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Examination of crystals of cis-Ir(CO),X(p-toluidine) (X = Cl, Br, I), by single crystal X-ray diffraction shows
that the individual monomers self-associate to form extended columns with Ir--:Ir separations ranging
from 3.33 A for the chloro complex to 3.68 A in the iodo complex. The columnar structure is reinforced by
hydrogen bonding between the halide ligand in one molecule with an N-H group in an adjacent
molecule. This hydrogen bonding causes adjacent molecules to adopt nearly eclipsed orientations. In
contrast, the positions of the methyl groups in cis-Ir(CO),Cl(o-toluidine) and cis-Ir(CO),Cl(2,6-
dimethylaniline) limit intermolecular interactions to the formation of dimers connected by Ir::-Ir in-
teractions, and hydrogen bonding again occurs between the halide ligand in one molecule and the N-H
group in an adjacent molecule. The UV/vis spectrum of cis-Ir(CO),Cl(p-toluidine) provides evidence that
the self-association also occurs in solution. The positive ion mass spectrum of laser ablated crystals of cis-

Ir(CO),Br(p-toluidine) reveals the presence of monomeric, dimeric, and trimeric cations.

© 2019 Published by Elsevier B.V.

1. Introduction

Coordination complexes of metal ions with d® or d'° electronic
configuration frequently undergo self-assocation in the solid phase
to form dimers, trimers and extended linear chains [1—4]. Such self-
assocation is particularly common for four-coordinate Pt(II) [5—9]
and Rh(I) [10—15] as well as for two-coordinate Au(l) [16,17]
complexes. This self-association occurs because of interactions
between the filled dZ orbital and the empty p, orbitals that are
directed colinearly and perpendicular to the molecular plane
[18,19]. These orbitals can overlap with similarly directed orbitals
on the adjacent molecules to form metallophillic interactions.
These metallophillic interactions direct the supramolecular as-
sembly of these compounds, particularly in the solid state. How-
ever, because such pseudo-closed shell interactions tend to be
rather weak, the structures that result can be altered and/or
augmented by other weak interactions such as hydrogen-bonding
and ligand size.

The self-association of Ir(I) complexes has received less atten-
tion than their isoelectronic Pt(II) and Rh(I) counterparts. Crystals
of cis-Ir(CO),Cl(pyridine) [20] and cis-Ir(CO),Cl(pyrazine) [21]
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contain extended columns of the metal complexes with Ir-:-Ir
separations of 3.602(12) A and 3.579(3) A, respectively. Light yellow
needles of Ir(CO)y(acetylacetonate) crystallize in columns with
alternating Ir--Ir distances of 3.242 A and 3.260 A [22,23]. Four
polymorphs of the planar chelate Ir{(CO),(OC(CH3)CHC(CH3)N(p-
tol) have been identified (amber, pale yellow, orange, and low
temperature orange) [24]. The amber and pale yellow forms
contain dimers connected by Ir---Ir interactions (3.5540(2) A for the
amber polymorph, 3.5934(8) and 4.0397(8) A for the pale yellow
polymorph at 90 K). The orange and low temperature orange forms
contain extended columns of molecules with Ir--Ir separations of
3.4126(5) and 3.6237(5) A at 90 K. Finally, the dimer (F3P),lIr(p-
Cl),Ir(PF3), (with an intramolecular Ir---Ir separation of 2.941(1) A)
self-associates into chains with an intermolecular Ir---Ir separation
of 3.271(1) A [25].

Unlike the previous examples, copper-colored needles of
Ir(CO)3Cl contain stacks of the planar complex with a remarkably
short Ir---Ir distance of 2.844 A [26,27]. Within the stacks, the
planar complexes are staggered. Crystals of this compound are
electrically conductive. Consequently, Ir(CO)3Cl has been consid-
ered to be a partially oxidized material such as Ir(CO);.93Cl1 97 [28].
Computations can explain the short Ir---Ir separation without
invoking partial oxidation, but they cannot account for the con-
ductivity of this material [29]. Several other partially oxidized and
electrically conductive iridium complexes such as Aggo[Ir(CO)»X2]
(with A =K, Cs, TTF (TTF = tetrathiafulvalene) and X = Cl, Br) and K
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[Ir(CO)2X2]2 have been made through chemical or electrochemical
oxidation of the planar anion cis-[Ir(CO),X5]" or reduction of iri-
dium(III) salts [30—33].

