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Cp*Ir(m) complexes have been shown to be effective for the halogenation of N,N-diisopropylbenzamides
with N-halosuccinimide as a suitable halogen source. The optimized conditions for the iodination reac-
tion consist of 0.5 mol% [Cp*IrCl,], in 1,2-dichloroethane at 60 °C for 1 h to form a variety of iodinated
benzamides in high yields. Increasing the catalyst loading to 6 mol% and the time to 4 h enabled the bro-
mination reaction of the same substrates. Reactivity was not observed for the chlorination of these sub-
strates. A variety of functional groups on the para-position of the benzamide were well tolerated. Kinetic
studies showed the reaction dependence is first order in iridium, positive order in benzamide, and zero
order in N-iodosuccinimide. A KIE of 2.5 was obtained from an independent H/D kinetic isotope effect
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study. Computational studies (DFT-BP3PW91) indicate that a CMD mechanism is more likely than an oxi-
dative addition pathway for the C—H bond activation step. The calculated functionalization step involves
an Ir(v) species that is the result of oxidative addition of acetate hypoiodite that is generated in situ from

rsc.li/dalton N-iodosuccinimide and acetic acid.
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Introduction

Directed catalytic C-H bond activation has become a valuable
strategy for the synthesis of functionalized molecules and has
been exploited for the development of numerous C-C bond
forming reactions." There have been significant advances in
the development of both selective and catalytic C-heteroatom
(0, N), and C-X (X = halogen) bond forming reactions.”*
Organic halides are commonly used as electrophiles in substi-
tution reactions, as core building blocks for the synthesis of
nucleophilic organometallic reagents, like Grignard reagents,”
and as suitable substrates for numerous cross-coupling reac-
tions.” In addition, the C(sp®)-X motif plays a key role in the
properties of many natural products,’® agrochemicals” and
pharmaceuticals.” Therefore, the need for general direct C-H
bond halogenation strategies is evident.

[Cp*Rh(m)] complexes have been well established as a suit-
able catalyst for the activation and functionalization of other-
wise inert C-H bonds. For example, the Glorius group reported
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a high-yielding and versatile [Cp*Rh(m)]-catalysed system for
the ortho-halogenation of a variety of benzene and acrylic acid
derivatives, as well as (electron-rich) heterocycles.*™ Despite
these advances, several questions remain about the mecha-
nism for this reaction. For example, the mechanism is believed
to proceed via a cyclometalated intermediate that arises from
C-H activation of the substrate. However, this type of inter-
mediate has not been isolated and examined for its catalytic
activity. Further, it is not clear whether C-H activation occurs
prior to, or after the activation of the halogen source. In
addition, there have been conflicting reports with regards to
the existence of a Rh(v) intermediate which can undergo reduc-
tive elimination to generate the desired product or whether,
dependent on the substrate, as suggested by Lan and co-
workers, the reaction proceeds through a Rh(u) species and a
bromonium intermediate.®

More recently, the Martin-Matute group developed a
[Cp*Ir(m)] system for the mild iodination of benzoic acids.?
The solvent hexafluoroisopropanol (HFIP) was proposed to aid
in lowering the energy barrier for the rate determining step (RDS)
of the reaction (Scheme 1). Also, our group has demonstrated
catalytic C-H bond activation by H/D exchange experiments
could be achieved with a variety of [Cp*Ir(m1)] complexes.® This
work led to the catalytic C-H bond activation and functionali-
zation of benzoic acids with benzoquinones and alkynes to
form the respective benzochromenones'® and isocoumarins.’
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Scheme 1 Summary of previous and current work.

Herein, we report the conditions for the Cp*Ir-catalysed halo-
genation of benzamides with N-halossuccinimides as the
halogen source (Scheme 1).

