 4.60. HRMS (u-TOF): C;;H,,N,Ir [M-(SbF),-
HJ*: caled 663.3039, found 663.3040. IR (cm™): v(NH) 3355 (w);
v(C=N) 2208 (s); v(C=N) 1614 (br); v(SbF¢) 652 (s).

_] [SbFgl,

17

Major Isomer. "H NMR (300.13 MHz, acetone-dg, RT, ppm): & =
8.94 (d, J = 6.8 Hz, 1H, Hy); 8.27 (pt, 1H, H,); 7.88 (d, ] = 7.8 Hz, 1H,
H,); 7.72 (pt, 1H, Hy); 7.34—6.94 (m, 3H, Hy, H,, Hy); 5.90, 5.31 (2
X d, ] = 18.0 Hz, 2H, CH,); 2.36, 2.17 (2 X s, 6H, C4H;Me,); 2.18 (s,
3H, Me); 1.96 (s, 15SH, CsMes); 1.60 (s, 9H, CMe,).

3C{'H} NMR (75.48 MHz, Acetone-d,, RT, ppm). 5 = 166.12 (C,);
164.28 (C=N); 153.49 (Cy); 142.21 (C,); 137.33, 137.10, 136.45
(Cy, Cy, Cy); 129.83, 129.77, 129.73 (C;, Cy, Cs); 127.84 (Cs);
123.73 (C;); 98.09 (Ir—C=N); 97.34 (C;Me;); 61.95 (CH,); 61.02
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(CMey); 30.13 (CMe,); 24.61 (Me); 18.45, 18.14 (CsH;Me,); 9.18
(CsMes).

Preparation and Characterization of Complexes 18-21.
Under argon, at room temperature, to a solution of [Cp*M(x*N,N',N"-
L)][SbF] (M = Rh, 1; Ir, 2) (0.10 mmol) in THF (5 mL), HC=CR
(R =Ph, COOEt) (0,10 mmol) was added. The solution was stirred for
1 h and then concentrated until ca. 0.5 mL. Addition of diethyl ether
afforded a yellow solid which was filtered off, washed with the
precipitant (3 X 3 mL) and vacuum-dried. The isolated solid 19
consists of a mixture of two isomers in a 87/13 molar ratio.

Compound 18. Yield: 70.4 mg (85%). Anal. Calcd for
CsHyoFNRhSb: C, 49.30; H, 4.7; N, 5.07. Found: C, 48.97; H,
473; N, 5.02. HRMS (u-TOF): CyHyN;Rh [M-SbF,]*: caled
592.2194, found 592.2198. IR (cm™): v(NH) 3284 (w); v(C=C)
2104 (s); v(C=N) 16285, 1615 (s); v(SbFg) 654 (s).

=
% \
Y#

"HNMR (300.13 MHz, CD,Cl,, RT, ppm). 5 =8.45 (d,] = 6.5 Hz, 1H,
Hy); 7.98 (pt, 1H, H,); 7.72 (s, 1H, NH); 7.63 (d, ] = 7.7 Hz, 1H, H,);
7.50 (pt, 1H, Hy); 7.29—6.97 (m, 8H,, Hy, H,, Hy, Hy,); 5.16, 4.93
(AB system, J(AB) = 17.3 Hz, 2H, CH,); 2.35, 2.11 (2 X s, 6H,
C¢H;Me,); 2.05 (s, 3H, Me); 1.77 (s, 15H, C;Me;).

BC{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). & = 167.37 (C=N);
161.29 (C,); 152.19 (Cq); 139.93 (C,); 137.79, 136.46, 135.85 (C,,
C,, C¢); 131.80, 129.37, 128.73, 128.50, 127.92, 126.37, 125.95 (6 X
Cav Cy, Cy, Cy); 125.95 (Cy); 122.43 (C,); 107.95 (d, ] = 9.8 Hz,
RhCC); 105.47 (d, ] = 57.2 Hz, RhCC); 98.19 (d, ] = 6.5 Hz, CsMes);
61.36 (CH,); 19.38, 19.22 (C4H;Me,); 15.79 (Me); 9.89 (CsMes).

Compound 19. Yield: 75.2 mg (82%). Anal. Calcd for
C34H;0FGIrN,Sb: C, 44.50; H, 4.28; N, 4.58. Found: C, 44.28; H,
4.34; N, 4.60. HRMS (u-TOF): C3,H3oIrN; [M-SbF¢]*: calcd
682.2773, found 682.2770. IR (cm™): v(NH) 3251 (w); v(C=C)
2106 (s); v(C=N) 1622 (s); v(SbF¢) 654 (s).

SbFg

Ir e
N/ Me Hs’
H
NYN Hy
Me Me Hs’
Major Isomer, 87%. "H NMR (300.13 MHz, CD,Cl,, RT, ppm). 6 =

8.49 (d, ] = 6.6 Hz, 1H, Hy); 7.98 (t, ] = 7.8 Hz, 1H, H,); 7.74 — 7.64
(m, 2H, NH, H,); 7.44 (pt, 1H, H;); 7.26—6.97 (m, 8H, H;, H,, Hy,

H,,); 542, 4.80 (AB system, J(AB) = 17.2 Hz, 2H, CH,); 2.35 (s, 3H,

C¢H3Me,); 2.12 (brs, 6H, C4H3Me,, Me); 1.79 (s, 1SH, CsMes).
3C{"H} NMR (75.48 MHz, CD,Cl,, RT, ppm). § = 166.41 (C=N);

162.29 (C,); 151.98 (Cy); 139.93 (C,); 137.94, 136.42, 135.63 (C,,
C,, Cg¢); 132.22,129.43, 129.41, 128.86, 128.43, 126.26 (5 X Cy,, Cy,
Cy, Cs); 126.18 (Cs); 121.98 (Cs); 10526 (Cy,); 91.15 (CsMes);
90.34 (IrCC); 89.28 (IrCC); 63.38 (CH,); 19.35, 19.29 (C¢H;Me,);

15.38 (Me); 9.63 (C;Mes).
Minor Isomer, 13%. 'H NMR (300.13 MHz, CD,Cl,, RT, ppm). 6 =

1.71 (s, 1SH, C;Me).
BC{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). 6 = 9.46 (C;Meg).
Compound 20. Yield: 70.1 mg (85%). Anal. Calcd for

C3H3oFN,O,RhSb: C, 45.17; H, 4.77; N, 5.10. Found: C, 45.00; H,
4.54; N, 5.10. HRMS (u-TOF): C;;H;gN;0,Rh [M-SbF¢]*: calcd
588.2092, found 588.2075. IR (ecm™): v(NH) 3289 (w); v(C=C)
2101 (s); v(C=0) 1674 (s); v(C=N) 1625, 1610 (s); v(SbFs) 654

SbFe

(s).