The metallic red color of solid cis-Ir(CO),Cl(p-toluidine) [34]
contrasts with the usual yellow color seen for monomeric iridium(I)
complexes such as Ir(CO)CI(PPhs); [35] and (Ph4As)[Ir(CO),Cly] [36]
and suggests that this compound undergoes some sort of self-
association in the solid state. Cis-Ir(CO),Cl(p-toluidine), has been
used on several occasions as a starting material for the synthesis of
more complex molecules and ions [37—39]. Here, we examine the
structures of some compounds of the type cis-Ir(CO),X(primary
amine) (X = Cl, Br, [) with attention to the role of the amine group in
the assisting interactions between individual molecules.

2. Results and discussion

The complexes, cis-Ir(CO);X(p-toluidine) (X = Cl, Br, I), cis-

Table 1
Crystallographic data for iridium complexes.

Ir(CO),Cl(o-toluidine), and cis-Ir(CO),Cl(2,6-dimethylaniline) have
been prepared by minor variations of the route previously reported
for the synthesis of cis-Ir(CO),Cl(p-toluidine) [34].

2.1. The structures of cis-Ir(CO ),Cl(p-toluidine), cis-Ir(CO),Br(p-
toluidine), cis-Ir(CO),l(p-toluidine) with exended columnar
aggregates

The solid-state structures of the solvate-free iridium(I) com-
plexes cis-Ir(CO),Cl(p-toluidine), cis-Ir(CO),Br(p-toluidine), cis-
Ir(CO),I(p-toluidine) have been determined by X-ray crystallog-
raphy at 90(2) K. The complexes differ only by the nature of the
halide ligand, which results in subtle, yet interesting differences in
their solid-state properties. The three crystal structures are iso-
structural, and each contains two molecules in the asymmetric unit
in the monoclinic space group P2¢/n. Crystallographic data are
presented in Table 1, while Table 2 contains selected bond lengths

Compound cis-Ir(CO),Cl(p-toluidine) cis-Ir(CO),Br(p-toluidine) cis-Ir(CO),I(p-toluidine)
Emp. Formula CgHgCIIrNO, CgHgBrIrNO, CgHglIrNO,
Formula weight 390.82 435.28 428.27
Color metallic red red-green metallic green
Habit block needle needle
Crystal system Monoclinic Monoclinic Monoclinic
Space group P24/n P21/n P24/n

a(A) 6.6695(2) 6.7639(7) 7.1440(13)
b (A) 15.4857(6) 15.5272(15) 15.545(3)
c(A) 20.4408(8) 20.466(2) 20.651(4)
a(?) 90 90 90

B () 99.7980(10) 99.326(2) 99.781(4)
v (°) 90 90 90

V (A3) 2080.37(13) 2121.0(4) 2260.1(7)
Z (units/cell) 8 8 8

T (K) 90(2) 90(2) 90(2)

Peate (g cm™3) 2.496 2.725 2.835
MoKa, 1 (A) 0.71073 0.71073 0.71073
w(mm™1) 13.064 16.320 14.521
Unique data 6083 6279 4204

Obs. data (I>2a(1)) 4730 5140 3836
Restraints 4 6 0

Params. refined 271 256 241

R1 “ (obs. data) 0.0192 0.0451 0.0246
wR2 ? (all data, F? refinement) 0.034 0.1277 0.0653
Compound cis-Ir(CO),Cl (o-toluidine) cis-Ir(CO),Cl (2,6-dimethylaniline)
Emp. Formula CyHgCIIrNO, C10H11ClIrNO,
Formula weight 390.82 424.30

