
Polyhedron 155 (2018) 281–290
Contents lists available at ScienceDirect

Polyhedron

journal homepage: www.elsevier .com/locate /poly
Tuning iridium (I) PCcarbeneP frameworks for facile cooperative N2O
reduction
https://doi.org/10.1016/j.poly.2018.08.054
0277-5387/� 2018 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: wpiers@ucalgary.ca (W.E. Piers).
Joel D. Smith a, Edwina Chih a, Warren E. Piers a,⇑, Denis M. Spasyuk a,b

aDepartment of Chemistry, University of Calgary, 2500 University Drive NW, Calgary, Alberta T2N 1N4, Canada
bCanadian Light Source Inc., 44 Innovation Boulevard, Saskatoon, Saskatchewan S7N 2V3, Canada

a r t i c l e i n f o a b s t r a c t
Article history:
Received 10 July 2018
Accepted 17 August 2018
Available online 30 August 2018

Dedicated to Prof. Bill Jones, a giant of
organometallic chemistry, on the occasion
of his 65th birthday.

Keywords:
PCP Pincer Ligands
Iridium
Nitrous oxide reduction
Ligand design
Metal–ligand cooperativity
Two electron-rich PCP ligands were synthesized featuring –C(CH3)2� and –Si(CH3)2– functional groups
linking the framework backbone. PCcarbeneP–Ir–Cl complexes were prepared via double C–H activation
protocols and the donor strengths of the new ligands were evaluated using CO stretching frequencies
of monocarbonyl cations prepared from the corresponding carbene chlorides. The new tethered systems
were found to be superior donors with respect to PCcarbeneP pincer complexes previously reported in our
group. These carbene chloride complexes reacted readily with nitrous oxide (N2O) to form ‘‘iridaepox-
ides” immune to unwanted Caryl–Canchor cleavage. Rates of oxygen atom transfer from N2O to a series
of PCcarbeneP–Ir–Cl compounds were also measured using 31P{1H} NMR spectroscopy. Results suggested
a direct positive correlation between ligand donicity and O-atom transfer rate for all ortho-phenylene
derived systems. The sterically distinct 2,3-benzo[b]thiophene scaffold was found to be an outlier of this
trend with a relatively high reactivity rate and mCO.
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1. Introduction

Since the seminal work of Moulton and Shaw [1], metal com-
plexes supported by pincer ligands have become important fix-
tures in homogeneous catalysis [2]. Participating in a large array
of chemical reactivity, from alkane dehydrogenation [3] to CO2

reduction [4], pincer complexes have shown great versatility due
to easily modifiable, rigid scaffolds that exhibit great thermal sta-
bility [2,5]. Tridentate pincer ligands consist of three two-electron
donor atoms – typically, but certainly not limited to, phosphorus,
nitrogen and carbon – chelated in a coplanar fashion around a
metal centre [2,6]. The coordinated atoms may be present in a vari-
ety of combinations and ligands are categorized by the flanking
and central atoms using elemental symbols for their designation
(i.e. PNP, PCP, etc.; Scheme 1) [7].

While conventional organometallic reactions take place at the
metal centre, several transformations have been observed with a
ligand directly participating along with the metal; this is known
as metal–ligand cooperativity (MLC) [8,9]. Pincer complexes are
no exception and in recent years research has indicated MLC can
play a tremendous role in promoting the activation of small mole-
cules, such as H2, NH3, CO2 and H2O [8,10,11]. More recently, there
has been interest in the activation and catalytic reduction of
nitrous oxide (N2O), a relatively inert and potent greenhouse gas
[12,13]. Early studies utilized the ability of N2O to insert an oxygen
atom into M–H bonds as a means of substrate activation, with sub-
sequent reductive elimination of H2O to complete the hydrogena-
tion cycle [14–16]. Gianetti and co-workers similarly propose
‘‘conventional” N2O activation in reactions that utilize nitrous
oxide as a hydrogen acceptor or oxygen atom transfer agent
[17,18]. In contrast, Milstein and co-workers have demonstrated
the catalytic hydrogenation and hydrosilation of N2O proceeds
via a MLC mechanism involving ligand aromatization/dearomati-
zation using a ruthenium PNP complex [19].

In this context, we found that iridium PCcarbeneP pincer com-
plexes interact with N2O via a distinct type of MLC. The Ir@C link-
ages anchoring these pincer ligands are more ‘‘Fischer-like” [20–
22] and quite capably form ‘‘iridaepoxides” through the addition
of an oxygen atom across an M@C bond when exposed to N2O
(B, Scheme 2) [23]. These iridaepoxides add hydrogen to give a
dihydride species C, [23,24] but this thermodynamic isomer must
convert to a kinetic species where the hydride ligands are cis to
the O atom in order to release H2O. While H2O could be released
with heating, catalytic turnover in these systems was hampered
by the high barrier to water elimination from C and unfavorable
relative kinetics of N2O vs H2 addition to the Ir@C bond. Further-
more, in the presence of H2 iridaepoxides can undergo unwanted
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Caryl–Ccleavage [25]. Since many of these problems stemmed from
slow N2O reactions with the Ir@C species A, we sought ways in
which to increase the rate of this reaction relative to H2 addition
through ligand design. We hypothesized that more electron donat-
ing, and rigid ligand frameworks would facilitate this reaction,
while slowing the addition of H2 to the Ir@C bond to give coordina-
tively saturated Ir(III) hydrido chloride species [22].

Recently our group ranked a series of iridium PCcarbeneP com-
plexes (1 to 4-Cl, Scheme 3) according to ligand donor strength
by preparing cationic carbonyl and dicarbonyl derivatives and cat-
aloguing the CO stretching frequencies [26]. Among this collection
Scheme

Scheme
was the tethered system 4-Cl, which exhibited an intermediate
ligand donor strength relative to 2-Cl and 3-Cl. However, prelimi-
nary experiments showed that the more rigid ligand framework in
4-Cl rendered it immune to Caryl–Canchor cleavage and furthermore
that it reacted much more rapidly with N2O than 2-Cl (but slower
than the more electron rich 3-Cl). It thus appeared as though ligand
donor ability could be exploited to enhance reactivity at the M@C
bond, while rigid ligands prevent C–C bond cleavage deactivation
pathways. Therefore, we designed similarly rigidified but more
electron-rich derivatives. Herein, we report the synthesis and char-
acterization of the two new iridium PCcarbeneP complexes, 5-Cl and
6-Cl. Mono- and dicarbonyl cationic derivatives are prepared and
carbonyl stretching frequencies (mCO) are used to gauge ligand
donicity. Reaction profiles of complexes 1 through 6-Cl with N2O
are compared alongside their mCO to reveal any trends linking donor
strength and reaction rate.
2. Results and discussion

Previously, we established a method for preparing an electron
rich, rigidified iridium PCcarbeneP system 4-Cl [26]. However, the
cumbersome 14 step synthesis from 1,3,5-tribromobenzene and
unexpectedly low ligand donor strength relative to 3-Cl suggested
that replacing the electronegative O linker in the ligand of 4-Cl
with a more electron donating fragment like –C(CH3)2– or –Si
2.

3.



Scheme 4.