‘,’.{O
o——/
Me H3
H
\KN Hy
Me Me Hs’

20
"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 5 = 8.40 (d, ] = 6.5 Hz, 1H,
Hy); 7.98 (pt, 1H, H,); 7.63 (d, ] = 7.7 Hz, 1H, H,); 7.52 (pt, 1H, Hy);
7.25—7.03 (m, 4H, NH, Hy, H,, Hy); 5.14, 4.90 (AB system, J(AB) =
17.3 Hz, 2H, CH,); 4.03 (q, ] = 7.1 Hz, 2H, OCH,CH,); 2.34,2.21 (2
X s, 6H, C¢H3Me,); 2.05 (s, 3H, Me); 1.74 (s, 1SH, Me, C;Me;); 1.18

(t, ] = 7.1 Hz, 3H, OCH,CH,).
13C{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). & = 167.65 (C=N);

161.28 (C,); 153.85 (C=0); 152.01 (Cg); 140.29 (C,); 138.12,
136.53, 135.45 (C,, C,, Cy); 129.51, 129.45, 129.02 (Cy, C,,, Cs);
126.24 (Cs); 122.76 (C5); 112.89 (d, ] = 58.4 Hz, RhCC); 101.14 (d, ]
=10.2 Hz, RhCC); 99.28 (d, ] = 6.5 Hz, C;Me;); 61.54 (CH,); 61.22
(OCH,CH;); 19.40, 19.28 (C¢H;Me,); 15.87 (Me); 14.50

(OCH,CH;); 9.84 (CiMes).
Compound 21. Yield: 78.6 mg (86%). Anal. Calcd for

C3H3oFgIrN;0,8b: C, 40.76; H, 4.30; N, 4.60 Found: C, 40.71; H,
4.18; N, 4.63. HRMS (u-TOF): C;HsoIrN;0, [M-SbF]*: caled
678.2666, found 678.2684. IR (cm™): v(NH) 3284 (w); v(C=N)
2101 (s); ¥(C=0) 1679 (s); v(C=N) 1625 (s); v(SbF4) 657 (s).
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"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 6 = 8.44 (d, ] = 6.5 Hz, 1H,
Hg); 8.00 (pt, 1H, H,); 7.71 (d, ] = 7.8 Hz, 1H, Hy); 7.47 (pt, 1H, Hy);
7.28—6.94 (m, 4H, NH, Hy, H,, Hy/); 5.41, 4.81 (AB system, J(AB) =
17.4 Hz, 2H, CH,); 4.02 (q, ] = 7.1 Hz, 2H, OCH,CHj;); 2.34,2.23 (2
X s, 6H, C¢H;Me,); 2.13 (s, 3H, Me); 1.77 (s, 15H, CsMes); 1.18 (t, ] =
7.1 Hz, 3H, OCH,CHj;).

BC{'H} NMR (75.48 MHz, CD,Cl,, RT, ppm). & = 166.81 (C=N);
162.39 (C,); 154.55 (C=0); 151.92 (Cq); 140.42 (C,); 138.22,
136.46, 135.25 (C,, C,, Cy); 129.57, 129.55, 129.17 (C;,, C,,, Cy);
126.54 (Cs); 122.34 (C;); 99.11 (IrCC); 9596 (IrCC); 92.49
(CsMe;); 63.55 (CH,); 61.18 (OCH,CH,); 19.36, 19.35
(C¢H;Me,); 15.45 (Me); 14.54 (OCH,CHj;); 9.57 (CsMes).

Preparation and Characterization of Complex 22. Under
argon, at room temperature, to a solution of [Cp*Ir(x*N,N’,N’-
L)][SbF¢] (2) (81.5 mg, 0.10 mmol) in THF (6 mL), dimethyl
acetylenedicarboxylate (24.5 uL, 0.20 mmol) was added. The mixture
was heated under reflux for 20 h and a yellow solid precipitated. The
resulting suspension was vacuum-concentrated until ca. 0.5 mL and
diethyl ether was added (3 mL). The solid obtained was filtered off,
washed with the precipitant (3 X 3 mL) and vacuum-dried.

Yield: 79.5 mg (83%) Anal. Caled for C;,H3oF(IrN;O,Sb: C, 40.14;
H, 4.10; N, 4.39. Found: C, 39.78; H, 3.86; N, 4.41. HRMS (u-TOF):
C;3,H30IrN;0, [M-SbFq]*: caled 722.2570, found 722.2585. IR (cm™):
v(C=0) 1725 (s), 1685 (s); v(C=N) 1610 (br); v(SbF) 657 (s).

SbFe

MeO,C

/'r x__CO:Me
N \ Me
o'
N\(N 3
Me
Hs Me H

N

Hs’
22

"H NMR (300.13 MHz, CD,Cl,, RT, ppm). 6 = 8.66 (d, ] = 6.5 Hz, 1H,
Hg); 7.94 (pt, 1H, H,); 7.68 (d, ] = 7.7 Hz, 1H, Hy); 7.43 (pt, 1H, Hy);
7.30—7.03 (m, 3H, Hy, Hy,, Hgy; 5.60, 4.99 (AB system, J(AB) = 15.7
Hz, 2H, CH,); 3.72, 3.19 (2 X s, 6H, 2 X OMe); 2.32, 1.90 (2 X s, 6H,
C¢H;Me,); 2.06 (s, 3H, Me); 1.61 (s, 15H, CsMe;).

BC{"H} NMR (75.48 MHz, CD,Cl,, RT, ppm). 5 = 173.67,164.20 (2 X
C=0); 159.34 (C,); 158.85 (C=N); 153.04 (C4); 140.20 (C,);
139.03, 138.02, 137.08 (C,,, C,, C¢); 134.57, 114.56 (C=C); 130.19,

129.94, 129.23 (C,, C,, Cg); 125.75 (Cs); 121.60 (C,); 90.35
(CsMey); 66.59 (CH,); 52.51, 51.99 (2 X OMe); 19.98 (Me); 19.20,
18.14 (C¢HsMe,); 9.53 (CsMes).

Crystal Structure Determination of Complexes 3, 8, 11, 16,
17, and 22. Suitable crystals for the X-ray experiments were obtained
for 3, 8, 11, 16, 17, and 22 complexes from solutions of THF/diethyl
ether (3), CH,Cl,/MeOH/diethyl ether (8, 11, 17 and 22), or
CH,Cl,/diethyl ether (16). Intensity data were measured at low
temperature 100(2) K on a Bruker D8 Venture diffractometer,
equipped with graphite-monochromated Mo Ka radiation (41 =
0.71073 A) using narrow frames (Aw = 0.3°). Data were integrated
and corrected for Lorentz and polarization effects with SAINT
program®' included in APEX4 package. Semiemgirical absorption
corrections were performed with SADABS program®> Structures were
solved by direct methods with SHELXS,” completed by reiterative
difference Fourier synthesis and refined by full-matrix least-squares on
F* with SHELXL program® included in Olex2 package.’® Hydrogen
atoms were included in the models in calculated positions and refined
with a riding model. Special refinement details concerning disorder or
restraints are mentioned below.