Color Orange-red Red

Habit Plate Prism

Crystal system Monoclinic Monoclinic

Space group P24/n P24/n

a(A) 14.8018(13) 17.012(15)

b (A) 7.9031(7) 13.415(12)

c(A) 19.4446(17) 21.747(19)

a(?) 90 90

B(°) 104.2845(12) 102.05(2)

v (°) 90 90

V (A3) 2204.3(3) 4854(7)

Z (units/cell) 8 16

T (K) 90(2) 90(2)

Peate (g cm™3) 2.355 2.322

MoKa, 1 (A) 0.71073 0.71073

w(mm™1) 12.329 11.415

Unique data 5064 11120

Obs. data (I > 20(1)) 4461 8536

Restraints 0 0

Params. refined 255 581

R1 ? (obs. data) 0.0265 0.0361

wR2 ® (all data, F? refinement) 0.0650 0.0754

R1=S|IFo| — [Fell/ 3 ol P wR2 = [Yw(F2 — F2)°]/ Sl (F2)]]
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Table 2
Dimensions within linear chain complexes (see Scheme 1).
Compound cis-Ir(CO),Cl(p-toluidine) cis-Ir(CO),Br(p-toluidine) cis-Ir(CO),I(p-toluidine)
Molecule 1 Molecule 2 Molecule 1 Molecule 2 Molecule 1 Molecule 2
Distances (A)
M1---M2, 2A ¢ 3.3341(2) 3.3576(2) 3.3801(6) 3.4201(6) 3.5409(7) 3.6767(8)
M1-X1 2.3752(9) 2.3699(9) 2.4750(13) 2.4670(13) 2.6623(6) 2.6573(6)
N1-HI1A---CI2A 3.488(3) 3.552(9) 3.782(7)
N1-H1B---CI2 3.453(3) 3.530(9) 3.753(7)
N2-H2A---Cl1A 3.464(3) 3.542(9) 3.771(7)
N2—H2B---Cl1 3.472(2) 3.532(9) 3.760(7)
Interplanar 333 3.33 3.37 3.39 3.51 3.63
Sepn. a
Lateral Shift b 0.19 0.40 0.24 0.45 0.43 0.61
M Displacement 0.0072(16) 0.0063(16) 0.003(4) 0.002(5) 0.002(4) 0.006(4)
M/Ring Plane 89.2 87.6 89.6 87.3 89.8 86.5
Angles (°)
M2---MI1---M2A 170.675(6) 168.39(2) 163.62(1)
RHoN#7i7,7,- === - WX each asymmetric unit pack to form metal-metal contacts that in-
. ( 'Yl\ crease as the size of the halogen increases: 3.3801(6) and 3.4201(6)
OC™=--*--77CO A for cis-Ir(CO),Br(p-toluidine); 3.5409(7) and 3.6767(8) A for cis-
a.~ ’ N\ «C. Ir(CO),I(p-toluidine). Additionally, the hydrogen bonding in-

RH2N!ITIT,7,7,:\:.\' ":‘\'\(Xss

Scheme 1. A diagram of (a) interplanar separations (IS), (b) lateral shifts (LS), and (c)
the metal-metal distances between adjacent planar Ir(I) molecules.

and angles, together with metallophilic geometry and hydrogen
bonding. Scheme 1 defines the interplanar separations (IS) and
lateral shifts (LS) used to characterize the self-association of these
planar molecules.

In cis-Ir(CO)2Cl(p-toluidine), and also in the analogous bromo
and iodo complexes, the four-coordinate molecular units pack to
form crystals with the planar moieties aligned in columnar arrays
with non-covalent, face-to-face interactions through d8-d® contacts
as seen in Fig. 1. This column is composed of alternating Ir---Ir in-
teractions with distances of 3.3341(2) and 3.3575(2) A. There is a
minimal kinking of the columnar chains, with an Ir2---Ir1---Ir2A
angle of 170.682(6) °. Individual columns are separated by 6.669(4)
A