J.D. Smith et al. / Polyhedron 155 (2018) 281–290 283
(CH3)2– would both increase the donor properties of the ligand
framework and lower the synthetic pain necessary to obtain work-
able quantities of ligand. As shown in Scheme 4, both ligands IV
and VI can be obtained from the common intermediate I, which
was prepared in multigram quantities in two steps starting with
3,5-dibromo-aniline via modified literature procedures [27,28]
(see the Supporting Information for further details on the synthesis
of I). Compound I could be selectively lithiated once on each aryl
ring in THF at �100 �C using tert-butyllithium and then quenched
with either acetone (to form II) or dimethyldichlorosilane (to give
V). For II, an excess of dry acetone was added to in situ generated
dilithio reagent to ensure complete conversion of material in a
timely fashion; extended reaction times or warming resulted in
the formation of unwanted side products, as observed by GC–MS.
Fortunately, the addition of one bulky hydroxyl isopropyl group
was enough to prevent the addition of a second despite the use
of excess acetone. Compound II was therefore furnished cleanly
and in good yield after quenching the reaction mixture with water
and workup. Using methodology employed on a closely related
substrate [29], 4,5-dibromo-N2,N2,N7,N7,9,9-hexamethyl-9,10-
dihydroanthracene-2,7-diamine (III) was obtained through an
intramolecular electrophilic aromatic substitution of II using an
excess of AlCl3; the air sensitivity of this compound was immedi-
ately noted as the isolated pale yellow solid changed to a dark
blue-green colour after exposure to ambient atmosphere. Com-
pound III was then lithiated under inert atmosphere with tert-
butyllithium and the dilithio species quenched in situ using two
equivalents of chlorodiisopropylphosphine as the electrophile. This
Scheme 5.
sequence gave pincer proligand IV as a pale yellow solid with an
overall 49% yield in 3 steps from I. The ligand VI, incorporating
the more electropositive –Si(CH3)2– linker also prepared from the
dilithio reagent obtained from I by quenching with Me2SiCl2 to
afford V. After work-up of V the isolated solid was again lithiated
and the phosphino-groups were installed using chlorodiisopropy-
lphosphine to give the silated proligand VI in an overall yield of
18% over 2 steps from I.

With these new proligands in hand, well established double C–
H activation procedures [22,30] were employed to prepare the irid-
ium PCcarbeneP complexes 5-Cl and 6-Cl directly from the proli-
gands IV and VI and [Ir(COE)2Cl]2 as an iridium source
(Scheme 5). The –C(CH3)2– linked carbene 5-Cl was easily synthe-
sized at 100 �C in toluene in a sealed thick-walled glass pressure
reaction vessel. Unlike 5-Cl the silated compound 6-Cl was pre-
pared in an open system under a blanket of argon to help with
removal of any formed H2 gas that could produce unwanted Ir
(III) hydrido-chloride species similar to those observed with the
parent system 2-Cl [22]. Both 5-Cl and 6-Cl were isolated with
moderate yields of 70% and 59%, respectively, and 13C {1H} NMR
revealed the characteristic carbene triplets at 194.2 ppm
(2JCP = 2.9 Hz) and 200.7 ppm (2JCP = 2.6 Hz), respectively. The 31P
{1H} NMR signal for 5-Cl was found at 54.1 ppm, while the signal
for 6-Cl was 47.9 ppm; these shifts are within the typical range
observed for this class of compounds [25,26]. Crystallographic data
for both compounds were obtained through X-ray diffraction anal-
ysis on single crystals; structures are presented in Fig. 1 along with
selected metrical data. While two molecules of 5-Cl were present
in the asymmetric unit data for only one is presented as the bond
distances and angles between the metal centers and directly asso-
ciated atoms were quite similar with only minor variations
between complexes. Predictably, the bond distances between the
aryl rings and the backbone tethers (–C(CH3)2– and –Si(CH3)2–)
are significantly different with the C7–Si1 and C8–Si1 bond lengths
of 6-Cl being ca. 0.3 Å longer than the C7–C8 and C8–C9 bond
lengths in 5-Cl. Variation in the angle between the aryl rings and
the tether is also significant with 5-Cl having a C7–C8–C9 angle
of 113.2(4) Å and 6-Cl having a C7–Si1–C8 angle of 102.94(11).
Despite these differences, the incorporation of the Si atom did
not translate to a change in the P–Ir–P angle and Ir–P distances.
Therefore, to accommodate this larger atom a more ‘‘ruffled” ligand



Fig. 1. Thermal ellipsoid diagrams of carbene chlorides 5-Cl (top) and 6-Cl (bottom)
with thermal ellipsoids drawn to 50% probability. Hydrogen atoms have been
omitted for clarity. Selected metrical data for 5-Cl: Bond distances (Å): Ir1–C1,
1.928(4); Ir1–P1, 2.2654(10); Ir1–P2, 2.2650(10); Ir1–Cl1, 2.4073(11); C7–C8, 1.541
(6); C8–C9, 1.534(6). Bond angles (�): P1–Ir1–P2, 167.72(4); C1–Ir1–Cl1, 178.74;
C7–C8–C9, 113.2(4). Selected metrical data for 6-Cl: Bond distances (Å): Ir–C1,
1.936(2); Ir1–P1, 2.2613(6); Ir1–P2, 2.2610(3); Ir1–Cl1, 2.4106(6); C7–Si1, 1.861(3);
C8–Si1, 1.860(3). Bond Angles (�): P1–Ir1–P2, 168.58(2); C1–Ir1–Cl, 171.88(7); C7–
Si1–C8, 102.94(11).

Scheme 6.
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shape was taken on in 6-Cl with the aryl rings twisting slightly out
of plane resulting in a dihedral angle of 16.1(1)� between the
planes defined by the six carbons of the flanking aromatic rings.
In comparison, the carbon linked ligand framework remained rela-
tively planar, with the analogous planes defined by the aryl rings
having a dihedral angle of only 0.8�(1) and 6.4(3)� for the two
molecules in the asymmetric unit cell.

The compounds 3-Cl [26] and 5-Cl differ only by the presence or
absence of the 2-propyl bridge and a comparison of their structural
and spectroscopic properties indicate very few differences. The
Ir@C bond lengths were not significantly different with the 3-Cl
bond being 1.902(6) Å. The one major structural difference
between the two complexes was the dihedral angles formed by
the planes defined by the carbon atoms in each of the aromatic
rings. Due to the steric repulsion of the protons ortho- to the car-
bene carbon the aryl rings ‘‘ruffled” and the dihedral angle that
formed was 44.3(3)�, much larger than that formed in 5-Cl, vida
supra. The 13C{1H} NMR for 3-Cl indicated a characteristic triplet
at 204.0 ppm (2JCP = 3.2 Hz; Ir@C) which is only 10.2 ppm down-
field from that observed for 5-Cl. Resonances in the 31P{1H} NMR
again only slightly differ with 3-Cl being found upfield by
5.5 ppm at 48.6 ppm. UV–Vis spectra of these two compounds also
showed similar profiles (Fig. S19 and S20 in supplemental informa-
tion); compound 3-Cl exhibited absorbance maxima (kmax) 600 nm
and 795 nm while 5-Cl showed kmax values of 581 nm and 794 nm.