Crystal Data for Complex 3: CygH33FsN;O,RhSb. M, = 782.23;
yellow prism, 0.110 X 0.170 X 0.180 mm? monoclinic P2,/¢; a =
11.4053(5), b = 12.8144(5), c = 20.8288(9) A, f = 101.5850(10)°; V=
2982.2(2) A Z=4,D_ = 1.742 g/cm®; y = 1.527 cm™'; min and max.
absorption correction factors: 0.6930 and 0.746S; 20, = 66.34°%;
104,548 reflections measured, 11,358 unique; Ry, = 0.0218; number of
data/restraint/parameters 11,358:13:411; R, = 0.0286 [10,677
reflections, I > 26(I)], wR2 = 0.0710 (all data); largest difference
peak 1.924 e-A~%. Four fluorine atoms of SbF and the C;H,N ligand
have been found to be disordered. They have been included in the
model in two sets of positions. Some restraints have been used in the
refinement of the C;H,N ring geometry, as major and minor
component bond lengths have been considered to be similar.

Crystal Data for Complex 8: C34H oF sIrN,OSb. M, = 948.65; yellow
plate, 0.040 X 0.100 X 0.100 mm?®; monoclinic P2,/¢; a = 13.9723(4) A,
b = 16.7346(5) A, ¢ = 14.6200(4) A, p = 96.1300(10)°; V =
3398.92(17) A%, Z=4,D. = 1.854 g/cm’; jt = 4.773 cm™"; min and max.
absorption correction factors: 0.6166 and 0.7461; 20,,,, = 61.094°%;
146,105 reflections measured, 10,382 unique; R;,, = 0.0354; number of
data/restraint/parameters 10,382:0:433; R, = 0.0153 [9822 reflections,
I>20(I)], wR2 = 0.0367 (all data); largest difference peak 1.158 e-A~>.

Crystal Data for Complex 11. C,HgsFoIrNSb; M, = 1033.84;
colorless block, 0.050 X 0.060 X 0.120 mm?; orthorhombic Pbca; a =
15.8752(6), b = 16.7200(6), c = 31.2164(10) A; V= 8285.9(5) A3, Z =
8, D. = 1.657 g/cm3; U = 3922 cm™; min and max. absorption
correction factors: 0.6405 and 0.7457; 26,.. = 56.632°; 259,620
reflections measured, 10,305 unique; R, = 0.0465; number of data/
restraint/parameters 10,305:0:486; R; = 0.0184 [9441 reflections, I >
26(I)], wR2 = 0.0429 (all data); largest difference peak 0.442 e-A~>.
Iridium atom has been anharmonically refined.*®

Crystal Data for Complex 16. C3;H,,F4IrN,Sb-CH,Cl,. M, = 983.56;
yellow plate, 0.050 X 0.150 X 0.200 mm? monoclinic P2,/n; a =
14.3485(5), b = 14.8188(6), c = 17.7801(7) A, f = 108.9400(10)°; V' =
3575.9(2) A% Z =4, D, = 1.827 g/cm’; y = 4.682 cm™'; min and max.
absorption correction factors: 0.4977 and 0.7457; 20,,,, = 56.598°%
111,130 reflections measured, 8873 unique; Ry, = 0.0376; number of
data/restraint/parameters 8873:0:473; R, = 0.0183 [8631 reflections, I
> 20(I)], wR2 = 0.0441 (all data); largest difference peak 2.096 e-A™>.
Four fluorine atoms of SbF¢ and a chlorine atom of CH,Cl, have been
found to be disordered. They have been included in the model in two
sets of positions and refined with complementary occupancy factors.

Crystal Data for Complex 17. Cy;H,;F,IrN,Sb,; M, = 1135.39;
yellow prism, 0.12 X 0.15 X 0.15 mm® monoclinic P2,/n; a =
11.0094(4), b = 37.7073(14), ¢ = 18.7066(7) A, p = 102.9810(10)°; V
=7567.3(2) A}, Z=8,D.=1.993 g/cm?; y = 5.013 cm™'; min and max.
absorption correction factors: 0.6320 and 0.7457; 20,,,, = 56.584°%;
185,139 reflections measured, 18,763 unique; Ry, = 0.0387; number of
data/restraint/parameters 18,763:1:1031; R, = 0.0193 [18,290
reflections, I > 20(I)], wR2 = 0.0416 (all data); largest difference
peak 0.925 e-A~>. Asymmetric unit contains two chemically equivalent

https://doi.org/10.1021/acs.inorgchem.5c00332
Inorg. Chem. 2025, 64, 10435—10451


https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00332?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00332?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00332?fig=&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

molecules. Hydrogens of NH fragments have been included in the
model in observed positions and refined with a geometrical restraint in
one N—H bond length.

Crystal Data for Complex 22. C;,H;FgIrN;0,Sb; M, = 957.61;
yellow prism, 0.065 X 0.120 X 0.155 mm? monoclinic P2,/¢; a =
8.1816(5), b = 22.3579(14), c = 18.3258(11) A, = 92.329(2)°; V =
3349.4(4) A% Z =4, D, = 1.899 g/cm’; y = 4.850 cm™'; min and max.
absorption correction factors: 0.6292 and 0.7457; 20,,,, = 56.622°%
124,273 reflections measured, 8308 unique; R;,, = 0.0305; number of
data/restraint/parameters 8308:0:452; R, = 0.0139 [8291 reflections, I
> 20(I)], wR2 = 0.0329 (all data); largest difference peak 0.388 e-A™3.
One of the CO,Me fragments have been found to be disordered.
Concerned atoms have been included in the model in two sets of
positions and refined with complementary occupancy factors.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00332.

'H and PC{'H} NMR spectra for the complexes 3-22 and
relevant NOE interactions (PDF)

Accession Codes

Deposition Numbers 2407057—2407062 contain the support-
ing crystallographic data for this paper. These data can be
obtained free of charge via the joint Cambridge Crystallographic
Data Centre (CCDC) and Fachinformationszentrum Karlsruhe
Access Structures service.