Results and discussion
Substrate scope

The optimal reaction conditions for the synthesis of haloge-
nated product 2a were utilized for a variety of para-substituted
benzamides (Scheme 2). Overall both electron donating and
electron withdrawing groups were well tolerated under the
optimized reaction conditions. In general, electron rich sub-
strates resulted in better yields than electron poor substrates.
It is worth noting that the 4-methoxy-N,N-diisopropyl-
benzamide was low yielding. Although we are still trying to
rationalize this, the same result was observed in previous work
focused on the Cp*Ir(ur)-catalysed synthesis of isocoumarins."®

Based on the success of the iodination reaction, the analo-
gous bromination reaction using N-bromosuccinimide (NBS)
as the halogen source was pursued. The reaction proceeded
smoothly with NBS as a suitable halogen source. Higher cata-
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Scheme 2 Substrate scope for the iodination of benzamides.

lyst loadings (6 mol%), and reaction times (4 h) were required
for full conversion of the model substrate 1a. A variety of para-
substituted benzamides was tolerated under the optimized
reaction conditions and the yields for a series of brominated
products are shown in Scheme 3. It is worth mentioning that
lower yields were observed overall for all substrates for the bro-
mination reaction. This is particularly true for the naphthyl
substituted substrate, as no product was detected by "H-NMR
spectroscopy or GC.

Mechanistic studies

Kinetic data for the -catalytic reaction was obtained by
gas chromatography (GC). For these studies 1la was used
as the model substrate. The reaction was observed to have
a positive order dependence with respect to 1a, and
iridium, and approximately a zeroth order dependence on
N-iodosuccinimide (see ESIT). Traditionally, proposed mecha-
nisms for directed C-H activation begin with coordination of
the substrate to the metal centre, followed by C-H activation.

An H/D kinetic isotope effect experiment was undertaken to
determine if C-H activation occurs prior to or during the turn-
over limiting step of the reaction. The rate of the reaction was
measured independently using 1a and ds-N,N-diisopropyl-
benzamide. The reaction with ds-benzamide was found to be
approximately half as fast as the reaction with the fully pro-
teated substrate, resulting in a KIE (ky/kp) of 2.5. The observed
value for the KIE is significant and suggests that C-H acti-
vation occurs prior to or in the turnover limiting step for the
mechanism."!
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Scheme 3 Substrate scope for the bromination of benzamides.

Mechanistic proposal

Based on the data, two preliminary mechanisms are proposed
where the functionalization step differs in the halogen source.
The first mechanism begins with chloride abstraction of the
[Cp*IrCl,], by AgOTf to generate the active Cp*Ir(OAc),
complex 4. Benzamide coordination then occurs displacing
the k; acetate ligand to form complex 5. C-H activation can
then occur to form the cyclometalated iridacycle 6 with the for-
mation and loss of acetic acid. Incoming halosuccinimide
then coordinates to the iridium centre to form complex 7.
Halogenation then occurs to form complex 8. Two equivalents
of acetic acid regenerate the active Cp*Ir(m) complex
(Scheme 4).

The lack of an observed dependence in iodosuccinimide
suggests that this species may not be the active halogen
source. An alternative mechanism is proposed, where a acetyl
hypohalite is produced in situ, from an off-cycle equilibrium
between acetic acid and the halosuccinimide, and this species
acts as the active halogen source. This acetyl hypohalite can
coordinate to the iridium centre to form complex 9. Upon
coordination, halogenation of the substrate occurs to form 10.
One equivalent of acetate completes the catalytic cycle and
regenerates the Cp*Ir(m) catalyst (Scheme 5).

Isolation of complex 6(DMSO)

An analogous cyclometalated complex to the proposed
complex 6, stabilized by DMSO has been successfully syn-
thesized and characterized (Scheme 6). A 1:1:1 ratio of Cp*Ir

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Proposed mechanism for the halogenation of benzamides
involving NXS as the active halogen source.
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Scheme 5 Proposed mechanism for the halogenation of benzamides
involving X(OAc) as the active halogen source.

(DMSO)Cl,, N,N-diisopropylbenzamide and acetic acid was
treated with two equivalents of silver triflate, to abstract
the chlorides from the iridium complex and generate the cyclo-
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Scheme 6 Synthesis of complex 6(DMSO).

Fig. 1 Thermal ellipsoid plot (50% ellipsoids) of the cationic fragment
of 6(DMSO). The triflate anion is omitted for clarity. Selected bond
lengths (A): Ir1-51, 2.267; Ir1-01, 2.115; Ir1-C2, 2.036; Ir1-Cp*(average),
2.209.

metalated complex, 6(DMSO) as a yellow solid in 90% yield
(Scheme 6). This complex has been characterized by 'H,
3C-NMR spectroscopy, elemental analysis (see ESI{). The X-ray
crystal structure for 6(DMSO) is shown in Fig. 1. Bond lengths
and angles are similar to the analogous complex with a benzo-
ate ligand that has been previously reported by our group.'’