To place these new ligands onto the scale of donicity previously
established for ligands of this type [26], iridium monocarbonyl
cationic complexes 5-CO and 6-CO (Scheme 6) were prepared by
abstracting the chloride ligands using sodium tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate (NaB(ArF)4) following exposure to car-
bon monoxide (CO) [26]. Although attempts were made to control
the amount of CO added to both 5-Cl and 6-Cl we found that add-
ing 1 equivalent of CO followed by chloride abstraction with NaB
(ArF)4 produced a mixture of both mono-(5-CO and 6-CO) and
dicarbonyl compounds (5-(CO)2 and 6-(CO)2 in Scheme 6) as well
as several unwanted side products. Eventually we determined that
minimal exposure (ca. 1 s) of 5-Cl and 6-Cl to 1 atm. of CO followed
by the addition NaB(ArF)4 furnished 5-CO and 6-CO with less than
10% of the dicarbonyl compounds 5-(CO)2 and 6-(CO)2. Pure mono-
carbonyl complexes were then able to be achieved through
repeated solvent removal and careful heating of the residue under
dynamic vacuum. These compounds were fully characterized spec-
troscopically and selected data is presented in Table 1 along with
previously reported data for compounds 1–4-CO for comparison.
(5-CO was also characterized crystallographically, see Supplemen-
tary Data). The infrared spectra immediately confirmed our
hypothesis on ligand design; compounds 5-CO and 6-CO were
found to have high ligand donor strengths with CO stretching fre-
quencies (mCO) being 1965 cm�1 and 1961 cm�1, respectively, very
similar to that for the less stable unlinked system 3-CO. Dicarbonyl
cationic complexes, 5-(CO)2 and 6-(CO)2, were also prepared by the
addition of 1 atmosphere of CO to both monocarbonyl complexes.
The symmetric and asymmetric frequencies for the dicarbonyl
compounds (Table 1) were quite similar to the other amino
functionalized carbenes, 3-(CO)2 and 4-(CO)2. NMR spectroscopy
for these cationic carbenes again showed trends similar to those



Table 1
Compiled spectroscopic data for mono and dicarbonyl cations [26].

Compound 31P (ppm) 13CIr@C (ppm) 13CCO (ppm) mCO (cm–1)

1-CO 59.6 232.2 188.6 2048
2-CO 68.6 267.8 195.1 2004
3-CO 72.2 260.4 195.9 1963
4-CO 78.6 214.9 196.4 1974
5-CO 71.8 234.8 195.6 1965
6-CO 68.4 250.5 193.7 1961
1-(CO)2 47.1 200.1 182.1 2055, 2014
2-(CO)2 61.0 233.9 178.2 2050, 2002
3-(CO)2 58.2 242.4 179.7 2014, 1971
4-(CO)2 62.9 207.4 178.2 2014, 1973
5-(CO)2 58.8 226.1 179.1 2014, 1974
6-(CO)2 55.0 240.6 180.4 2018, 1971
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synthesized previously with 31P, 13CIr@C and 13CCO chemical signals
shifting more downfield upon the removal of carbonyl ligand from
a dicarbonyl complex.

N2O was reacted with compounds 2-Cl, 4-Cl, 5-Cl and 6-Cl to
prepare the corresponding previously unreported iridaepoxides
2-Epox, 4-Epox, 5-Epox and 6-Epox (Scheme 7). This confirmed
that these carbene complexes react analogously to what we had
previously observed [23,25]. Spectroscopically, all of the reactions
were very clean and isolated yields for these complexes were mod-
erate to high. 31P{1H} NMR spectroscopy revealed signals within a
typical range of 27 ppm to 30 ppm. 13C{1H} resonances for the cen-
tral Ir–C atoms were similarly found in a characteristic range of
72 ppm and 84 ppm. Gratifyingly, the linked compounds 4–6-Epox
were not susceptible to Caryl–Canchor cleavage after being exposed
to elevated temperatures (>70 �C) and H2 gas. This stability was
further evidenced through examination of the molecular structures
of 4-Epox and 5-Epox, which were determined using X-ray diffrac-
tion of single crystals; thermal ellipsoid diagrams and selected
metrical parameters can be found in Fig. 2. Directly comparing
the two complexes, the bond lengths and angles between atoms
directly associated with the metal centre varied little. The back-
bone linker bond lengths and angles differed based on the particu-
lar linking atom; the C–O–C angle, 117.1(4)�, for 4-Epox was
slightly larger than the C–C–C angle, 112.8(5)�, for 5-Epox. Notably
the central C1 atoms for the complexes appear to have less
Scheme 7.

Fig. 2. Thermal ellipsoid diagrams of iridaepoxides 4-Epox (top) and 5-Epox
(bottom) with thermal ellipsoids drawn to 50% probability. Hydrogen atoms have
been omitted for clarity. Selected metrical data for 4-Epox: Bond distances (Å): Ir1–
C1, 2.069(6); Ir1–P1, 2.3317(14); Ir1–P2, 2.3267(15); Ir1–Cl1, 2.3207(14); Ir1–O1,
2.063(4); C1–O1, 1.366(7); C7–O2, 1.383(7); C24–O2, 1.379(6). Bond angles (�): P1–
Ir1–P2, 160.98; C1–Ir1–Cl1, 156.46(17); Ir1–C1–O1, 70.4(3); C7–O2–C24, 117.1(4).
Selected metrical data for 5-Epox: Bond distances (Å): Ir–C1, 2.086(5); Ir1–P1,
2.2967(15); Ir1–P2, 2.3014(15); Ir1–Cl1, 2.3153(15); Ir1–O1, 2.047 (4); C1–O1,
1.352(7); C7–C8, 1.539(8); C8–C9, 1.536(9). Bond Angles (�): P1–Ir1–P2, 163.76(5);
C1–Ir1–Cl, 158.68(16); Ir1–C1–O1, 69.4(3); C7–C8–C9, 112.8(5).
torsional strain than 3-Epox. The planes defined by the flanking
aryl rings form dihedral angles of 9.8(3)� and 17.8(3)� for 4-Epox
and 5-Epox, respectively, which, because of the linking atoms,
results in a slightly puckered ligand shape. On the other hand a



Fig. 3. (A) Decaying reaction profiles of carbene complexes 1 through 6-Cl during reactions with N2O at 298 K in C6D6. (B) Logarithmic plots of carbene concentration over
time; colour coordinated pseudo-first order rate constants and R2 values are located to the right of the legend. (C) A linear relationship between monocarbonyl mCO and half-
life is depicted; outlier 1-Cl is not included in linear regression analysis.
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severely ‘‘ruffled” conformation was observed in the unlinked sys-
tem 3-Epox, which has a dihedral angle of 36.2(1)� [25].