B AUTHOR INFORMATION

Corresponding Authors

Joaquina Ferrer — Departamento de Quimica Inorgdnica,
Instituto de Sintesis Quimica y Catdlisis Homogénea
(ISQCH), CSIC—Universidad de Zaragoza, S0009
Zaragoza, Spain; Email: jfecer@unizar.es

Fernando J. Lahoz — Departamento de Quimica Inorgdnica,
Instituto de Sintesis Quimica y Catdlisis Homogénea
(ISQCH), CSIC—Universidad de Zaragoza, 50009
Zaragoza, Spain; © orcid.org/0000-0001-8054-2237;
Email: lahoz@unizar.es

Daniel Carmona — Departamento de Quimica Inorgdnica,
Instituto de Sintesis Quimica y Catdlisis Homogénea
(ISQCH), CSIC—Universidad de Zaragoza, S0009
Zaragoza, Spain; © orcid.org/0000-0003-4196-5856;
Email: dcarmona@unizar.es

Authors

Carlos Ferrer-Bru — Departamento de Quimica Inorgdnica,
Instituto de Sintesis Quimica y Catdlisis Homogénea
(ISQCH), CSIC—Universidad de Zaragoza, S0009
Zaragoza, Spain

Pilar Garcia-Orduna — Departamento de Quimica Inorgdnica,
Instituto de Sintesis Quimica y Catdlisis Homogénea
(ISQCH), CSIC—Universidad de Zaragoza, S0009
Zaragoza, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.5c00332

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the Ministerio de Ciencia, Innovacién y Universidades
(MCIU) of Spain, Agencia Estatal de Investigacién (AEI) of

Spain, Fondo Europeo de Desarrollo Regional (FEDER)
(CTQ2018-095561-BI00 and PID2021-122406NB-100) and
Gobierno de Aragén (Grupo de Referencia: Catalisis Homogé-
nea Enantioselectiva EOS_23R) for financial support. C.F.-B.
acknowledges MCIU for a grant.

B REFERENCES

(1) McCahill, J. S. J.; Welch, G. C.; Stephan, D. W. Reactivity of
“Frustrated Lewis Pairs”: Three-Component Reactions of Phosphines,
a Borane, and Olefins. Angew. Chem., Int. Ed. 2007, 46, 4968—4971.

(2) (a) Sarkar, P.; Das, S.; Pati, S. K. Recent Advances in Group 14 and
1S5 Lewis Acids for Frustrated Lewis Pair Chemistry. Chem. - Asian ].
2022, 17, No. €202200148. (b) Paradies, J. From structure to novel
reactivity in frustrated Lewis pairs. Coord. Chem. Rev. 2019, 380, 170—
183. (c) Fontaine, F.-G.; Rochette, E. Ambiphilic Molecules: From
Organometallic Curiosity to Metal-Free Catalysts. Acc. Chem. Res.
2018, S1, 454—464. (d) Scott, D. J; Fuchter, M. J.; Ashley, A. E.
Designing effective ‘frustrated Lewis pair’ hydrogenation catalysts.
Chem. Soc. Rev. 2017, 46, 5689—5700. (e) Stephan, D. W. Frustrated
Lewis Pairs. J. Am. Chem. Soc. 2015, 137,10018—10032. (f) Stephan, D.
W.; Erker, G. Frustrated Lewis Pair Chemistry: Development and
Perspectives. Angew. Chem., Int. Ed. 2015, 54, 6400—6441. (g) Frus-
trated Lewis Pairs II: Expanding the Scope. In Topics in Current
Chemistry; Erker, G.; Stephan, D. W., Eds.; Springer: Heidelberg, 2013;
Vol. 334. (h) Stephan, D. W.; Erker, G. Frustrated Lewis Pairs: Metal-
free Hydrogen Activation and More. Angew. Chem., Int. Ed. 2010, 49,
46—-76.

(3) (2) Hidalgo, N.; Alférez, M. G.; Campos, J. Frustrated Lewis Pairs
Based on Transition Metals in Frustrated Lewis Pairs; Slootweg, J. C.;
Jupp, A. R,, Eds.; Springer: Switzerland, 2021, Chapter 9. (b) Navarro,
M,; Campos, J. Bimetallic Frustrated Lewis Pairs. In Advances in
Organometallic Chemistry; Elsevier, 2021; Chapter 3, Vol. 7S.
(c) Bullock, R. M.; Chambers, G. M. Frustration across the periodic
table: heterolytic cleavage of dihydrogen by metal complexes. Philos.
Trans. R. Soc, A 2017, 375, No. 20170002. (d) Arndt, S.; Rudolph, M.;
Hashmi, A. S. K. Gold-based frustrated Lewis acid/base pairs (FLPs).
Gold Bull. 2017, 50, 267—282. (e) Flynn, S. R;; Wass, D. F. Transition
Metal Frustrated Lewis Pairs. ACS Catal. 2013, 3, 2574—2581.

(4) Stephan, D. W. The broadening reach of frustrated Lewis pair
chemistry. Science 2016, 354, No. aaf7229.

(5) (a) Feng, X.; Meng, W.; Du, H. Frustrated Lewis Pairs Catalyzed
Asymmetric Reactions in Frustrated Lewis Pairs; Slootweg, J. C.; Jupp, A.
R, Eds.; Springer: Switzerland, 2021, Chapter 2. (b) Jupp, A. R.
Heterogeneous Catalysis by Frustrated Lewis Pairs in Frustrated Lewis
Pairs; Slootweg, J. C.; Jupp, A. R,, Eds.; Springer: Switzerland, 2021,
Chapter 7. (c) Lam, J.; Szkop, K. M.; Mosaferi, E.; Stephan, D. W. FLP
catalysis: main group hydrogenations of organic unsaturated substrates.
Chem. Soc. Rev. 2019, 48, 3592—3612. (d) Stephan, D. W. Frustrated
Lewis Pairs: From Concept to Catalysis. Acc. Chem. Res. 2015, 48,306—
316. (e) Topics in Current Chemistry. In Frustrated Lewis Pairs I:
Uncovering and Understanding; Erker, G.; Stephan, D. W, Eds;
Springer: Heidelberg, 2013; Vol. 332.

(6) (a) Hong, M. Lewis Acid-Base Pairs for Polymerization Catalysis:
Recent Progress and Perspectives in Frustrated Lewis Pairs; Slootweg, J. C.;
Jupp, A. R, Eds.; Springer: Switzerland, 2021, Chapter 8. (b) Zhao, W.;
He, J.; Zhang, Y. Lewis pairs polymerization of polar vinyl monomers.
Sci. Bull. 2019, 64, 1830—1840. (c) Chen, E. Y.-X. Polymerization by
Classical and Frustrated Lewis Pairs. In Topics in Current Chemistry;
Erker, G.; Stephan, D. W, Eds.; Springer: Heidelberg, 2013; Vol. 334.