Stoichiometric halogenation

Recently, hypervalent iodine reagents (Chart 1) have gained
interests in the synthetic community for the oxidative
functionalization of hydrocarbons as an alternative source of
electrophilic iodine.'” In this class of reagent, dioxoiodanes
have been shown to be effective in the oxyiodination of
alkenes and alkynes, where the proposed active halogen source
is an acetyl hypoiodite monomer generated in situ from the
acid promoted decomplexation of such reagents."

Acetyl hypoiodite has also been proposed in earlier work by
Colobert and coworkers,">* and it was shown that a variety of
electron-rich substrates can be readily iodinated by NIS in the
presence of catalytic amounts of trifluoroacetic acid. Based on
this work, the reactivity of 6(DMSO) towards both acetyl
hypoiodite and NIS as potential halogen sources in the reac-
tion was investigated.

Acetyl hypoiodite, 11, was generated in situ from molecular
iodine and silver acetate. The presence of 11 was confirmed by
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Fig. 2 'H-NMR spectrum for the reaction of 11 (generated in situ) with
6(DMSQ). The blue spectrum is the spectrum for 6(DMSO) before the
addition of the halogenation source. The red spectrum is the spectrum
after the addition of 11 (generated in situ) and heating the solution for
2 h. Signals for the organic product are indicated with an asterisk.

"H-NMR spectroscopy (ESIT). This mixture, with a known con-
centration of 11, was then filtered and added to a solution of 6
(DMSO). A 'H-NMR spectrum of the crude reaction mixture
shows clear product formation after the reaction time (Fig. 2).

From the 'H-NMR spectrum of a solution containing
N-halosuccinimide with tetrabutylammonium acetate (TBAOAc),
a shift can be observed for the signal corresponding to the
methyl of the acetate group from 1.95 ppm (TBAOAc) to
2.70 ppm (NIS) and to 2.85 ppm for NCS (see ESI{). The corres-
ponding complex from NIS and TBAOAc, 12, was further
characterized by '*C-NMR and X-ray crystallography (see ESI)
and the crystal structure of 12 is shown in Fig. 3. As expected,
the structure features an approximately linear geometry
(174°) around the central iodine atom. The iodine-oxygen
bond length is significantly longer (2.29 A) than the analogous
benzoate complexes reported by Muniz and co-workers
(2.16-2.20 A).

Complex 12 was examined as a halogen source (Table 1). In
the absence of a proton source very little reactivity was
observed, Table 1 (entry 1). When a polar protic solvent was

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Thermal ellipsoid plot (50% ellipsoids) for the anion in
[(C4H40,N)I(OCOCHS3)1[BusN], 12. The cation has been omitted for
clarity. Selected bond lengths (A) and angles: N1-11-03, 174°; 11-03,
2.293; 11-N1, 2.166. Tetrabutylammonium counterion is not shown for
clarity.

Table 1 Stoichiometric reactivity for 12 with 6(DMSO)

ot

L0
-0 >\ 12 J\
bmso”” Ny - . N
Solvent,
)\ Additive 60 °C,
1h

6(DMSO) 2a
Entry” Solvent Additive % Conversion
1 1,2-Dichloroethane — 10°
2 1,2-Dichloroethane — Traces®
3 1,2-Dichloroethane? 2 equiv. H,O 63
4 MeCN — 20
5 MeCN 2 equiv. H,O 37
6 MeOH — 27
7 MeOH 2 equiv. H,O 34
8 ‘AmylOH — 52
9 ‘AmylOH 2 equiv. H,0 75
10 ‘AmylOH 2 equiv. TFAA? 29

“General reaction conditions: 15 mg (0.02 mmol) of 6(DMSO),
(0.02 mmol) of the halogen source, and (0.04 mmol) of an additive in
1 mL of 1,2-dichloroethane under air. Percent conversion was deter-
mined by GC with the use of hexafluorobenzene as an internal stan-
dard. ?Reaction was carried out under the optimized reaction con-
ditions using 12. “ The halogen source was changed to [I(OAc),|(TBA).
4 TFAA = trifluoroacetic acid.

utilized, or two equivalents of H,O, were included as an addi-
tive, significant yields of 2a from complex 6(DMSO) were
observed (entries 3-10). These results suggest that an acidic
proton is needed to generate the active I[(OAc) species in situ. It
should also be noted that protic sources with coordinating
counterions like acetate could result in the formation of other
stabilized complexes which are less reactive. This was demon-
strated when [I(OAc),](TBA) (Table 1, entry 2) was utilized.
Moreover, a bis-succinimide stabilized complex was identified
by X-ray crystallography in the reaction of NIS with TBAOAc
(see ESIt).

