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ABSTRACT

Iridium centers of [Ir(u-Cl)(CsHi4)2]2 (1) activate the Cp(sp?)-H bond of benzylideneacetone to
give [Ir(u-Cl){x>-C,O-[C(Ph)CHC(Me)O]}2]2 (2), which is the starting point for the preparation
of the spiro iridafurans IrCl{i*-C,O-[C(Ph)CHC(Me)O]}2(P'Pr3) (3), [Ir{x*-C,O-
[C(Ph)CHC(Me)O]}2(MeCN)2]BFs (4), [Ir(u-OH){x*-C,O-[C(Ph)CHC(Me)O]}2]2 (5), Ir{x>-
C,O-[C(Ph)CHC(Me)O]}2{k*-C,N-[CsMeHs-py]} (6), and Ir{i*-C,O-[C(Ph)CHC(Me)O]}2{x*
O,0-[acac]} (7). The five-membered rings are orthogonally arranged with the oxygen atoms in
trans, in an octahedral environment of the iridium atom. Spiro iridafurans are aromatic. The degree
of aromaticity and the negative charge of the CH-carbon of the rings depend on the ligand trans to
the carbon directly attached to the metal. Aromaticity has been experimentally confirmed by

bromination of the iridafurans with N-bromosuccinimide (NBS). Reactions are sensitive to the



degree of aromaticity of the ring and the negative charge of the attacked CH-carbon. Iridafurans
can be selectively brominated, when different ligands lie trans to metallated carbons. Bromination
of 3 occurs in the ring with the metallated carbon frans to chloride, whereas the bromination of 6
takes place in the ring with the metallated carbon trans to pyridyl. The first gives IrCl1{x*-C,O-
[C(Ph)CBrC(Me)O]} {x>-C,O-[C(Ph)CHC(Me)O]}(P'Pr3) (8), which reacts with more NBS to
form  IrCl1{x>-C,O-[C(Ph)CBrC(Me)O]}2(P'Pr3) (9). The second vyields Ir{x*C O-
[C(Ph)CBrC(Me)O]} {k*-C,O-[C(Ph)CHC(Me)O]} {k*-C,N-[CsMeHs-py]} (10). The origin of the
selectivity is kinetic, the rate-determining step of the reaction being the NBS attack. The activation
energy depends on the negative charge of attacked atom; a higher negative charge allows for a
lower activation energy. Accordingly, complex 7 undergoes bromination in the acetylacetonate

ligand, giving Ir{x*-C,O-[C(Ph)CHC(Me)O]}2{x*-O,0-[acacBr]} (11).

INTRODUCTION

The substitution of a CH unit of an aromatic organic molecule by a transition metal and its
associated ligands, maintaining the aromatic nature, endows the resulting molecule with
organometallic properties. This simple principle has given rise to one of the most fascinating fields
in chemistry today: metallaromatic compounds. Its origins go back to 1982, when Roper’s group
provided experimental evidence for the theoretical prediction of the existence of aromatic
metallacycles, made by Thorn and Hoffmann in 1979,! with the preparation of the first
osmabenzene.? Since then, a wide range of aromatic species of this class have been isolated,’
mainly metallahydrocarbons* and, to a lesser extent, metallaheterocycles® and
metalladiheterocycles.® As a consequence of the effort, the field has now reached a remarkable

degree of conceptual maturity.’



Transition metals possess an incomplete d subshell, with shapes and orientations of the d orbitals
that allow infeasible bonding patterns for the s and p orbitals; for example, spiroaromaticity.®
Purely organic spiro polycyclic aromatic compounds are those formed by two conjugated =-
systems, fixed perpendicularly by a sp® spiro carbon that does not intervene in electronic
delocalization.” When this spiro carbon atom is replaced by a transition metal atom, it may itself
be involved in electron delocalization, thus forming spiro aromatic compounds.®' The rings can
maintain aromaticity independently or join together to show overall aromaticity. Thus three types
of lithium-stabilized aromatic spiro metallahydrocarbons have been isolated and characterized:
square-planar,'? orthogonal,'! and tricyclic-octahedral'? (I, I, and III, respectively in Chart 1). In
addition, Jia’s group has recently reported the existence of a fascinating spiro rhenacyclopropene

derivative that exhibits c-aromaticity.'?