(7) (a) Dokken, H. J.; Frenette, B. L.; Ferguson, M. J.; Rivard, E.
Atypical “Masked” Frustrated Lewis Pair Character in a Geminal-
Linked Phosphine-Borane. Eur. ]. Inorg. Chem. 2023, 26,
No. €202300202. (b) Johnstone, T. C.; Wee, G. N. J. H.; Stephan, D.
W. Accessing Frustrated Lewis Pair Chemistry from a Spectroscopically
Stable and Classical Lewis Acid-Base Adduct. Angew. Chem., Int. Ed.
2018, 57, 5881—5884. (c) Boudjelel, M.; Carrizo, E. D. S.; Mallet-
Ladeira, S.; Massou, S.; Miqueu, K; Bouhadir, G.; Bourissou, D.
Catalytic Dehydrogenation of (Di)Amine-Boranes with a Geometri-

https://doi.org/10.1021/acs.inorgchem.5c00332
Inorg. Chem. 2025, 64, 10435—10451


https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00332?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c00332/suppl_file/ic5c00332_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2407057&id=doi:10.1021/acs.inorgchem.5c00332
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2407062&id=doi:10.1021/acs.inorgchem.5c00332
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joaquina+Ferrer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:jfecer@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+J.+Lahoz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8054-2237
mailto:lahoz@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Carmona"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4196-5856
mailto:dcarmona@unizar.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Ferrer-Bru"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pilar+Garci%CC%81a-Ordun%CC%83a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c00332?ref=pdf
https://doi.org/10.1002/anie.200701215
https://doi.org/10.1002/anie.200701215
https://doi.org/10.1002/anie.200701215
https://doi.org/10.1002/asia.202200148
https://doi.org/10.1002/asia.202200148
https://doi.org/10.1016/j.ccr.2018.09.014
https://doi.org/10.1016/j.ccr.2018.09.014
https://doi.org/10.1021/acs.accounts.7b00514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CS00154A
https://doi.org/10.1021/jacs.5b06794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201409800
https://doi.org/10.1002/anie.201409800
https://doi.org/10.1002/anie.200903708
https://doi.org/10.1002/anie.200903708
https://doi.org/10.1098/rsta.2017.0002
https://doi.org/10.1098/rsta.2017.0002
https://doi.org/10.1007/s13404-017-0219-7
https://doi.org/10.1021/cs400754w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs400754w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaf7229
https://doi.org/10.1126/science.aaf7229
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1021/ar500375j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500375j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scib.2019.08.025
https://doi.org/10.1002/ejic.202300202
https://doi.org/10.1002/ejic.202300202
https://doi.org/10.1002/anie.201802385
https://doi.org/10.1002/anie.201802385
https://doi.org/10.1021/acscatal.8b00152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

cally Constrained Phosphine-Borane Lewis Pair. ACS Catal. 2018, 8,
4459—4464. (d) Houghton, A. Y.; Hurmalainen, J.; Mansikkamiki, A.;
Piers, W. E.; Tuononen, H. M. Direct Observation of A Borane—Silane
Complex Involved in Frustrated Lewis-pair-mediated Hydrosilylations.
Nat. Chem. 2014, 6, 983—988. (e) Wang, X; Kehr, G.; Daniliuc, C. G;
Erker, G. Internal Adduct Formation of Active Intramolecular C4-
Bridged Frustrated Phosphane/Borane Lewis Pairs. J. Am. Chem. Soc.
2014, 136, 3293—3303. (f) Roters, S.; Appelt, C.; Westenberg, H.;
Hepp, A.; Slootweg, J. C,; Lammertsma, K; Uhl, W. Dimeric
aluminum—phosphorus compounds as masked frustrated Lewis pairs
for small molecule activation. Dalton Trans. 2012, 41, 9033—9045.
(g) Rokob, T. A.; Hamza, A; Stirling, A.; Papai, I. On the Mechanism of
B(C¢Fs);-Catalyzed Direct Hydrogenation of Imines: Inherent and
Thermally Induced Frustration. J. Am. Chem. Soc. 2009, 131, 2029—
2036.

(8) (a) Stephan, D. W. Frustrated Lewis pair chemistry of CO. Chem.
Soc. Rev. 2023, 52, 4632—4643. (b) Wang, T.; Daniliuc, C. G.; Kehr, G.;
Erker, G. FLP Reduction of Carbon Monoxide and Related Reactions in
Frustrated Lewis Pairs; Slootweg, J. C.; Jupp, A. R, Eds.; Springer:
Switzerland, 2021, Chapter 3. (c) Stephan, D. W.; Erker, G. Frustrated
Lewis pair chemistry of carbon, nitrogen and sulfur oxides. Chem. Sci.
2014, 5, 2625—2641.

(9) Chapman, A. M.; Haddow, M. F.; Wass, D. F. Frustrated Lewis
Pairs beyond the Main Group: Synthesis, Reactivity, and Small
Molecule Activation with Cationic Zirconocene-Phosphinoaryloxide
Complexes. J. Am. Chem. Soc. 2011, 133, 18463—18478.

(10) Jian, Z.; Daniliuc, C. G.; Kehr, G.; Erker, G. Frustrated Lewis Pair
vs Metal—Carbon o6-Bond Insertion Chemistry at an o-Phenylene-
Bridged Cp,Zr*/PPh, System. Organometallics 2017, 36, 424—434.

(11) (a) Mistry, K; Pringle, P. G.; Sparkes, H. A,; Wass, D. F.
Transition Metal Cooperative Lewis Pairs Using Platinum(0)
Diphosphine Monocarbonyl Complexes as Lewis bases. Organo-
metallics 2020, 39, 468—477. (b) Forrest, S. J. K; Clifton, J.; Fey, N.;
Pringle, P. G.; Sparkes, H. A.; Wass, D. W. Cooperative Lewis Pairs
Based on Late Transition Metals: Activation of Small Molecules by
Platinum(0) and B(C4F;);. Angew. Chem., Int. Ed. 2015, 54, 2223—
2227.

(12) For recent reviews, see: (a) Mukhopadhyay, S.; Patro, A. G;
Vadavi, R. S.; Nembenna, S. Coordination Chemistry of Main Group
Metals with Organic Isocyanides. Eur. J. Inorg. Chem. 2022, 2022,
No. €202200469. (b) Collet, J. W.; Roose, T. R.; Ruijter, E.; Maes, B. U.
W.; Orru, R. V. A. Base Metal Catalyzed Isocyanide Insertions. Angew.
Chem., Int. Ed. 2020, 59, 540—558. (c) Boyarskiy, V. P.; Bokach, N. A;
Luzyanin, K. V.; Kukushkin, V. Y. Metal-Mediated and Metal-Catalyzed
Reactions of Isocyanides. Chem. Rev. 2015, 115,2698—2779. (d) Lang,
S. Unravelling the labyrinth of palladium-catalysed reactions involving
isocyanides. Chem. Soc. Rev. 2013, 42, 4867—4880. (e) Vlaar, T,;
Ruijter, E.; Maes, B. U. W.; Orru, R. V. Palladium-Catalyzed Migratory
Insertion of Isocyanides: An Emerging Platform in Cross-Coupling
Chemistry. Angew. Chem., Int. Ed. 2013, 52, 7084—7097. (f) Qiu, G.;
Ding, Q.; Wu, J. Recent advances in isocyanide insertion chemistry.
Chem. Soc. Rev. 2013, 42, 5257—5269. (g) van Berkel, S. S.; Bogels, B.
G. M,; Wijdeven, M. A,; Westermann, B.; Rutjes, F. P. J. T. Recent
Advances in Asymmetric Isocyanide-Based Multicomponent Reac-
tions. Eur. J. Org. Chem. 2012, 2012, 3543—3559. (h) Lauzon, J. M. P,;
Schafer, L. L. Tantallaaziridines: from synthesis to catalytic
applications. Dalton Trans. 2012, 41, 11539—11550.