In crystals of cis-Ir(CO),Cl(p-toluidine) the carbonyl ligands are
oriented cis to each other in the columns and adopt nearly eclipsed
conformations. In addition, the cis-Ir(CO)Cl(p-toluidine) molecules
are oriented with alternating locations of the p-toluidine and
chloride groups. This arrangement not only prevents potential
repulsive interactions between aryl carbon atoms, but also maxi-
mizes potential hydrogen bonding contacts between the primary
amine protons and adjacent chloro ligands. The extensive hydrogen
bonds are integral to the columnar structure within the crystalline
structure; they help to direct the self-association of these units and
to supplement the weak metallophilic networks between iridium(I)
centers. A similar hydrogen bonding pattern along a columnar
structure is also present in crystalline cis-Rh(CO),Cl(methylamine),
although this hydrogen bonding interaction was over looked by the
original authors [40].

Although the molecular structures for the chloro, bromo and
iodo iridium(I) complexes of cis-Ir(CO),X(p-toluidine) are similar,
the isostructural complexes are differentiated mainly in the di-
mensions of the solid-state structural packing. In the case of the
bromo and iodo complexess, again the two unique molecules in

teractions for both the bromo and iodo forms are slightly longer
than for the chloro analog: ca. 3.54 A for cis-Ir(CO),Br(p-toluidine)
and 3.76 A for cis-Ir(CO),l(p-toluidine). The chain linearity de-
creases with increasing size of the halide ligand, and the chains
become more kinked: the angle Ir2A---Ir1---Ir2 is 168.39(2) ° for
cis-Ir(CO),Br(p-toluidine), 163.62(1) ° for cis-Ir(CO),I(p-toluidine).

2.2. Infrared spectra of cis-Ir(CO),Cl(p-toluidine), cis-Ir(CO),Br(p-
toluidine), and cis-Ir(CO),I(p-toluidine)

Information regarding the infrared spectra of cis-Ir(CO),Cl(p-
toluidine), cis-Ir(CO),Br(p-toluidine), and cis-Ir(CO).I(p-toluidine)
is collected in Table 3. In solution, cis-Ir(CO),Cl(p-toluidine) dis-
plays two carbonyl stretching bands due to the carbon monoxide

Fig. 1. Linear chains of four square planar cis-Ir(CO),Cl(p-toluidine) molecules. Met-
allophilic interactions between the Ir(I) centers alternate with short and long contacts,
which are supported by parallel hydrogen bonding interactions between N—H---Cl. The
structures of cis-IrX(CO),X(p-toluidine) (X = Br, I) are similar.
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Table 3
Selected Infrared Spectroscopic Properties of cis-IrCI(CO),(amine) Complexes.
Complex v(C=0) v(C=0) v(N—H)
(ecm™1) (ecm™1) (ecm™1)
cis-[IrCI(CO),(p-tol)] 2080vs 2020vs 3240
solid state 2049w 1975w 3204
cis-[IrCI(CO),(p-tol)] 2075 1997

dichloromethane solution®

cis-[IrBr(CO),(p-tol)] 2077vs 2019vs 3240
solid state 2051w 1975w 3200
cis-[IrI(CO),(p-tol)] 2072vs 2014vs 3233
solid state 2051w 1979w

2 A. L. Balch, R. D. Cooper, ]. Organomet. Chem. 169 (1979) 97-105.

ligands trans to the chloride and amine ligands [41]. However, four
bands are seen in the solid state as revealed in Table 3. These bands
arise from the presence of two different iridium sites that are
coupled through metallophillic interactions in the crystals. Simi-
larly, both cis-Ir(CO),;Br(p-toluidine) and cis-Ir(CO),I(p-toluidine)
display four carbonyl stretching frequencies in the solid state.
Notice that changing the halide anion in these complexes has a
rather small effect on the energies of the carbonyl stretching bands.
A similar situatuion is seen for the anions cis-[Ir(CO);X5]” with X =
cl, Br, 1 [36].