Chart 1. Lithium-Stabilized Aromatic Spiro Metallahydrocarbons

Li\ Li Li Li
AT /F\/ﬁ r\/"\ / R
L M L ML
./\J/ = T ]
Li Li Li Li

1 11

Aromatic metallaheterocycles are a relevant subclass of metallaromatic compounds containing
a main group heteroatom.” Thus, one further step in the field is to extend spiroaromaticity to the
spiro compounds of said subclass. The metallafurans are probably the most numerous among the
aromatic metallaheterocycles.'* However, spiro metallacycles of this type are very rare and were
not described as aromatic species at the time of publication. To the best of our knowledge, only

two previous reports show compounds that could currently be considered aromatic spiro furans. In



2005, Crabtree’s group reported that the insertion of the C-C triple bond of activated alkynes,
HC=CC(O)R (R = Me, OMe), into the Ir-H bond of the hydride-iridafuran [IrH{x*-C,O-
[C(Ph)CHC(Me)O]} (PPh3)2{k'-O-[0=CMe2]}]" cation produced a second iradafuran cycle
arranged orthogonally to the first, with the oxygen atoms in cis. In refluxing acetonitrile, the
bicyclic system undergoes a rearrangement to place the monocycles in the same plane (Scheme
1a).!® Three years later, we showed that C-H bond activation of two methyl vinyl ketone molecules
promoted by a hydride-osmium(II)-(elongated dihydrogen) complex gives a bifuran system with
a spiro-[OsH(P'Pr3)2]" metal fragment. The metal center of this unit is capable of being
deprotonated to afford a neutral spiro-[Os(P'Pr3)2] moiety. The monocycles lie in the same plane

in both spiro arrangements, in contrast to the case of iridium (Scheme 1b).!¢

Scheme 1. Preparation of Previously Reported Spiro Metallafurans
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The aromaticity of metallaromatic compounds has been evaluated mainly by computational
methods. They include calculation of Aromatic Stabilization Energy (ASE),!” Nucleus
Independent Chemical Shift (NICS)'® and Anisotropy of the Induced Current Density (AICD)"

and, to a lesser extent, Natural Bonding Orbital (NBO)* analysis. The experimental criteria are



mainly based on X-ray diffraction analysis and include the degree of planarity of the metallacycle
and the equalization of the bond lengths. On the other hand, the effort made in the analysis of the
reactivity of these organometallic compounds and their comparison with that of purely organic
molecules has been scarce.®*%?! In this context, it should be pointed out that electrophilic aromatic
substitution reactions are a characteristic of aromatic compounds.?? Halogenation is undoubtedly
one of the most important, partly because aromatic halides are basic components in organic
synthesis, especially with the advent of cross-coupling reactions.>* Because the strength of C-
halide bonds decreases as we go down in group 17 of the periodic table, bromination is of special
interest.* They begin with electrophile attack on the aromatic ring to generate a delocalized cyclic
cation containing a strongly acidic C(sp®)-H moiety. This group donates the proton to the solvent
or any other weak base, to restore aromaticity around the entire ring again. The net result is the
substitution of a hydrogen atom by the electrophile.”> Oxygen atom of furans substantially
stabilizes the cationic intermediate. As a consequence, furans are kinetically more susceptible to
bromination than benzene and related hydrocarbons.?® In other words, the easy bromination of

spiro metallafurans should be further evidence of their aromaticity.

This paper reports on the preparation of a family of orthogonal spiro iridafurans with the oxygen
atoms in frans. It demonstrates the spiroaromaticity of this type of metallaheterocycles while
analyzing the degree of aromaticity of each independent monocycle, including its ability to
undergo selective bromination, as a function of the nature of the L ligands of the spiro-[IrL2] metal

fragment.



RESULTS AND DISCUSSION

Members of the Discovered Family of Spiro Iridafurans. The starting point of this family is
the reaction of the well-known iridium(I)-olefin precursor [Ir(u-CI)(CsHis)2]2 (1) with
benzylideneacetone (Scheme 2). This complex releases the olefins and activates the Cp(sp?)-H
bond of four ketone molecules to give the iridium(IIl)-dimer [Ir(p-Cl){x*-C,O-
[C(Ph)CHC(Me)O]}2]2 (2) as red crystals in 79% yield. The activations were achieved in the

molten ketone, at 100 °C, for 4 h.