(13) () Ekkert, O.; Miera, G. G.; Wiegand, T.; Eckert, H.; Schirmer,
B.; Petersen, J. L; Daniliuc, C. G.; Frohlich, R.; Grimme, S.; Kehra, G.;
Erker, G. Remarkable coordination behavior of alkyl isocyanides toward
unsaturated vicinal frustrated P/B Lewis pairs. Chem. Sci. 2013, 4,
2657—2664. (b) Li, J.; Miick-Lichtenfeld, C.; Daniliuc, C. G.; Kehr, G.;
Erker, G. Using the Secondary PH/BH Functional Groups of an Active
Geminal Frustrated Lewis Pair for Carbon Monoxide Reduction and
Reactions with Nitriles and Isonitriles. Angew. Chem., Int. Ed. 2020, 59,
12477—12483.

(14) (a) Xu, X.; Kehr, G.; Daniliuc, C. G.; Erker, G. Formation of
Unsaturated Vicinal Zr*/P Frustrated Lewis Pairs by the Unique 1,1-
Carbozirconation Reactions. J. Am. Chem. Soc. 2014, 136, 12431—

12443. (b) Xu, X; Kehr, G.; Daniliuc, C. G.; Erker, G. Reactions of a
Cationic Geminal Zr*/P Pair with Small Molecules. J. Am. Chem. Soc.
2013, 135, 6465—6476. (c) Mémming, C. M.; Kehr, G.; Wibbeling, B.;
Frohlich, R.; Erker, G. Addition reactions to the intramolecular
mesityl,P—CH,—CH,—B(C4F;), frustrated Lewis pair. Dalton Trans.
2010, 39, 7556—7564.

(15) Guo, J.; Yan, M,; Stephan, D. W. Frustrated Lewis pair chemistry
of alkynes. Org. Chem. Front. 2024, 11, 2375—2396.

(16) Lam, J.; Szkop, K. M.; Mosaferi, E.; Stephan, D. W. FLP catalysis:
main group hydrogenations of organic unsaturated substrates. Chem.
Soc. Rev. 2019, 48, 3592—3612.

(17) Saptal, V. B.; Wang, R;; Park, S. Recent advances in transition
metal-free catalytic hydroelementation (E = B, Si, Ge, and Sn) of
alkynes. RSC Adv. 2020, 10, 43539—43565.

(18) Xu, X,; Kehr, G; Daniliuc, C. G.; Erker, G. Stoichiometric
Reactions and Catalytic Hydrogenation with a Reactive Intramolecular
Zr*/Amine Frustrated Lewis Pair. J. Am. Chem. Soc. 2015, 137, 4550—
4557.

(19) Hamilton, H. B.; King, A. M.; Sparkes, H. A;; Pridmore, N. E.;
Wass, D. F. Zirconium—Nitrogen Intermolecular Frustrated Lewis
Pairs. Inorg. Chem. 2019, 58, 6399—6409.

(20) Metters, O. J.; Forrest, S.J. K.; Sparkes, H. A.; Manners, 1.; Wass,
D. F. Small Molecule Activation by Intermolecular Zr(IV)-Phosphine
Frustrated Lewis Pairs. J. Am. Chem. Soc. 2016, 138, 1994—2003.

(21) Hidalgo, N.; Moreno, J. J.; Pérez-Jiménez, M.; Maya, C.; Lépez-
Serrano, J.; Campos, J. Tuning Activity and Selectivity during Alkyne
Activation by Gold(I)/Platinum(0) Frustrated Lewis Pairs. Organo-
metallics 2020, 39, 2534—2544.

(22) Chang, K; Wang, X; Fan, Z.; Xu, X. Reactions of Neutral
Scandium/Phosphorus Lewis Pairs with Small Molecules. Inorg. Chem.
2018, 57, 8568—8580.

(23) (a) Ferrer-Bru, C.; Ferrer, J.; Passarelli, V.; Lahoz, F. J.; Garcia-
Ordunia, P.; Carmona, D. Diverse and Selective Metal-Ligand
Cooperative Routes for Activating Non-Functionalized Ketones.
Inorg. Chem. 2028, 64, 2188—2206. (b) Ferrer-Bru, C.; Ferrer, J;
Passarelli, V.; Lahoz, F. J.; Garcia-Orduiia, P.; Carmona, D. Molecular
Dihydrogen Activation by (CsMes)M/N (M = Rh, Ir) Transition Metal
Frustrated Lewis Pairs: Reversible Proton Migration to, and Proton
Abstraction from, the C;Me; Ligand. Chem. - Eur. ]. 2024, 30,
No. €202304140. (c) Beard, S.; Grasa, A.; Viguri, F.; Rodriguez, R;
Lépez, J. A.; Lahoz, F. J.; Garcia-Ordufia, P.; Lamata, P.; Carmona, D.
Molecular hydrogen and water activation by transition metal frustrated
Lewis pairs containing ruthenium or osmium components: catalytic
hydrogenation assays. Dalton Trans. 2023, 52, 13216—13228.
(d) Carmona, M.; Pérez, R; Ferrer, J.; Rodriguez, R.; Passarelli, V.;
Lahoz, F.].; Garcia-Orduiia, P.; Carmona, D. Activation of H-H, HO—
H, C(sp*)—H, C(sp*)—H and RO—H Bonds by Transition Metal
Frustrated Lewis Pairs Based on M/N (M = Rh, Ir) Couples. Inorg.
Chem. 2022, 61, 13149—13164. (e) Ferrer, C.; Ferrer, J.; Passarelli, V.;
Lahoz, F. J; Garcia-Ordufia, P.; Carmona, D. Well-Stabilized but
Strained Frustrated Lewis Pairs Based on Rh/N and Ir/N Couples.
Organometallics 2022, 41, 1445—1453. (f) Wilkinson, E.-T.; Viguri, F.;
Rodriguez, R.; Lopez, J. A.; Garcia-Orduna, P.; Lahoz, F. J.; Lamata, P.;
Carmona, D. Strained Ruthenium Complexes Bearing Tridentate
Guanidine-Derived Ligands. Helv. Chim. Acta 2021, 104,
No. €2100044. (g) Parker, A.; Lamata, P.; Viguri, F.; Rodriguez, R;;
Lépez, J. A; Lahoz, F. J; Garcia-Ordufia, P.; Carmona, D. Half-
sandwich complexes of osmium containing guanidine-derived ligands.
Dalton Trans. 2020, 49, 13601—13617. (h) Carmona, M.; Ferrer, J;
Rodriguez, R.; Passarelli V.; Lahoz, F. ].; Garcia-Ordufia, P.;
Canadillas-Delgado, L.; Carmona, D. Reversible Activation of Water
by an Air- and Moisture-Stable Frustrated Rhodium Nitrogen Lewis
Pair. Chem. - Eur. ]. 2019, 25, 13665—13670.