2.3. The formation of discrete dimers in the structures of cis-
Ir(CO),Cl(o-toluidine) and cis-Ir(CO),Cl(2,6-dimethyl aniline)

The effect of the changing the bulk of the amine substituent on
the molecular packing, orientation, and degree of ordering in
crystalline structures of cis-Ir(CO),Cl(primary amine) was studied.
Utilizing the ligands o-toluidine and 2,6-dimethylaniline, crystals
were obtained for complexes cis-Ir(CO),Cl(o-toluidine) and cis-
Ir(CO),Cl(2,6-dimethylaniline) and their structures determined by
X-ray crystallography. Crystallographic data and structure refine-
ment parameters for each complex are listed in Table 1, while
selected geometrical parameters are listed in Table 4.

Orange-red plates of cis-Ir(CO),Cl(o-toluidine) crystallize with
two molecules in the asymmetric unit in monoclinic space group
P2¢/n. Despite the similarity in space group and number of mole-
cules in the asymmetric unit, the structures of cis-Ir(CO),Cl(o-to-
luidine) and cis-Ir(CO),Cl(p-toluidine) are quite different. The
molecular structure of cis-Ir(CO),Cl(o-toluidine) and some aspects

Table 4
Dimensions within dimeric complexes (see Scheme 1).

of its packing are shown in Fig. 2. The two molecules in the
asymmetric unit form a dimer, with an Ir1---Ir2 distance of
3.4012(7) A. Within the dimer the ligands are nearly eclipsed and
the amine group positioned so that a hydrogen bond is formed
between N2 on one molecule and Cl1 on the adjoining molecule.
The o-toluidine ring is nearly perpendicular to the metal coordi-
nation plane. The angles between the two planes are 86.7° for the
molecule involving Ir1 and 85.7° for the molecule containing Ir2.
This orientation of the aromatic rings blocks the outer faces of the
dimer and precludes the formation of the extended chains seen for
Ir(CO),Cl(p-toluidine). The dimers also interact with one another
through additional hydrogen bonding that connects CI2 of one
dimer with N2A of another and also N2 with CI1A as shown in
Fig. 2.

Red prisms of cis-Ir(CO),Cl(2,6-dimethylaniline) crystallize with
four molecules in the asymmetric unit in the monoclinic space
group P21/n. These four unique molecules form two dimeric units
with similar Ir---Ir distances: 3.394(3) A for Ir1---Ir2 and 3.402(3) A
for Ir3---Ir4 as seen in Fig. 3. Again as the data in Table 4 indicate,
the two coordination planes in each dimer are nearly parallel to
each other. As in cis-Ir(CO),Cl(o-toluidine), there are hydrogen
bonds between amine and chloro groups in each dimer. These
hydrogen bonding interactions insure that the dimers have nearly
eclipsed arrangements and augment the Ir---Ir interactions in
holding the dimers together. The angle of the plane of the aniline
group with the metal coordination plane varies from an 80.7° in the
dimer formed by Ir3 and Ir4 to 85.7° in the dimer involving Ir1 and
Ir2. Again these groups protrude outward and protect opposite
faces of the dimer so that extended chains do not form. For this
complex, there are no hydrogen bonds that connect the two dimers.

2.4. Self-association in solution

The dicarbonylhalide(amine) complexes of iridium(I) are readily
soluble in halogenated solvents such as dichloromethane and
chloroform. For the electronic spectra of these complexes
dichloromethane was used to obtain absorption data in solution.
When dissolved in dichloromethane, cis-Ir(CO),Cl(p-toluidine)
forms dark amber solutions at 298 K. UV/vis spectra in the solid-
state were obtained in Nujol mulls.