Computational mechanistic analysis

The formation of the proposed acetyl hypohalite by the associ-
ation of acetate anion with NXS (X = Cl, Br, I) was modelled

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 DFT (B3PW91-D3) calculated energetics for the association of
acetate anion (OAc) with N-halosuccinimide in 1,2-dichloroethane
solvent.

computationally (Fig. 4). The association to form 12 is exergo-
nic (AG° = 5.9 keal mol™") for X =1, but endergonic for X = Br
(AG® = 10.8 keal mol™) and X = Cl, (AG® = 14.5 kcal mol™).
The results are consistent with the observed catalytic reactions
as iodination was most facile, followed by bromination (which
required higher temperature and catalysts loadings). However,
chlorination was not observed under any catalytic conditions.

C-H activation

For the C-H activation step of the mechanism, both a (con-
certed-metalation-deprotonation) CMD'* and a direct oxi-
dative addition pathway were considered (Fig. 5). Starting from
a proposed iridium bisacetate, INT-1, addition of benzamide
was considered via one of two coordination modes to yield
INT-2 and INT-3. Benzamide coordination through the oxygen
resulted in INT-2 (AG° = 15.7 kcal mol™"). Alternatively, coordi-
nation of benzamide through the nitrogen yields INT-3 (AG® =
42.8 kecal mol™). INT-3 is too high in energy compared to
INT-2, which suggests that oxygen coordination is more likely.
The CMD pathway for C-H bond activation can occur through
TS-1 (AG* = 24.9 keal mol™). On the other hand, the oxidative
addition pathway resulted in a ground state energy for INT-4 at
41.2 keal mol™". The high energy of this intermediate (INT-4)
indicates that this pathway is unlikely for C-H bond activation.
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Fig. 5 DFT (B3PW91-D3) calculated energetics for the C—H activation
step in 1,2-dichloroethane.
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Thus, the acetate assisted CMD pathway is lower in energy
than that the oxidative addition pathway and is more likely to
occur for C-H bond activation.

Functionalization with N-iodosuccinimide

The functionalization with N-iodosuccinimide was explored in
Fig. 6. Addition of N-iodosuccinimide to INT-6 results in
INT-7. Oxidative addition of the coordinated NIS occurs
through TS-2 with an associated energy of 35.5 kecal mol™, to
yield an Ir(v) iodide complex INT-8 (AG® = 8.2 kcal mol ™).
This step is followed by reductive elimination through TS-3
with an energy barrier of 29.1 kcal mol™", and results in INT-9
(AG® = —8.9 keal mol™). Product release from INT-9 and proto-
nation with acetic acid results in the regeneration of the cata-
lyst through TS-4 (21.4 kcal mol ™).

Functionalization with iodoacetate

The viability of generating acetyl hypohalite under our reaction
conditions has been demonstrated experimentally, therefore a
pathway using acetyl hypoiodite as the halogen source was
investigated (Fig. 7). Even though iodine coordination is
favoured over oxygen coordination (INT-14 is lower in energy
than INT-15 by 13.7 kcal mol™"), the barrier for oxidative
addition is lower for the oxygen bound acetyl hypoiodite with a
TS energy (TS-7) of 28.2 kcal mol™* compared to TS-5 (AG* =
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Fig. 6 DFT (B3PW91-D3) calculated energetics for the Ir(in)-catalysed
iodination with N-iodosuccinimide in 1,2-dichloroethane.
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Fig. 7 DFT (B3PW91-D3) calculated energetics for the Ir(in)-catalysed
iodination with I(OAc) in 1,2-dichloroethane.
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Fig. 8 DFT (B3PW91-D3) calculated energetics for the oxidative
addition of X(OAc) (X = halide) in 1,2-dichloroethane.