(24) (a) Nekrasov, R. I; Peganova, T. A.; Fedyanin, I. V.; Gutsul, E. L;
Filippov, O. A.; Belkova, N. V.; Kalsin, A. M. Versatile Reactivity of
Half-Sandwich Rhodium(IIT) Iminophosphonamide Complexes. Inorg.
Chem. 2022, 61,16081—-16092. (b) Zamorano, A.; Rendén, N.; Lopez-
Serrano, J.; Alvarez, E.; Carmona, E. Activation of Small Molecules by
the Metal-Amido Bond of Rhodium(III) and Iridium(III) (7°-

https://doi.org/10.1021/acs.inorgchem.5c00332
Inorg. Chem. 2025, 64, 10435—10451


https://doi.org/10.1021/acscatal.8b00152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2063
https://doi.org/10.1038/nchem.2063
https://doi.org/10.1021/ja413060u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja413060u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2dt30080j
https://doi.org/10.1039/c2dt30080j
https://doi.org/10.1039/c2dt30080j
https://doi.org/10.1021/ja809125r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809125r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja809125r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3CS00294B
https://doi.org/10.1039/C4SC00395K
https://doi.org/10.1039/C4SC00395K
https://doi.org/10.1021/ja207936p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207936p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207936p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207936p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201409872
https://doi.org/10.1002/anie.201409872
https://doi.org/10.1002/anie.201409872
https://doi.org/10.1002/ejic.202200469
https://doi.org/10.1002/ejic.202200469
https://doi.org/10.1002/anie.201905838
https://doi.org/10.1021/cr500380d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500380d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3cs60022j
https://doi.org/10.1039/c3cs60022j
https://doi.org/10.1002/anie.201300942
https://doi.org/10.1002/anie.201300942
https://doi.org/10.1002/anie.201300942
https://doi.org/10.1039/c3cs35507a
https://doi.org/10.1002/ejoc.201200030
https://doi.org/10.1002/ejoc.201200030
https://doi.org/10.1002/ejoc.201200030
https://doi.org/10.1039/c2dt30781b
https://doi.org/10.1039/c2dt30781b
https://doi.org/10.1039/c3sc00082f
https://doi.org/10.1039/c3sc00082f
https://doi.org/10.1002/anie.202000612
https://doi.org/10.1002/anie.202000612
https://doi.org/10.1002/anie.202000612
https://doi.org/10.1021/ja5068146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5068146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5068146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3110076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3110076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0dt00015a
https://doi.org/10.1039/c0dt00015a
https://doi.org/10.1039/D4QO00217B
https://doi.org/10.1039/D4QO00217B
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1039/C8CS00277K
https://doi.org/10.1039/D0RA07768B
https://doi.org/10.1039/D0RA07768B
https://doi.org/10.1039/D0RA07768B
https://doi.org/10.1021/jacs.5b01623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b01623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b01623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b12536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b12536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.0c00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.0c00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c03214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c03214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202304140
https://doi.org/10.1002/chem.202304140
https://doi.org/10.1002/chem.202304140
https://doi.org/10.1002/chem.202304140
https://doi.org/10.1039/D3DT02339G
https://doi.org/10.1039/D3DT02339G
https://doi.org/10.1039/D3DT02339G
https://doi.org/10.1021/acs.inorgchem.2c01902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c01902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c01902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.2c00172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.2c00172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/hlca.202100044
https://doi.org/10.1002/hlca.202100044
https://doi.org/10.1039/D0DT02713H
https://doi.org/10.1039/D0DT02713H
https://doi.org/10.1002/chem.201902452
https://doi.org/10.1002/chem.201902452
https://doi.org/10.1002/chem.201902452
https://doi.org/10.1021/acs.inorgchem.2c02478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c02478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b02283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b02283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

CsMe;)M-Aminopyridinate Complexes. Inorg. Chem. 2018, 57, 150—
162. (c) Zamorano, A.; Rendén, N.; Valpuesta, J. E. V.; Alvarez, E.;
Carmona, E. Synthesis and Reactivity toward H, of (7>-C>Mes)Rh(III)
Complexes with Bulky Aminopyridinate Ligands. Inorg. Chem. 20185,
54, 6573—6581. (gl) Zamorano, A.; Rendén, N.; Lépez-Serrano, J.;
Valpuesta, J. E. V.; Alvarez, E.; Carmona, E. Dihydrogen Catalysis of the
Reversible Formation and Cleavage of C—H and N—H Bonds of
Aminopyridinate Ligands Bound to (°-C’Me;)Ir™. Chem. - Eur. J.
2015, 21, 2576—2587.

(25) Chisholm, M. H.; Hammond, C. E.; Ho, D.; Huffman, J. C.
Carbon-Nitrogen Bond Formation in the Reaction between Tetrakis-
(dimethylamido)molybdenum(IV) and 2,6-Dimethylphenyl Isocya-
nide. Preparation and Characterization of the First Homoleptic
Metallaamidine Complex: Mo(;7>-Me,NCN-2,6-Me,C¢H;),. J. Am.
Chem. Soc. 1986, 108, 7860—7861.

(26) Conejo, M. M.; Parry, J. S.; Carmona, E.; Schultz, M.; Brennann,
J. G.; Beshouri, S. M,; Andersen, R. A; Rogers, R. D.; Coles, S,;
Hursthouse, M. Carbon Monoxide and Isocyanide Complexes of
trivalent Uranium Metallocenes. Chem. - Eur. . 1999, S, 3000—3009.

(27) Michelin, R. A.; Pombeiro, A. J. L,; da Silva, M. F. C. G.
Aminocarbene complexes derived from nucleophilic addition to
isocyanide ligands. Coord. Chem. Rev. 2001, 218, 75—112.

(28) (a) Barnea, E.; Andrea, T.; Berthet, J.-C.; Ephritikhine, M.; Eisen,
M. E. Coupling of Terminal Alkynes and Isonitriles by Organoactinide
Complexes: Scope and Mechanistic Insights. Organometallics 2008, 27,
3103-3112. (b) Cano, J.; Sudupe, M.; Royo, P. Synthesis and reactivity
of di(silylamido)cyclopentadienyl titanium and zirconium complexes. J.
Organomet. Chem. 2007, 692, 4448—4459. (c) Cano, J.; Sudupe, M,;
Royo, P.; Mosquera, M. E. G. Insertion Reactions into the Metal-Alkyl
and Metal-Amido Bonds of 1,3-Di(silyl-7-amido)cyclopentadienyl
Titanium and Zirconium Complexes. Organometallics 2005, 24,
2424-2432. (d) Cook, K. S.; Piers, W. E.; Patrick, B. O.; McDonald,
R. Isocyanide insertion reactions into the Ta—C bonds of cationic and
zwitterionic tantalocenes. Can. J. Chem. 2003, 81, 1137—1148.