With this library of PCcarbeneP iridium chlorides and the car-
bonyl stretching frequency data in hand, the relative rates of reac-
tion with N2O as a function of the ligand’s donor properties could
be assessed. Experiments were then conducted in which degassed
solutions containing 0.009 mmol of a carbene complex in 0.7 mL of
C6D6 were exposed to 1 atmosphere of N2O at 298 K. Solubility
data regarding N2O in C6H6 [31] indicate that under these condi-
tions between 0.099 mmol and 0.114 mmol of N2O is dissolved in
0.7 mL of solution. This results in a gas to complex ratio between
11 and 13:1 which is within a pseudo-first order regime. Following
exposure to N2O the concentrations of starting materials and prod-
ucts were monitored via 31P{1H} NMR spectroscopy. Reaction pro-
files (Fig. 3A) show pseudo-first order decay at varying rates for the
different carbene chloride compounds 1-6-Cl. Natural logarithmic
plots (Fig. 3B) confirm that this is the case with linear regression
analyses providing R2 values of >0.990. The rate of conversion to
iridaepoxide products clearly increases within the series of linked
compounds with strongly electron donating properties, consistent
with the notion that these should more readily stabilize the for-
mally Ir(III) iridaepoxide products. Furthermore, the rigidity of
these ligand systems improves their stability towards undesired
side reactions. The correlation between the rate of conversion
and the donicity of the ligands is further illustrated by a plot of
monocarbonyl CO stretching frequency versus half-life (t1/2),
obtained from the pseudo first order rate constants (Fig. 3C). This
reveals a direct positive correlation for all complexes containing
ortho-phenylene linked PCcarbeneP pincers. Quite strikingly, the
outlier in these tests is the 2,3-benzo[b]thiophene based frame-
work 1-Cl. Despite the largest mCO, indicating it is the poorest over-
all donor, it reacted comparably to the non-functionalized parent
system 2-Cl. While the exact reasoning for this remains unknown,
we speculate that the lack of steric interactions between the sulfur
atoms in 1-Cl allows the ligand to assume a more planar geometry
that mimics what is seen in the rigidified systems. This feature may
enhance the reaction with N2O by making the oxygen atom trans-
fer reaction more sterically easy than in the more flexible unlinked
system 2-Cl.
3. Conclusions

In summary, two complexes, 5-Cl and 6-Cl, were designed
through modifications to previous ligand scaffolds to provide rigid-
ity while maintaining a high degree of donor capability. These
complexes readily reacted with N2O to form corresponding iridae-
poxides in moderate to high yields. Based on ease of synthetic
accessibility, immunity to ligand decomposition and reactivity
with N2O these compounds were found to be superior to our pre-
vious systems in accepting oxygen atoms from N2O. We are cur-
rently exploring the use of these ligands in the development of
catalysts for MLC aided hydrogenation of N2O.
4. Experimental

4.1. General Considerations.

Storage and manipulation of all compounds, unless otherwise
stated, were performed under an argon atmosphere either in a
VAC glove box or using a double manifold high vacuum line using
standard techniques. Passage of argon through an OxisorBW scrub-
ber (Matheson Gas Products) removed any residual oxygen and
moisture. Toluene, tetrahydrofuran and hexanes were dried and
purified using a Grubbs/Dow solvent purification system and
stored in 500 mL thick-walled glass pressure flasks over sodium/
benzophenone ketal. n-Pentane was purified using a M–Braun sol-
vent purification system, dried over sodium/benzophenone ketal
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and stored in a 100 mL thick-walled glass pressure flask. Benzene-
d6 was dried over sodium/benzophenone ketal and stored in a
100 mL thick-walled glass pressure flask. Dichloromethane-d2
was dried over CaH2 and stored in a 50 mL thick-walled glass pres-
sure flask. Acetone was dried over 3 Å molecular sieves and stored
under an atmosphere of argon. All dried solvents were degassed
and vacuum distilled prior to use. 1H and 13C NMR chemical shifts
were referenced to residual solvent protons and naturally abun-
dant 13C resonances for all deuterated solvents. Chemical shift
assignments are based on 1H, 31P{1H}, 13C{1H}, 1H–1H–COSY,
1H–13C-HSQC, 1H–29SI HMBC and 1H–13C-HMBC NMR experiments
performed on Bruker Avance III 400, Ultrashield 400, Ascend-500,
or Avance-600 MHz spectrometers using TopSpin version 3.2 soft-
ware. X-ray crystallographic analyses were performed on a Nonius
system equipped with a Bruker Apex-II CCD using samples coated
in Paratone 8277 oil (Exxon) and mounted on a glass fibre. Carbon
monoxide gas (>99.0%) and nitrous oxide gas (99%) were pur-
chased from Sigma-Aldrich and used without further purification.
Iridium (III) chloride hydrate was purchased from Pressure Chem-
icals Inc. and used as received. [Ir(COE)2(Cl)]2 [32], 3,5-dibro-
moaniline [33] and sodium tetrakis[3,5-bis(trifluoromethyl)
phenyl]borate [34] were prepared by literature methods. All other
reagents were purchased from Sigma-Aldrich and used as received.
Elemental and mass spectrometric analyses were performed by
staff at the Instrumentation Facility in the Department of Chem-
istry, University of Calgary. Synthetic protocols for the synthesis
of proligands IV and VI can be found in the Supplementary data.

4.2. Synthesis of 5-Cl

To a 100 mL thick walled glass pressure vessel charged with
4,5-bis(diisopropylphosphino)-N2,N2,N7,N7,9,9-hexamethyl-9,10-
dihydroanthracene-2,7-diamine (IV, 0.156 g, 0.296 mmol), [Ir
(COE)2Cl]2 (0.132 g, 0.147 mmol) and a Teflon stirbar, toluene
(10 mL) was added. The flask was sealed and the mixture was stir-
red at 100 �C for 15 h. The solution was cooled and filtered through
a pad of celite. The filtrate was placed in a 50 mL round bottom
flask and all volatiles were removed under high vacuum. The resi-
due was sonicated in n–pentane (15 mL) for 20 min producing a
dark powder. Using a 2 mL Büchner funnel with a fritted disc, the
remaining solid was filtered off in a glovebox and washed with
n-pentane (4 mL). A dark brownish-green solid was obtained in a
70% yield (0.156 g, 0.207 mmol). X-ray quality crystals were
obtained through slow evaporation of a dilute solution of 5-Cl dis-
solved in benzene. 1H NMR (500 MHz, C6D6) d 6.70 (m, 2H, ArH),
6.27 (d, 4JHH = 2.1 Hz, 2H, ArH), 3.24 (m, 4H, –PCH(CH3)2), 2.25 (s,
12H, –N(CH3)2), 1.73 (dvt, 3JHH = 7.8 Hz, JHP = 7.4 Hz, 12H, –PCH
(CH3)2), 1.61 (s, 6H, –C(CH3)2–), 1.41 (dvt, 3JHH = 7.4 Hz, JHP = 7.1 -
Hz, 12H, –PCH(CH3)2).13C{1H} NMR (126 MHz, C6D6) d 194.2 (t,
2JCP = 2.9 Hz, Ir@C), 156.7 (vt, JCP = 18.9 Hz, ArC), 151.3 (vt, JCP = 3.8 -
Hz, ArC), 143.0 (vt, JCP = 7.9 Hz, ArC) 142.9 (vt, JCP = 18.0 Hz, ArC),
115.9 (s, ArCH), 113.3 (s, ArCH), 42.8 (s, –C(CH3)2–), 40.1 (s, –N
(CH3)2), 28.4 (s, –C(CH3)2–), 25.2 (vt, JCP = 13.0 Hz, –PCH(CH3)2),
20.1 (vt, JCP = 2.4 Hz, –PCH(CH3)2), 19.6 (s, –PCH(CH3)2).31P{1H}
NMR (203 MHz, C6D6) d 54.1 (s). Elemental Anal. Calc. (%) for
C32H50ClIrN2P2: C, 51.08; H, 6.70; N, 3.72. Found: C, 51.09; H,
6.58; N, 3.62.