Fig. 4 shows some representative data for cis-Ir(CO),Cl(p-tolui-
dine). The absorbance features vary with concentration. In dilute
solutions, the maxima occur at 310 nm and 356 nm; in addition, a
low-energy shoulder occurs at ca. 395 nm. However, at the higher
concentration new absorption bands are observed at 430, 525 and
694 nm. These additional features are associated with the

Compound cis-IrCl(CO),(o-toluidine) cis-Ir(CO),Cl(2,6-dimethylaniline)

Molecule 1 Molecule 2 Molecule 1 Molecule 2 Molecule 3 Molecule 4
Distances (A)
M1---M2, ¢ 3.4036(3) 3.443(3) 3.453(3)
M1-Cl1 2.3552(12) 2.3477(12) 2.376(2) 2.377(2) 2.380(2) 2.390(2)
N1-H1A---CI2 3.323(4) 3.365(6)
N2—H2A---Cl1 3.383(4) 3.383(4) 3.319(6)
N2—H2A---CI2A 3.437(4)
N3—H3A---Cl4 3.412(6)
N4—H4A- --CI3 3.391(6)
Interplanar Sepn. a 3.37 3.36 3.39
Lat. Shift b 0.47 0.76 0.65
M Displacement 0.014(2) 0.004(2) 0.014(3) 0.037(3) 0.009(3) 0.041(3)
M/Ring Plane 86.7 85.7 85.7 82.7 834 80.7
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Fig. 2. Interactions between four molecules of cis-Ir(CO),Cl(o-toluidine) molecules.

formation of aggregates similar to the self-association seen in the
solid state. Notice that the spectrum obtained from the solid itself
shows features similar to those seen in the more concentrated
solution.

2.5. Self Assocaitaion in the Gas Phase, Mass Spectrometry

We have seen aggregation of iridium(I) dicarbonylhalide(amine)
complexes in both the solid and solution phases and wanted to
determine if the supramolecular organization of the square planar
moieties could be detected in the gas phase. Thus, the matrix-
assisted laser desorption/ionization (MALDI) mass spectrum of
cis-Ir(CO),Br(p-toluidine) was collected. Crystals of the iridium(I)
complex were affixed (without the presence of a matrix) to a
stainless steel plate using a minimum amount of Super Glue and
were subsequently ionized. This represents a novel dry method for
obtaining mass spectral time of flight (TOF) data, without the
assistance of ionizing matrices that are typically acidic in nature
and can interfere with the metal coordination site. Mass spectra,
which show peaks for the monomeric, dimeric and trimeric forms
of [cis-Ir(CO),Br(p-toluidine)] ™, are shown in Fig. 5 along with the
computed spectra. Both positive and negative ionization conditions
were attempted; however, intelligible results were only obtained in
the positive ion mode. Under positive ionization conditions, peaks
due to monomers, dimers, and trimers were observed. The corre-
sponding isotope distributions correlate well with the theoretical
absolute mass assignments and splitting patterns. Interestingly, the
dimer peaks were nearly four times more intense than either the
monomer or trimer signals. The results show that the self-
association of these metal complexes can be detected even in the
gas phase. Detection of self-association of d® metal complexes by
mass spectrometry is rare [33].

Fig. 3. Interactions between the four independent molecules of cis-Ir(CO),Cl(2,6-
dimethylaniline).

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Fig. 4. UV/vis spectra of cis-Ir(CO),Cl(p-toluidine) in Nujol mulls (red trace) and in
dichloromethane solutions (4.5 mM —; 45 mM =). Solution spectra were normalized to
the peak at 356 nm. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

3. Conclusions

The solid state structures of d® planar complexes of the type cis-
Ir(CO),X(primary amine) (X =Cl, Br, I) are influenced by the pres-
ence of Ir---Ir interactions, hydrogen bonding between an N-H
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Fig. 5. MALDI TOF/TOF mass spectra (positive ion mode) isotope distributions for the peaks of the monomeric, dimeric and trimeric units of cis-Ir(CO),Br(p-toluidine). The upper
plots show the theoretical isotope distributions. The lower plots show the experimental data from a cluster of crystals of cis-Ir(CO),Br(p-toluidine), glued to the target plate.