Scheme 2. Preparation of Complex 2
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Complex 2 was characterized by X-ray diffraction analysis. The structure (Figure 1) proves the
C-H bond activations and the spiro-furanic nature of the mononuclear fragments, showing an
eclipsed arrangement between the spiro sequences. In each mononuclear half, the planar iridafuran
rings are located orthogonally forming dihedral angles between them of 85.80(11)° (Ir(1)) and
87.31(11)° (Ir(2)). The iridium centers lie in an octahedral environment. In contrast to the spiro
metallafuran derivatives of Scheme 1, the oxygen atoms of the five-membered metallarings are
mutually trans (O(1)-Ir(1)-O(1A) = 178.88(17)° and O(2)-Ir(2)-O(2A) = 179.76(17)°), while the
carbon atoms are arranged trans to the chloride bridges (C(1)-Ir(1)-CI(1A) = C(1A)-Ir(1)-CI(1) =

171.94(13)° and C(11)-Ir(2)-CI(1A) = C(11A)-Ir(2)-Cl(1) = 169.47(13)°).



Figure 1. Molecular diagram of complex 2 (displacement ellipsoids shown at 50% probability).
All hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (deg): Ir(1)-
CI(1) = Ir(1)-CI(1A) = 2.4809(10), Ir(2)-Cl(1) = Ir(2)-Cl(1A) = 2.4753(10), Ir(1)-C(1) = Ir(1)-
C(1A) = 1.986(4), Ir(2)-C(11) = Ir(2)-C(11A) = 1.986(4), Ir(1)-O(1) = Ir(1)-O(1A) = 2.040(3),
Ir(2)-0(2) = Ir(2)-02A) = 2.039(3); O(1)-Ir(1)-O(1A) = 178.88(17), O(2)-Ir(2)-O2A) =
179.76(17), C(1)-Ir(1)-CI(1A) = C(1A)-Ir(1)-CI(1) = 171.94(13), C(11)-Ir(2)-CI(1A) = C(11A)-
1r(2)-CI(1) = 169.47(13), O(1)-Ir(1)-C(1) = O(1A)-Ir(1)-C(1A) = 80.53(16), O(2)-Ir(2)-C(11) =

O(2A)-Ir(2)-C(11A) = 80.21(15).

Molecule 2 ideally belongs to the Con symmetry group, with the C2 axis connecting the metal
centers while the perpendicular plane contains the chloride bridges. These elements of symmetry
balance the five-membered rings. Accordingly, the 'H and '*C{'H} NMR spectra of the red
crystals, in dichloromethane-d2, at room temperature show resonances for only one type of
iridafuran; the most notable signals are a singlet at 6.54 ppm in 'H, corresponding to the equivalent
CH-hydrogen atoms, and another singlet in '3C{'H} at 217.4 ppm due to the carbon atoms attached
directly to the iridium centers. In toluene, at 100 °C, the metallated carbon atoms of one of the
mononuclear moieties exchange their positions to give the alternated isomer 2a, with the spiro

rings of these halves offset from one another (Scheme 3). This isomer belongs to the D> symmetry



group, defined by three perpendicular C> axes which intersect at the center of the Ir2Cl2 core and
also balance the iridafuran rings. In the '"H NMR spectrum, the resonance corresponding to the
CH-hydrogen atom of the five-membered rings of the new isomer is observed slightly shifted to
lower field with respect to that of 2, 6.34 versus 6.31 ppm in toluene-ds (Figure S3). For its part,
the C{'H} NMR spectrum contains the signal due to the carbon atom attached to the metal at
216.5 ppm. Density functional theory (DFT) calculations (B3LYP-D3//SDD(f)/6-31G**) reveal
that the isomers have the same stability (Figure S27). Consequently, the NMR spectra of the red

crystals contain characteristic signals of both, in the same intensity ratio, after 16 h.

Scheme 3. Isomerization of Complex 2
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Complex 2 is a new member of the [Ir(u-Cl)(3b)2]2 (3b = 3e donor bidentate ligand) class of

compounds,?® where orthometallated 2-phenylpyridine-type groups are the most common 3b
ligands.?” Its reactivity is consistent with such lineage, chloride bridges can be cleaved with
monodentate 2e donor ligands, abstracted with silver salts in the presence of coordinating solvents,
or replaced by other 3e donor ligands such as the hydroxide group (Scheme 4). At room
temperature, complex 2 reacts with triisopropylphosphine in dichloromethane to give IrCl{x*-C,O-
[C(Ph)CHC(Me)O]}(P'Pr3) (3), with AgBFs in acetonitrile to afford [Ir{x>-C,O-
[C(Ph)CHC(Me)O]}2(MeCN)2]BF4 (4), and with aqueous KOH in acetone to form [Ir(u-OH) {i-
C,O-[C(Ph)CHC(Me)O]}2]2 (5). Complex 3 was isolated as an orange solid in 84% yield, whereas