4.3. Synthesis of 6-Cl

To a 100 mL thick walled glass pressure vessel charged with
1,9-bis(diisopropylphosphino)-N3,N3,N7,N7,5,5-hexamethyl-5,10-
dihydrodibenzo[b,e]siline-3,7-diamine (VI, 0.100 g, 0.184 mmol),
[Ir(COE)2Cl]2 (0.082 g, 0.092 mmol) and a Teflon stirbar, toluene
(10 mL) was added. The flask was sealed and the solution was
heated to 100 �C for 15 h. The solution was then heated for another
20 h under a positive flow of argon to remove any H2 gas produced
during the reaction. The solution was then filtered through a 2 mL
Büchner funnel with a fritted disc. The filtrate was collected and all
volatiles were removed under high vacuum. The dark residue was
sonicated in n-pentane (5 mL) for 1 hour. The solution was filtered
and a brown powder was isolated in 59% yield (0.083 g,
0.110 mmol). X-ray quality crystals were obtained by slow diffu-
sion of n-pentane into a solution of 6-Cl in benzene.1H NMR
(600 MHz, C6D6) d 6.81 (m, 2H, ArH), 6.47 (d, J = 2.8 Hz, 2H, ArH),
3.32 (m, 4H, –PCH(CH3)2), 2.19 (s, 12H, –N(CH3)2), 1.73 (dvt, 3-
JHH = 7.9 Hz, JHP = 7.5 Hz, 12H, –PCH(CH3)2), 1.43 (dvt, 3JHH = 7.1 Hz,
JHP = 7.0 Hz, 12H, –PCH(CH3)2), 0.34 (s, 6H, –Si(CH3)2). 13C{1H} NMR
(500 MHz, C6D6) d 200.7 (t, JCP = 2.6 Hz, Ir@C), 168.1 (vt, J = 17.0 Hz,
ArC), 148.9 (vt, J = 2.7 Hz, ArC), 144.0 (vt, J = 16.7 Hz, ArC), 134.4
(vt, J = 6.6 Hz, ArC), 120.2 (s, ArCH), 118.7 (s, ArCH), 39.8 (s, –N
(CH3)2), 24.9 (vt, J = 14.0 Hz, –PCH(CH3)2), 20.3 (vt, J = 2.2 Hz, –
PCH(CH3)2), 19.6 (s, –PCH(CH3)2), �3.4 (s, –SiCH3).31P{1H} NMR
(203 MHz, C6D6) d 47.9.29Si NMR (119 MHz, C6D6) d �15.0 (deter-
mined via crosspeak in 1H-29Si HMBC). Elemental Anal. Calc. (%)
for C31H50ClIrN2P2Si: C, 48.45; H, 6.36; N, 3.65. Found: C, 48.52;
H, 6.80; N, 3.42.

4.4. Synthesis of 5-CO

To a J-Young NMR tube chargedwith 5-Cl (0.010 g, 0.013 mmol),
dichloromethane (0.7 mL)was added. The vesselwas sealed and the
atmospherewas replacedwith carbonmonoxide (1 atm); the colour
of the solution immediately changed from a brownish-green to dark
purple. Following CO addition, the NMR tube was sealed and man-
ually shaken for 1 s. All volatiles were removed from the J-Young
NMR tube. Inside a glovebox NaB(ArF)4 (0.014 g, 0.016 mmol) and
dichloromethane (0.5 mL) were added to the purple residue. The
mixture was shaken for 20 s and then filtered through glass wool
into another J-Young NMR tube. All volatiles were removed in vacuo
and the NMR tubewas carefully heatedwith a heat gun. The residue
was reconstituted with dichloromethane (1.0 mL) and the evapora-
tion/heating process was repeated. This was performed 3 times in
total, until complete conversion to the monocarbonyl cation was
observed via 31P{1H} NMR. A dark purple solid was obtained with
a 67% yield (0.014 g, 0.009 mmol). X-ray quality crystals were
obtained by slow diffusion of n-pentane into a solution of 5-CO dis-
solved in DCM at �20 �C. 1H NMR (500 MHz, CD2Cl2) d 7.72 (m, 8H,
CH-ortho, B(ArF)4, Ar), 7.56 (s, 4H, CH-para, B(ArF)4, Ar), 6.91 (d, 4-
JHH = 1.9 Hz, 2H, ArH), 6.88 (m, 2H, ArH) 3.22 (s, 12H, –N(CH3)2),
2.79 (m, 4H, –PCH(CH3)2), 1.62 (s, 6H, –C(CH3)2–), 1.25
(dvt, 3JHH = 9.9 Hz, JHP = 7.0 Hz, 12H, –P(CH(CH3)2)), 1.13
(dvt, 3JHH = 8.4 Hz, JHP = 7.0 Hz, 12H, –P(CH(CH3)2)). 13C{1H} NMR
(126 MHz, CD2Cl2) d 234.8 (t, 2JCP = 4.2 Hz, Ir@C), 195.6 (t, 2JCP = 7.3 -
Hz, Ir–CO), 162.1 (q, 1JCB = 50.0 Hz, C-B, B(ArF)4, Ar), 155.7 (vt,
JCP = 4.0 Hz, ArC), 152.9 (vt, JCP = 18.9 Hz, ArC), 152.7 (vt, JCP = 6.8 Hz,
ArC), 144.1 (vt, JCP = 17.4 Hz, ArC), 135.2 (s, CH-ortho, B(ArF)4, Ar),
129.2 (qq, 2JCF = 31.6 Hz, 4JCF = 3.1 Hz, B(ArF)4, C-CF3, Ar), 125.0
(q, 1JCF = 272.1 Hz, B(ArF)4, CF3), 117.9 (sept, 3JCF = 4.1 Hz, CH-para,
B(ArF)4, Ar), 114.9 (s, ArCH), 112.1 (s, ArCH), 41.5 (s, –C(CH3)2–),
41.1 (s, –N(CH3)2), 33.6 (s, –CH(CH3)2–) 27.9 (vt, JCP = 14.9 Hz,
–PCH(CH3)2), 19.3 (vt, JCP = 2.4 Hz, –PCH(CH3)2), 17.7 (s, –PCH
(CH3)2).31P{1H} NMR (203 MHz, CD2Cl2) d 71.8 (s).19F{1H} NMR
(471 MHz, CD2Cl2) d �63.85 (s).11B{1H} NMR (161 MHz, CD2Cl2) d
�6.05 (s). IR (AgCl plates) cm�1: 1965 (s). ESI-MS (M*+) for
[C33H50IrN2OP2]+ [C32H12BF24]�: Calcd.: 745.3022. Found:
745.3013.