35.3 kecal mol™'). Oxidative addition will yield INT-16
(AG® = 5.0 kcal mol™). From there reductive elimination can
occur through TS-8 (14.8 kcal mol™) to yield INT-17 (AG® =
—7.4 keal mol™"). To complete the catalytic cycle product is
released to regenerate INT-13. On the other hand, the direct
functionalization pathway remains unfavourable for the acetyl
hypoiodite pathway due to the high energy associated with
TS-6 (AG* = 36.8 kcal mol™). An alternative functionalization
mechanism that was pursued involved the formation of acetyl
hypoiodite in situ, which acts as the substrate for iodination
(vide supra). From INT-6, initial NIS coordination through the
N-I bond was found to be the most favourable coordination
mode.

Computational data support a mechanism where the iodosucci-
nimide reacts with acetic acid to generate acetyl hypoiodite
in situ which serves as the halogen source. C-H bond activation
occurs through a CMD type mechanism and the halogenation
of the substrate appears to proceed through an Ir(v) intermedi-
ate which is formed as the oxidative addition product of the
cyclometalated iridacycle (INT-6) and the acetyl hypoiodite. To
account for the differences in reactivity between NIS, NBS and
NCS we compared the energies for the oxidative addition of
the acetyl hypoiodite with each halogen (Fig. 8).

From Fig. 8, there is a substantial difference between the
oxidative addition of XOAc dependent on the halogen. The oxi-
dative addition for IOAc proceeds through an accessible
barrier of 26.9 kcal mol™, whereas the chlorination reaction
was not observed experimentally and proceeds through a calcu-
lated barrier of 33.1 kcal mol™" (TS-7). The increased catalyst
loading, and the reaction times required for the bromination
reaction are also consistent with a calculated energy for TS-7 of
28.2 keal mol ™.

Conclusions

The Cp*Ir(m) catalysed halogenation of benzamides using
N-iodosuccinimides has been optimized and probed mechan-
istically. A variety of para-substituted benzamides were well tol-
erated in this reaction. Additionally, the reaction was adapted

This journal is © The Royal Society of Chemistry 2020
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to enable the analogous bromination reaction. It was deter-
mined that the catalytic reaction has a first order dependence
in iridium, a positive dependence in benzamide and an
approximately zero order dependence in N-iodosuccinimide.
Based on these data two reaction mechanisms were proposed,
which differ solely on the nature of the halogen source. These
were then investigated computationally. It was demonstrated
that the formation of acetyl hypoiodite is favourable under our
reaction conditions. Furthermore, for the C-H bond activation
step, an acetate-assisted CMD mechanism was found to be
more likely than an oxidative addition mechanism due to the
high ground state energy of the intermediates for the oxidative
addition pathway. Computational results suggest that
functionalization from acetyl hypoiodite formed in situ is
favoured over direct N-iodosuccinimide functionalization due
to the difference in barriers for the oxidative addition of these
(acetyl hypohalite and N-halosuccinimide) substrates. Finally,
experimental evidence supporting the proposed acetyl hypoio-
dite pathway with a series of stoichiometric studies has been
provided. Thus, the implications of this study are that directed
functionalization of the benzamide substrates utilized here is
facilitated by the ease of oxidative addition of the halogenating
substrate. This result is important for the further development
of methods for the halogenation of aromatic substrates.

Experimental
General considerations

IrCl3-3H,0 was purchased from Pressure Chemical Company.
The following Ir complexes: [Cp*IrCl,],,"> Cp*Ir(Me,SO)(OAc),,"
Cp*Ir(NHC)(Cl,),," and [Cp*Ir(H,0);]OTf, '® were prepared as
previously reported. All other reagents were purchased from
commercial sources and used as received unless stated other-
wise. All reactions were performed under air and using non-dry
solvents unless otherwise noted. '"H and "*C NMR spectra were
obtained at room temperature on a Varian Mercury 400 MHz
spectrometer or a Varian Mercury 300 MHz spectrometer.
Chemical shifts are listed in parts per million (ppm) and refer-
enced to their residual protons or carbons of the deuterated sol-
vents. Gas chromatography (GC) was performed on a Varian
3800 Gas Chromatograph with a Varian VF-53 ms column.
Elemental analyses were performed by Atlantic Micro Labs, Inc.