group on one molecule and a halide ligand on an adjacent molecule,
and the steric bulk of the amine ligand. In cis-Ir(CO),X(p-toluidine)
(X =, Br, I) the four-coordinate, planar molecules pack so that the
molecules form columnar arrays with unsupported, face-to-face
interactions through d®-d® contacts with additional hydrogen
bonding between N-H groups and chloride ligands that runs along
the columns. In cis-Ir(CO),Cl(o-toluidine) and cis-Ir(CO),Cl(2,6-
dimethylaniline) the methyl groups of the amine protrude from
one face of the monomer in such a fashion that the formation of
extended chains is precluded. In these two cases, dimers are
formed. These dimers are again connected by Ir---Ir interactions
and by N-HCl hydrogen bonding. The Ir---Ir distances in the di-
mers (3.4036(3) A for cis-IrCI(CO),(o-toluidine), 3.443(3), 3.453(3)
A for cis-Ir(CO),Cl(2,6-dimethylaniline)) are similar but slightly
longer than the Ir---Ir distances 3.3341(2) and 3.3576(2) A for in the
extended chain complex cis-Ir(CO)2Cl(p-toluidine). In all cases, the
adjacent planar molecules have nearly eclipsed structures.

The extended chains in cis-Ir(CO),Cl(p-toluidine) with Ir---Ir
separations of 3.3341(2) and 3.3576(2) A and a nearly eclipsed
arrangement of adjacent molecules are quite different from those in
Ir(CO)sCl, where the Ir---Ir separation is shorter (2.844A) and
adjacent complexes are arranged in a eclipsed fashion. However,
the stacking of molecules of the type in cis-Ir(CO)2Cl(primary
amine) resembles that seen in cis-Ir(CO),Cl(pyridine) [20], cis-
Ir(CO),Cl(pyrazine) [21], and Ir(CO)y(acetylacetonate) [22,23]

where with Ir---Ir separations fall in the range 3.242—3.602(12) A.
Thus, Ir(CO);Cl remains as an outlier in the nature of self-
association of Ir(I) complexes. As expected, the Ir---Ir separations
seen in the crystals considered here are significantly longer than
the range of Ir-Ir distances (2.6622(3) A to 2.8393(12) A) found in
Ir(Il) dimers that contain single Ir(I)-Ir(Il) bonds [42].

4. Experimental
4.1. Materials

Samples of IrCl3-3H,0 were purchased from Pressure Chemical
Company. Sodium bromide, sodium iodide, 2-methoxyethanol, p-
toluidine, o-toluidine, and 2,6-dimethylaniline were purchased
from Aldrich Chemicals and used as received. Carbon monoxide gas
(C.P. grade) was obtained from Airgas Inc. Carbon monoxide is a
toxic gas that needs to be handled in a well ventilated fume hood.

4.2. Synthesis of cis-Ir(CO),Cl(amine) where amine = p-toluidine,
o-toluidine, or 2,6-dimethylaniline

These complexes were prepared with minor modifications to
the literature procedure developed for cis-Ir(CO),Cl(p-toluidine)
[34]. A sample of IrCl3-3H,0 (0.729 g, 2.07 mmol) was treated with
lithium chloride (0.421 g, 9.94 mmol) and excess carbon monoxide



E.M. Gussenhoven et al. / Journal of Organometallic Chemistry 883 (2019) 17—24 23

in a solution of 2-methoxyethanol (27 mL), and water (3 mL). After
refluxing overnight under a stream of carbon monoxide, the pale
yellow solution containing the non-isolated Li[IrClo(CO),] was
charged with p-toluidine (0.224 g, 2.09 mmol) and concentrated to
ca. 5 mL under dinitrogen. The concentrated solution was poured
into 100 mL of deionized water. A navy/purple fluffy precipitate
formed immediately. The solid was collected by filtration on a
Biichner funnel, washed with water, and dried over anhydrous
sodium sulfate (yield, 0.540 g, 67%).

For cis-Ir(CO),Cl(p-toluidine), deep red blocks with a metallic
sheen suitable for X-ray diffraction experiments were grown by the
slow evaporation of a concentrated hexane solution of the complex
under dinitrogen.

For cis-Ir(CO),Cl(o-toluidine) orange-red, metallic plate-like
crystals were grown from the slow evaporation of a concentrated
benzene solution of the complex under dinitrogen. Mp 143—144°C.