4.5. Synthesis of 6-CO

In a J-Young NMR tube 6-Cl (0.010 g, 0.013 mmol) was dis-
solved in DCM (0.7 mL). The vessel was sealed and the atmosphere
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was replaced with carbon monoxide (1 atm); the colour of the
solution immediately changed from a brownish-green to dark pur-
ple. Following CO addition, the NMR tube was sealed and manually
shaken for 1 s. All volatiles were removed from the J-Young NMR
tube. Inside a glovebox NaB(ArF)4 (0.020 g, 0.023 mmol) and
dichloromethane (0.5 mL) were added to the purple residue. The
solution was mixed for 20 s and then filtered through glass wool
into another J-Young NMR tube. All volatiles were removed in
vacuo and the NMR tube was carefully heated with a heat gun.
The residue was reconstituted with dichloromethane (1.0 mL)
and the evaporation/heating process was repeated. This was per-
formed 4 times in total, until complete conversion to the monocar-
bonyl cation was observed via 31P{1H} NMR. A blue solid was
isolated in 90% yield (0.019 g, 0.012 mmol). 1H NMR (400 MHz,
CD2Cl2) d 7.72 (m, 8H, CH-ortho, B(ArF)4, Ar), 7.56 (s, 4H, CH-para,
B(ArF)4, Ar), 7.03 (d, 4JHH = 2.8 Hz, 2H, ArCH), 6.88 (m, 2H, ArCH),
3.21 (s, 12H, –N(CH3)2), 2.78 (m, 4H, –PCH(CH3)2), 1.25 (dvt, 3-
JHH = 7.1 Hz, JHP = 9.9 Hz, 12H, –PCH(CH3)2), 1.13 (dvt, 3JHH = 7.1 Hz,
JHP = 8.5 Hz 12H, –PCH(CH3)2), 0.43 (s, 6H, –Si(CH3)2). 13C{1H} NMR
(101 MHz, CD2Cl2) d 250.5 (t, 2JCP = 4.0 Hz, Ir@C), 193.7 (t, JCP = 8.1 -
Hz, Ir–CO), 162.1 (q, 1JCB = 50.0 Hz, C-B, B(ArF)4, ArC), 156.2 (vt,
JCP = 17.1 Hz, ArC), 152.6 (vt, JCP = 3.8 Hz, ArC), 152.2 (vt, JCP = 15.3 -
Hz, ArC), 145.0 (vt, JCP = 5.5 Hz, ArC), 135.2 (s, CH-ortho, B(ArF)4,
ArC), 129.3 (qq, 2JCF = 31.5 Hz, 4JCF = 2.7 Hz, C-CF3, B(ArF)4), 125.0
(q, 1JCF = 272.4 Hz, CF3, B(ArF)4), 120.9 (s, ArCH), 117.9 (sept, 3-
JCF = 4.0 Hz, CH-para, B(ArF)4, Ar), 116.5 (s, ArCH), 40.9 (s, –N
(CH3)2), 27.2 (vt, JCP = 15.1 Hz, –PCH(CH3)2), 19.7 (s –PCH(CH3)2),
19.3 (s, –PCH(CH3)2), �1.3 (s, –Si(CH3)2). 31P{1H} NMR (162 MHz,
CD2Cl2) d 68.4. 19F{1H} NMR (376 MHz, CD2Cl2) d �59.3. 11B{1H}
NMR (128 MHz, CD2Cl2) d �7.0. 29Si NMR (119 MHz, CD2Cl2) d
�19.5 (determined via crosspeak in 1H-29Si HMBC). IR (AgCl plates)
cm�1: 1961(s). ESI-MS (M*+) for [C32H50IrN2OP2Si]+ [C32H12BF24]�:
Calcd.:761.2791; Found: 761.2790.

4.6. Synthesis of 5-(CO)2

To a J-Young NMR tube charged with 5-Cl (0.010 g,
0.013 mmol), dichloromethane (0.7 mL) was added. The vessel
was sealed and the atmosphere was replaced with carbon monox-
ide (1 atm); the colour of the solution immediately changed from a
brownish-green to dark purple. Following CO addition the NMR
tube was sealed and manually shaken for 3 s. All volatiles were
removed from the J-Young NMR tube immediately. Inside a glove-
box NaB(ArF)4 (0.014 g, 0.016 mmol) and dichloromethane
(0.5 mL) were added to the purple residue. The mixture was sha-
ken for �10 s and then filtered through glass wool into another J-
Young NMR tube. The atmosphere of the NMR tube was replaced
with CO (1 atm) and shaken for 10 s. All volatiles were removed
in vacuo and a dark purple solid was obtained with a 75% yield
(0.016 g, 0.010 mmol). 1H NMR (500 MHz, CD2Cl2) d 7.72 (m, 8H,
CH-ortho, B(ArF)4, Ar), 7.56 (s, 4H, CH-para, B(ArF)4, Ar), 6.81 (d, 4-
JHH = 1.9 Hz, 2H, ArH), 6.77 (m, 2H, ArH) 3.12 (s, 12H, –N(CH3)2),
2.76 (m, 4H, –PCH(CH3)2), 1.64 (s, 6H, –C(CH3)2–), 1.20 (dvt, 3-
JHH = 10.5 Hz, JHP = 7.1 Hz, 12H, –PCH(CH3)2), 1.13 (dvt, 3JHH = 9.1 -
Hz, JHP = 7.1 Hz, 12H, –PCH(CH3)2). 13C{1H} NMR (151 MHz, CD2Cl2)
d 226.1 (t, 2JCP = 4.8 Hz, Ir@C), 179.1 (t, 2JCP = 5.2 Hz, Ir–CO), 162.2
(q, 1JCB = 49.9 Hz, C-B, B(ArF)4, Ar), 153.3 (vt, JCP = 4.2 Hz, ArC),
147.5 (vt, JCP = 7.9 Hz, ArC), 145.4 (vt, JCP = 22.4 Hz, ArC), 144.5
(vt, JCP = 16.7 Hz, ArC), 135.3 (s, CH-ortho, B(ArF)4, Ar), 129.4 (qq, 2-
JCF = 31.3 Hz, 4JCF = 2.7 Hz, B(ArF)4, C-CF3, Ar), 125.1 (q, 1JCF = 271.8 -
Hz, B(ArF)4, CF3), 117.9 (sept, 3JCF = 3.9 Hz, CH-para, B(ArF)4, Ar),
115.0 (s, ArCH), 112.3 (s, ArCH), 41.1 (s, –C(CH3)2–), 40.8 (s, –N
(CH3)2), 32.9 (s, –CH(CH3)2–) 27.9 (vt, JCP = 15.8 Hz, –PCH(CH3)2),
19.3 (s, –PCH(CH3)2), 17.7 (s, –PCH(CH3)2).31P{1H} NMR
(203 MHz, CD2Cl2) d 58.8 (s). 19F{1H} NMR (471 MHz, CD2Cl2) d
�63.84 (s). 11B{1H} NMR (161 MHz, CD2Cl2) d �6.05 (s). IR (AgCl
plates) cm�1: 2014 (s), 1974 (s). Elemental Anal. Calc. (%) for C66-
H62BF24IrN2O2P2: C, 48.45; H, 3.82; N, 1.71. Found: C, 48.26; H,
3.86; N, 1.67.