General procedure for the iridium catalysed iodination of
benzamides

A foil covered screw cap test tube with a magnetic stirrer was
charged with benzamide (1 mmol, 1.0 equiv.),
N-iodosuccinimide (1.5 mmol, 1.5 equiv.), [Cp*IrCly],
(0.005 mmol, 0.5 mol%), silver triflate (0.02 mmol, 2 mol%),
acetic acid (2 mmol, 2 equiv.) and 1 mL of 1,2-dichloroethane.
The reaction mixture was stirred at 60 °C for 1 hour in an oil
bath. Upon completion, the solution was diluted with di-
chloromethane and filtered through Celite. The solvent was
removed under reduced pressure and the crude reaction
mixture was purified by column chromatography on silica gel.
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General procedure for the iridium catalysed bromination of
benzamides

A foil covered screw cap test tube with a magnetic stirrer was
charged with benzamide (1 mmol, 1.0 equiv.),
N-bromosuccinimide (1.5 mmol, 1.5 equiv.), [Cp*IrCl,],
(0.06 mmol, 6 mol%), silver triflate (0.24 mmol, 24 mol%),
acetic acid (2 mmol, 2 equiv.) and 1 mL of 1,2-dichloroethane.
The reaction mixture was stirred at 60 °C for 4 hours in an oil
bath. Upon completion, the solution was diluted with di-
chloromethane and filtered through Celite. The solvent was
removed under reduced pressure and the crude reaction
mixture was purified by column chromatography on silica gel.

Synthesis of Cp*Ir(DMSO)(C;3H;oNO) (6(DMSO))

In a 5 mL storage tube equipped with a stir bar, was added
Cp*Ir(DMSO)Cl, (119 mg, 0.25 mmol), N,N-diisopropyl-
benzamide (51.3 mg, 0.25 mmol), acetic acid (2 equiv.,
28.6 pL), and AgOTf (2 equiv., 128.5 mg) to 1,2-dichloroethane
(2 mL) and stirred at 60 °C for 1 h. The crude reaction mixture
was then filtered and concentrated under reduced pressure to
remove excess solvent. The resulting residue was dissolved in
minimal dichloromethane. To the concentrated dichloro-
methane solution excess pentane was added to afford a yellow
precipitate. The precipitate was filtered to afford a yellow
powder in 90% yield. "H-NMR (300 MHz, CDCl;) 6 (ppm): 7.68
(d,J = 6.0 Hz, 1H, aromatic proton), 7.56 (d, J = 6.0 Hz, 1H, aro-
matic proton), 7.38 (t, J = 6.0, 2H, aromatic proton), 7.20 (m,
1H, aromatic proton), 4.91 (bs, 1H, CH(iPr), 3.76 (bs, 1H, CH
(*Pr), 2.93 (s, 3H, CH;(DMSO), 2.56 (s, 3H, CH,(DMSO)), 1.78
(bs, 15H, Cp*), 1.65-1.30 (m, 12H, 4 x CHj(Pr)). *C-NMR
(100.6 MHz, CD,Cl,) & (ppm): 8.95, 43.13, 44.20, 52.92, 53.19,
53.46, 53.73, 54.00, 95.37, 124.67, 129.36, 133.71, 137.49.
Elemental analysis: theory: (C, 40.49; H, 5.78; N, 1.57). Found:
(C, 40.98; H, 5.15; N, 1.87).

Computational analysis

This study was carried out using density functional theory
(DFT) with the Gaussian09,"” implementation of the B3PW91
functional.'® All geometry optimizations were carried out
using tight convergence criteria (“opt = tight”) on an ultrafine
grid (“int = ultrafine”). The Stuttgart-Dresden (SDD)"® relativis-
tic effective core potential (RECP) basis set was used for
iridium with an additional f polarization function.?® The def2-
TZVP effective core potential (ECP)*! and basis set was used
for the halogens. The 6-31G** basis set>> was used for all other
atoms. Solvation energies were computed with geometries
optimized in the gas phase using the SMD method,*® with
dichloroethane as the solvent, as implemented in Gaussian 09.
In this method an IEFPCM calculation is performed with radii
and electrostatic terms from Truhlar and co-workers’ SMD
solvation model.>® Energetics were calculated using the
6-311++G** basis set for all atoms and the SDD basis set with
an added f polarization function on iridium. The def2-TZVP
ECP and basis set was used for the halogens. All energies are
reported in keal mol ™.
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