(29) (a) Walsh, A. P.; Brennessel, W. W.; Jones, W. D. Synthesis and
characterization of a series of rhodium, iridium, and ruthenium
isocyanide complexes. Inorg. Chim. Acta 2013,407,131—138. (b) Li, L.;
Jiao, Y.; Brennessel, W. W.; Jones, W. D. Reactivity and Regioselectivity
of Insertion of Unsaturated Molecules into M—C (M = Ir, Rh) Bonds of
Cyclometalated Complexes. Organometallics 2010, 29, 4593—460S.
(c) Sakamoto, M.; Ohki, Y.; Tatsumi, K. Synthesis and Reactions of
Coordinatively Unsaturated Half-Sandwich Rhodium and Iridium
Complexes Having a 2,6-Dimesitylbenzenethiolate Ligand. Organo-
metallics 2010, 29, 1761—1770. (d) Aktas, H.; Mulder, J.; de Kanter, F.
J.J; Slootweg, J. C.; Schakel, M.; Ehlers, A. W.; Lutz, M.; Spek, A. L.;
Lammertsma, K. Iridium Phosphinidene Complexes: A Comparison
with Iridium Imido Complexes in Their Reaction with Isocyanides. J.
Am. Chem. Soc. 2009, 131, 13531—13537. (e) Saito, A.; Seino, H.;
Kajitani, H.; Takagi, F.; Yashiro, A.; Ohnishi, T.; Mizobe, Y. Synthesis
of sulfido- and thiolato-bridged Ir; cluster and its reactions with alkyne
and isocyanide including highly regioselective cyclotrimerization of
methyl propiolate. J. Organomet. Chem. 2006, 691, 5746—S5752.
(f) Lang, M. A; Mayer, P.; Beck, W. Tris(2-isocyanocarbonsaur-
eester)-Halbsandwich-Komplexe [(Aren)M(CNCHR'CO, R?),]*
(M = Ry, Rh, Ir). Z. Naturforsch.,, B 2004, 59b, 190—195. (g) Yang,
K,; Don, M.-J,; Sharma, D. K; Bott, S. G.; Richmond, M. G. Synthesis
and reactivity investigation of iridium maleonitriledithiolate complexes.
Redox studies and extended Hiikel molecular orbital calculations on
Cp* IrL(mnt) (where L = PMe;, PPh;, CN-t-Bu). J. Organomet. Chem.
1995, 495, 61—69. (h) Pill, T.; Polborn, K; Beck, W. Bindung von
Monosacchariden iiber die Isocyano- und Carben-Funktion an das
Metall-Atom: Chrom(0)-, Wolfram(0)-, Rhodium (III)-, Iridium (III)-,
Palladium(II)-, Platin(II)- und Gold(1)-Komplexe von 1,3,4,6-Tetra-
O-acetyl-2-desoxy-2-isocyano-a-D-glucose und -f-D-glucose. Chem.
Ber. 1990, 123, 11—17. (i) Jones, W. D.; Duttweiler, R. P., Jr.; Feher, F.
J. Preparation and Characterizationof (CsMes)Rh(CNR), and
[(CsMe;)Rh(CNR)], Complexes. Inorg. Chem. 1990, 29, 1505—1511.

(30) Amor, F.; Sdnchez-Nieves, J.; Royo, P.; Jacobsen, H.; Blacque,
O.; Berke, H.; Lanfranchi, M.; Pellinghelli M. A,; Tiripicchio, A.

10451

Competitive Insertion of Isocyanide into Tantalum—Amido and
Tantalum—Methyl Bonds. Eur. J. Inorg. Chem. 2002, 2002, 2810—2817.

(31) SAINTH+, version 6.01: Area-Detector Integration Software; Bruker
AXS: Madison, 2001.

(32) Krause, L; Herbst-Irmer, R; Sheldrick, G. M.; Stalke, D.
Comparison of silver and molybdenum microfocus X-ray sources for
single-crystal structure determination. J. Appl. Crystallogr. 20185, 48, 3—
10.

(33) Sheldrick, G. M. Phase annealing in SHELX-90: direct methods
for larger structures. Acta Crystallogr., Sect. A:Found. Crystallogr. 1990,
46, 467—473.

(34) (a) Sheldrick, G. M. A short history of SHELX. Acta Crystallogr.,
Sect. A:Found. Crystallogr. 2008, 64, 112—122. (b) Sheldrick, G. M.
Crystal structure refinement with SHELXL. Acta Crystallogr. C 2018,
71, 3-8.

(35) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K,;
Puschmann, H. OLEX2: a complete structure solution, refinement and
analysis program. J. Appl. Crystallogr. 2009, 42, 339—341.

https://doi.org/10.1021/acs.inorgchem.5c00332
Inorg. Chem. 2025, 64, 10435—10451


https://doi.org/10.1021/acs.inorgchem.7b02283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b00905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201405340
https://doi.org/10.1002/chem.201405340
https://doi.org/10.1002/chem.201405340
https://doi.org/10.1021/ja00284a075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00284a075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00284a075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00284a075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(sici)1521-3765(19991001)5:103.3.co;2-h
https://doi.org/10.1002/(sici)1521-3765(19991001)5:103.3.co;2-h
https://doi.org/10.1016/S0010-8545(01)00358-7
https://doi.org/10.1016/S0010-8545(01)00358-7
https://doi.org/10.1021/om701223x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om701223x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2007.06.049
https://doi.org/10.1016/j.jorganchem.2007.06.049
https://doi.org/10.1021/om048984e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om048984e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om048984e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1139/v03-051
https://doi.org/10.1139/v03-051
https://doi.org/10.1016/j.ica.2013.07.039
https://doi.org/10.1016/j.ica.2013.07.039
https://doi.org/10.1016/j.ica.2013.07.039
https://doi.org/10.1021/om100796q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100796q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100796q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100006r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100006r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100006r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9048509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9048509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2006.09.017
https://doi.org/10.1016/j.jorganchem.2006.09.017
https://doi.org/10.1016/j.jorganchem.2006.09.017
https://doi.org/10.1016/j.jorganchem.2006.09.017
https://doi.org/10.1515/znb-2004-0211
https://doi.org/10.1515/znb-2004-0211
https://doi.org/10.1515/znb-2004-0211
https://doi.org/10.1016/0022-328X(94)05385-O
https://doi.org/10.1016/0022-328X(94)05385-O
https://doi.org/10.1016/0022-328X(94)05385-O
https://doi.org/10.1016/0022-328X(94)05385-O
https://doi.org/10.1002/cber.19901230104
https://doi.org/10.1002/cber.19901230104
https://doi.org/10.1002/cber.19901230104
https://doi.org/10.1002/cber.19901230104
https://doi.org/10.1002/cber.19901230104
https://doi.org/10.1021/ic00333a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00333a014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/1099-0682(200211)2002:11<2810::AID-EJIC2810>3.0.CO;2-C
https://doi.org/10.1002/1099-0682(200211)2002:11<2810::AID-EJIC2810>3.0.CO;2-C
https://doi.org/10.1107/S1600576714022985
https://doi.org/10.1107/S1600576714022985
https://doi.org/10.1107/S0108767390000277
https://doi.org/10.1107/S0108767390000277
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