4.7. Synthesis of 6-(CO)2

To a thick-walled glass pressure vessel (25 mL) charged with a
Teflon stirbar, 6-Cl (0.020 g, 0.026 mmol) was dissolved in dichlor-
omethane (3 mL). The solution was degassed at room temperature
and placed under 1 atm. of carbon monoxide, immediately turning
purple. The mixture was stirred for 5 s and then all volatiles were
removed. NaB(ArF)4 (0.050 g, 0.056 mmol) was added to the flask
along with DCM (3 mL). This mixture was stirred for 30 s at room
temperature and then filtered through celite into another flask
(25 mL). The solution was again placed under 1 atm of CO and stir-
red for 5 s. All volatiles were removed and a dark purple solid was
isolated in 83% yield (0.035 g, 0.021 mmol).1H NMR (500 MHz,
CD2Cl2) d 7.73 (m, 8H, CH-ortho, B(ArF)4, Ar), 7.57 (s, 4H, CH-para,
B(ArF)4, Ar), 6.91 (d, 4JHH = 2.9 Hz, 2H, ArCH), 6.80 (m, 2H, ArCH),
3.09 (s, 12H, –N(CH3)2), 2.76 (m, 4H, –PCH(CH3)2), 1.23 (dvt, 3-
JHH = 7.2 Hz, JHP = 10.7 Hz, 12H, –PCH(CH3)2), 1.10 (dvt, 3JHH = 6.9 -
Hz, JHP = 9.4 Hz, 12H, –PCH(CH3)2), 0.42 (s, 6H, –Si(CH3)2). 13C{1H}
NMR (500 MHz, CD2Cl2) d 240.6 (t, 2JCP = 4.4 Hz, Ir@C), 180.4 (t, 2-
JCP = 4.9 Hz, Ir–CO), 162.2 (q, 1JCB = 50.1 Hz, C-B, B(ArF)4, Ar),
153.5 (vt, JCP = 13.4 Hz, ArC), 150.3 (vt, JCP = 3.9 Hz, ArC), 147.9
(vt, JCP = 21.5 Hz, ArC), 139.5 (vt, JCP = 6.3 Hz, ArC), 135.2 (s, CH-
ortho, B(ArF)4, Ar), 129.3 (qq, 2JCF = 31.5 Hz, 4JCF = 2.7 Hz, C-CF3, B
(ArF)4, Ar), 125.0 (q, 1JCF = 272.2 Hz, CF3, B(ArF)4), 119.7 (s, ArCH),
117.9 (sept, 3JCF = 4.0 Hz, CH-para, B(ArF)4, Ar), 116.7 (s, ArCH),
40.6 (s, –N(CH3)2), 28.5 (vt, JCP = 15.7 Hz, –PCH(CH3)2), 19.4 (s –
PCH(CH3)2), 17.9 (s, –PCH(CH3)2), �1.5 (s, –Si(CH3)2). 31P{1H}
NMR (162 MHz, CD2Cl2) d 55.0. 19F{1H} NMR (376 MHz, CD2Cl2) d
�63.9. 11B{1H} NMR (128 MHz, CD2Cl2) d �6.1. 29Si{1H} NMR
(119 MHz, CD2Cl2) d �20.3 (determined via crosspeak in 1H-29Si
HMBC). IR (AgCl plates) cm�1: 2018 (s) and 1971 (s). Elemental
Anal. Calc. (%) for C65H62BF24IrN2O2P2Si: C, 47.25; H, 3.78; N,
1.70. Found: C, 47.14; H, 3.46; N, 1.57.

4.8. Synthesis of 2-Epox

To a J-Young NMR tube chargedwith 2-Cl (0.007 g, 0.011 mmol),
C6D6 was added. The solution was degassed, placed under 1 atm. of
N2O and mixed at room temperature for 24 h. All volatiles were
removed in vacuo and the remaining residue was sonicated in n-
pentane (1 mL) until a powder formed. The n-pentanewas removed
under high vacuum and dried for 10 min. A red–orange solid was
isolated with >98% yield (0.007 g, 0.011 mmol).1H NMR (400 MHz,
C6D6) d 7.85 (d, JHH = 7.3 Hz, 2H, ArH), 7.09 (m, 2H, ArH), 7.04 (m,
2H, ArH), 6.88 (t, JHH = 7.6 Hz 2H, ArH), 2.94 (m, 2H, –PCH(CH3)2),
2.48 (s, 2H, –PCH(CH3)2), 1.46 (dvt, 3JHH = 7.6 Hz, JHP = 7.6 Hz, 6H,
–PCH(CH3)2), 1.37 (dvt, 3JHH = 7.9 Hz, JHP = 8.0 Hz, 6H, –PCH
(CH3)2), 1.26 (dvt, 3JHH = 7.9 Hz, JHP = 7.7 Hz, 6H, –PCH(CH3)2), 1.11
(dvt, 3JHH = 6.8 Hz, JHP = 7.1 Hz, 6H, –PCH(CH3)2),. 13C{1H} NMR
(101 MHz, C6D6) d 152.0 (s, ArC), 132.9 (s, ArCH), 132.4 (vt,
JCP = 19.2 Hz, ArC), 128.8 (s, ArCH), 126.7 (vt, JCP = 3.1 Hz, ArCH),
126.4 (vt, JCP = 5.4 Hz, ArCH) 81.7 (t, JCP = 2.5 Hz, Ir(O)C), 24.3 (vt,
JCP = 13.9 Hz, –PCH(CH3)2), 23.5 (vt, JCP = 14.1 Hz, –PCH(CH3)2),
20.4 (vt, JCP = 2.6 Hz, –PCH(CH3)2), 19.1 (vt, JCP = 1.7 Hz, –PCH
(CH3)2), 18.4 (vt, JCP = 2.3 Hz, –PCH(CH3)2), 17.2 (s, –PCH
(CH3)2).31P{1H} NMR (162 MHz, C6D6) d 28.5. ESI-MS (M + H) for
C25H36IrOP2: Calcd: 643.1632. Found: 643.1621.