the salt 4 was obtained as a yellow solid in almost quantitative yield. The latter is a synthetic



intermediate, which allows to prepare heteroleptic species with a third 3e donor asymmetric C,N-
ligand of orthometallated 2-phenylpyridine-type, by heterolytic activation of an ortho-CH bond of
the heterocycle substituent. Thus, treatment of solutions of 4, in fluorobenzene, with 2-(p-
tolyl)pyridine, in the presence of the external base (piperidinomethyl)polystyrene, under reflux
leads to Ir{x*-C,O-[C(Ph)CHC(Me)O]}2{x*-C,N-[CsMeHs-py]} (6), as a red solid in 83% yield.
Dimer 5, was obtained as a red solid in almost quantitative yield. In contrast to 2, complex 5
decomposes in toluene at 100 °C. It is also a synthetic intermediate, since the hydroxide bridges
can be replaced by chelating ligands through the protonation of the bridges with pro-ligands
bearing acidic hydrogen atoms, as for example acetylacetone (Hacac). Addition of 5.0 equiv of the
diketone to suspensions of 5 in acetone gives Ir {i*>-C,O-[C(Ph)CHC(Me)O]}2{x*-0,0-[acac]} (7),
which was isolated as a red solid in almost quantitative yield. Complex 7 can be directly obtained

from 2, by reaction of the latter with Na(acac) in dichloromethane.

Scheme 4. Members of the Discovered Family
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Complexes 3 and 4 were characterized by X-ray diffraction analysis. The most noticeable feature
of the structures is the retention of the stereochemistry of the mononuclear fragments of 2, as is
usual in the reactions of [Ir(u-C1)(3b)2]2 dimers.?® Thus, the iridafuran rings are located
orthogonally (dihedral angles: 78.48(4)° for 3 and 86.8(1) and 83.1(1) for 4%°), with the oxygen
atoms situated mutually trans (O(1)-Ir-O(2) = 174.79(4)° for 3 and 176.64(19) and 179.6(2) for
4). In an octahedral environment of the iridium atom, the structure of 3 (Figure 2) shows two
inequivalent iridafuran rings with the metallated carbon atoms trans arranged to the monodentate
ligands (C(1)-Ir-Cl = 166.28(4)° and C(11)-Ir-P(1) = 169.52(4)°), whereas the structure of the
cation of 4 (Figure 3) displays two equivalent iridafurans with the metallated carbon atoms trans
disposed to the nitrile molecules (C(1)-Ir-N(1) = 172.25(18) and 173.01(19)). The 'H and *C{'H}
NMR spectra of 3-7, in dichloromethane-d2, at room temperature are consistent with these
structures and agree well with those of 2. Thus, the 'H spectra contain one (4, 5, and 7) or two (3
and 6) signals between 6.5 and 7.0 ppm, due to the iridafuran CH-hydrogen atom, whereas the
BC{'H} spectra show one (4, 5, and 7) or two (3 and 6) signals at about 220 ppm corresponding

to the metallated carbon atoms of the five-membered metallarings.
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Figure 2. Molecular diagram of complex 3 (displacement ellipsoids shown at 50% probability).
All hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (deg): Ir-P(1)
= 2.4097(4), Ir-CI(1) = 2.4633(3), Ir-O(1) = 2.0518(10), Ir-O(2) = 2.0455(10), Ir-C(1) =
1.9768(14), Ir-C(11) = 2.0547(14); O(1)-Ir-C(1) = 79.75(5), O(2)-Ir-C(11) = 79.17(5), O(1)-Ir-
0(2) =174.79(4), CI(1)-Ir-C(1) = 166.28(4), P(1)-Ir-C(1) = 104.43(4), P(1)-Ir-C(11) = 169.52(4),
CI(1)-Ir-C(11) = 85.55(4), O(1)-Ir-C(11) = 97.94(5), O(2)-Ir-C(1) = 95.52(5), O(2)-Ir-CI(1) =

88.72(3), O(1)-Ir-CI(1) = 95.40(3).