For cis-Ir(CO),Cl(2,6-dimethylaniline), red prisms, suitable for
X-ray diffraction experiments, were grown by the slow evaporation
of a pentane solution of the complex. Mp 155—156 °C.

4.3. Synthesis of cis-Ir(C0O),X (p-toluidine) where X = Br or |

To prepare cis-Ir(CO),l(p-toluidine), a three-neck, 100 mL round
bottom flask was charged with IrCl;3-3H,0 (0.701 g, 1.99 mmol),
sodium iodide (1.529 g, 10.20 mmol), 2- methoxyethanol (27 mL),
and water (3 mL). A reflux condenser topped with an oil bubbler
was affixed to the center neck, while a carbon monoxide inlet tube
was placed in a side port; the third neck was stoppered. The reac-
tion solution was initially degassed with flowing carbon monoxide
for 15 min at room temperature, then refluxed at 393 K overnight,
with continuous passage of carbon monoxide. Overnight, the re-
action solution turned from dark red to yellow. After cooling to
room temperature, p-toluidine (0.262 g, 2.44 mmol) was added,
and the solution was concentrated to ca. 5 mL under a stream of
dinitrogen. This concentrated solution was poured into 100 mL of
deionized water; a purple fluffy precipitate formed immediately.
The solid was collected on a Biichner funnel by filtration, washed
with water, and dried over anhydrous sodium sulfate (yield: 0.724
g, 76%). Green, dichroic needles of cis-Ir(CO),I(p-toluidine), suitable
for X-ray diffraction experiments, were grown from the slow
diffusion of hexane into a dichloromethane solution of the
complex.

For cis-Ir(CO),Br(p-toluidine), an analogous procedure was used
with sodium bromide replacing sodium iodide. Red/green dichroic
needles of cis-Ir(CO),Br(p-toluidine), suitable for X-ray diffraction,
were grown by the vapor diffusion of hexane into a dichloro-
methane solution of the complex.

4.4. Mass Spectrometry

Mass spectra for the metal complexes were acquired in the
positive ion mode, after calibration, on an Applied Biosystems 4700
MALDI TOF/TOF (Foster City, CA) instrument using direct laser
desorption. A crystalline sample was manually fixed to the stainless
steel target plate using Super Glue, before insertion into the in-
strument. The sample was subjected to irradiation from a Nd:YAG
laser (354 nm), and the accelerating voltage applied was 20 kV. The
instrument was operated in a standard reflectron operating mode
and spectra were the average of 2000 shots, and the laser fluence
used was the minimum necessary to achieve a signal from the
analyte.

4.5. Spectroscopic Methods

Electronic absorption spectra were recorded on a PharmaSpec
UV-1700 spectrophotometer (Shimadzu). Spectra of solids were
acquired from samples dispersed in Nujol mulls. Infra red spectra of
neat powders of these complexes were recorded on a Mattson
Genesis Il FT-IR spectrometer, fitted with a Specac Attenuated Total
Reflectance (ATR) accessory.

4.6. Single crystal X-ray diffraction

The crystals were removed from the vials or tubes in which they
were grown and immediately coated with hydrocarbon oil on mi-
croscope slides. Suitable crystals were mounted on glass fibers with
silicone grease and placed in a cold stream of either a Bruker
SMART 1000 or a Bruker SMART ApexIl diffractometer. Dinitrogen
cooling (90(2) K) was accomplished by use of CRYO Industries de-
vices. A multiscan method utilizing equivalents was employed to
correct for the absorption of heavy atoms [43]. The crystal struc-
tures were solved by direct methods, and all data were refined
(based on F [2]) using SHELXTL 5.1 [44] or SHELXL-2018 [45] soft-
ware. Hydrogen atoms were located in a difference map, added
geometrically, and refined with a riding model with the exception
that the N-H protons were restrained to have N-H distances of
0.91(2) A and were otherwise freely refined in all chloro complexes.
Crystallographic data are found in Table 1.
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