4.9. Synthesis of 4-Epox

To a 25 mL thick walled glass pressure vessel charged with 4-Cl
(0.128 g, 0.159 mmol) and a teflon stirbar, toluene (5 mL) was
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added. The flask was degassed, placed under 1 atm. of N2O and stir-
red at 80 �C for 1 hour. Toluene was removed in vacuo and the
remaining residue was sonicated in n-pentane (10 mL). The resul-
tant red powder was filtered and washed with n-pentane (3 x
2 mL). The red–orange solid was dried under high vacuum at room
temperature for 2 h and isolated with an 88% yield (0.115 g,
0.140 mmol). X-ray quality crystals were obtained by slow diffu-
sion of n-pentane into a solution of 4-Epox dissolved in benzene.1-
H NMR (500 MHz, C6D6) d 6.81 (m, 2H, ArH), 6.60 (d, J = 1.9 Hz, 2H,
ArH), 3.11 (m, 2H, –PCH(CH3)2), 2.93–2.85 (m, 8H, N(CH2)5), 2.43
(m, 2H, –PCH(CH3)2), 1.45 (dvt, JHP = 7.6 Hz, JHH = 8.29 Hz 6H, –
PCH(CH3)2), 1.43 – 1.35 (m, –PCH(CH3)2, N(CH2)5), 1.29 – 1.24
(m, N(CH2)5), 1.22 (dvt, JHP = 6.8 Hz, JHH = 6.7 Hz, –PCH(CH3)2)
(region between 1.48 and 1.16 integrates to 36H). 13C{1H } NMR
(126 MHz, C6D6) d 153.6 (vt, JCP = 4.5 Hz, ArC), 152.5 (vt, JCP = 8.0 -
Hz, ArC), 132.0 (vt, JCP = 18.6 Hz, ArC), 128.3 (ArC, seen using
1H–13C HMBC), 114.9 (s, ArCH), 104.6 (s, ArCH), 72.3 (t, JCP = 3.2 Hz,
Ir(O)C), 50.8 (s, N(CH2)5), 25.9 (s, N(CH2)5), 25.0 (vt, JCP = 12.4 Hz, –
PCH(CH3)2), 24.5 (s, N(CH2)5), 23.0 (vt, JCP = 14.3 Hz, –PCH(CH3)2),
19.9 (vt, JCP = 1.8 Hz, –PCH(CH3)2), 19.1 (s, –PCH(CH3)2), 18.8 (vt,
JCP = 3.2 Hz, –PCH(CH3)2), 17.6 (s, –PCH(CH3)2). 31P{1H} NMR
(203 MHz, C6D6) d 30.0 (s). Elemental Anal. Calc. (%) for C35H52-
ClIrN2O2P2: C, 51.12; H, 6.37; N, 3.41 Found: C, 50.91; H, 6.53; N,
3.38.

4.10. Synthesis of 5-Epox

To a 50 mL thick walled glass pressure vessel charged with 5-Cl
(0.098 g, 0.130 mmol) and a Teflon stirbar, benzene (10 mL) was
added. The flask was degassed, placed under 1 atm. of N2O, sealed
and stirred at 80 �C for 1 hour. All volatiles were removed under
high vacuum. The red residue was sonicated in n-pentane
(10 mL). The resultant red powder was filtered and washed with
n-pentane (3 x 2 mL). The solid was dried under high vacuum for
2 h at 80 �C to give a pale red powder in 76% yield (0.076 g,
0.099 mmol). X-ray quality crystals were obtained through slow
evaporation of a dilute solution of 5-Epox dissolved in benzene.1H
NMR (500 MHz, C6D6) d 6.72 (m, 4H, ArH), 3.25 (m, 2H, –PCH
(CH3)2), 2.58 (s, 12H, –N(CH3)2), 2.52 (m, 2H, –PCH(CH3)2), 1.77
(s, 3H, –C(CH3)2–), 1.56 (s, 3H, –C(CH3)2–), 1.51 (dvt, 3JHH = 7.7 Hz,
JHP = 7.6 Hz, 6H, –PCH(CH3)2), 1.43 (m, 12H, –PCH(CH3)2), 1.30 (dvt,
3JHH = 6.7 Hz, JHP = 6.7 Hz, 6H, –PCH(CH3)2).13C{1H } NMR
(126 MHz, C6D6) d 150.1 (vt, JCP = 4.0 Hz, ArC), 145.1 (vt, JCP = 6.1 -
Hz, ArC), 137.4 (vt, JCP = 9.1 Hz, ArC) 131.1 (vt, JCP = 19.2 Hz, ArC),
114.19 (s, ArCH), 111.0 (s, ArCH), 79.5 (t, 2JCP = 3.3 Hz, Ir(O)C),
40.4 (s, –N(CH3)2), 39.3 (s, –C(CH3)2–), 36.8 (s, –C(CH3)2), 29.70
(s, –C(CH3)2), 25.0 (vt, JCP = 12.7 Hz, –PCH(CH3)2), 22.5 (vt,
JCP = 14.9 Hz, –PCH(CH3)2), 20.0 (vt, JCP = 2.0 Hz, –PCH(CH3)2),
19.36 (s, –PCH(CH3)2), 18.6 (vt, JCP = 3.0 Hz, –PCH(CH3)2), 17.4 (s,
–PCH(CH3)2).31P{1H} NMR (203 MHz, C6D6) d 28.5 (s). Elemental
Anal. Calc. (%) for C32H50ClIrN2OP2: C, 50.02; H, 6.56; N, 3.65.
Found: C, 50.45; H, 6.58; N, 3.44.

4.11. Synthesis of 6-Epox

To a J-Young NMR tube charged with 6-Cl (0.020 g, 0.026 mmol,
toluene (5 mL) was added. The tube was degassed, placed under
1 atm. of N2O and mixed at room temperature for 3 h. All volatiles
were removed in vacuo and the remaining residue was sonicated in
n-pentane (1.5 mL). The resultant red powder was filtered, dried
under high vacuum at room temperature for 20 min and isolated
with a 49% yield (0.010 g, 0.013 mmol). 1H NMR (400 MHz, C6D6)
d 6.82 (m, 2H, ArH), 6.79 (d, 4JHH = 2.47 Hz, 2H, ArH), 3.31 (m, 2H,
–PCH(CH3)2), 2.56 (s, 12H (14H with d 2.54), –N(CH3)2), 2.54 (m,
2H (14H with d 2.56), –PCH(CH3)2), 1.73 (dvt, 3JHH = 7.9 Hz,
JHP = 7.4 Hz, 6H, –PCH(CH3)2), 1.43 (m, 12H –PCH(CH3)2), 1.29
(dvt, 3JHH = 6.5 Hz, JHP = 6.6 Hz, 6H, –PCH(CH3)2), 0.48 (s, 3H, –Si
(CH3)2), 0.32 (s, 3H, –Si(CH3)2). 13C{1H} NMR (101 MHz, C6D6) d
148.2 (vt, JCP = 3.4 Hz, ArC), 147.2 (vt, JCP = 7.8 Hz, Hz, ArC), 134.0
(vt, JCP = 4.9 Hz, ArC), 131.7 (vt, JCP = 17.5 Hz, ArC), 117.6 (s, ArCH),
117.5 (s, ArCH), 83.6 (t, 2JCP = 2.7 Hz, Ir(O)C), 40.0 (s, –N(CH3)2),
25.0 (vt, J = 12.9 Hz, –PCH(CH3)2), 22.0 (vt, JCP = 14.4 Hz, –PCH
(CH3)2), 20.0 (vt, JCP = 1.8 Hz, –PCH(CH3)2), 19.6 (s, –PCH(CH3)2),
18.6 (vt, J CP = 3.0 Hz –PCH(CH3)2), 17.3 (s, –PCH(CH3)2), �0.7 (s,
–SiCH3), �1.7 (s, –SiCH3). 31P{1H} NMR (162 MHz, C6D6) d 27.6.
29Si NMR (80 MHz, C6D6) d �21.5 (determined via crosspeak in
1H-29Si HMBC). Elemental Anal. Calc. (%) for C31H50ClIrN2OP2Si: C,
47.47; H, 6.42; N, 3.57. Found: C, 47.47; H, 6.34; N, 6.43.
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