Figure 3. Molecular diagram of one of the two chemically equivalent but crystallographically
independent cations of 4 (displacement ellipsoids shown at 50% probability). All hydrogen atoms
are omitted for clarity. Selected bond distances (A) and angles (deg): Ir(1)-C(1) = 1.999(5),
1.995(5), Ir(1)-O(1) = 2.033(3), 2.038(3), Ir(1)-N(1) = 2.094(5), 2.097(4); O(1)-Ir(1)-O(1A) =
176.64(19), 179.6(2), C(1)-Ir(1)-N(1) = 172.25(18), 173.01(19), C(1)-Ir(1)-O(1) = 80.52(17),
80.41(18), C(1)-Ir-C(1A) = 88.2(3), 86.4(3), N(1)-Ir(1)-N(1A) = 91.6(2), 90.8(2), O(1)-Ir(1)-N(1)

= 92.25(15), 93.30(15), C(1)-Ir(1)-O(1A) = 101.93(17), 99.91(18).
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Aromaticity Analysis. Structural criterion supports the aromaticity of the spiro rings. Structures
of 2-4 reveal that the iridafurans are planar. The maximum deviation of the atoms forming the five-
membered rings, from the best plane that passes through them, shows extremely small values in
all cases (Table S1). Chart 2 collects bond lengths in the rings. They were obtained from the X-
ray analysis for 2-4 or correspond to the optimized structures calculated by DFT for 2-4, 6, and 7.
In agreement with the existence of electron delocalization, the values are intermediate between
those corresponding to single and double bonds. Furthermore, they indicate that to describe the
bonding situation in the rings the alkylidene f7 and alkenyl f> resonance forms must be taken into

account (Scheme 5).
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Chart 2. Bond Lengths (X-ray, blue; DFT, black; A) in the Iridafuran Rings of Complexes 2

(a), 3 (b1 and by), 4 (¢), 6 (d1 and dz), and 7 (e).

1.417
1.416(6)
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Scheme 5. Resonance Forms
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The NBO analysis yields Wiberg bond indices that are consistent with the existence of such
electron delocalization (Chart 3). Indices also point out the sites where electron concentration
occurs. The highest values correspond to bonds C(1)-C(2) and C(3)-O(1) of 2, 4, and 7 and C(1)-
C(2) and C(3)-O(1) (b1 and dy) and C(11)-C(12) and C(13)-O(2) (b2 and d2) of the asymmetrical
spiro rings of 3 and 6. The electron concentration in these bonds suggests a predominant
contribution of the f; resonance form to iridafurans, which is compatible with the localization of
the m-orbitals of the rings (Figures S48-S52). Its contribution degree depends mainly on the group
arranged trans to the carbon atom directly attached to the metal center. For the asymmetrical spiro
iridafurans of 3 and 6, the contribution degree is significantly bigger for the ring that disposes the
metallated carbon atoms frans to the phosphine ligand and the orthometallated p-tolyl group,

respectively; i. e., the contribution of f2 to bz and d; is bigger than to by and d;.
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Chart 3. Wiberg Bond Indices in the Iridafuran Rings of Complexes 2 (a), 3 (b: and by), 4
(¢), 6 (d1 and d2), and 7 (e).

The NBO charges, also called NPA charges, on the atoms (Chart 4) reveal a remarkable negative
character of C(2) and C(12), with values that are also refined by the group arranged trans to the

carbon atom directly attached to the metal. For the asymmetrical spiro iridafurans of 3 and 6, the
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most negative values correspond to the carbons of the rings with smaller contribution of f3; 1. e.,
those with the metallated carbon atom arranged trans to the chloride ligand and to the pyridyl

group (C2 of by and dy).

Chart 4. NBO charges in the irididafuran rings of complexes 2 (a), 3 (b1 and bz), 4 (c), 6 (d1
and d), and 7 (e).
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The AICD and NICS computational methods also support the aromaticity of spiro iridafurans.
The respective AICD plots clearly show the appearance of a diatropic ring current (clockwise
vectors) within the rings (Figures S30-S34), whereas the NICS and NICS.; scans (Figures S39-
S43) provide values in the center of the rings and out of plane at 1 A above and below that are
consistent with aromaticity (Table 1). The most negative values are observed for 3, especially for
the iridafuran that has the metallated carbon atom trans disposed to the chloride ligand (b1), and
the ring of 6 with the metallated carbon atom located in the #rans position to the pyridyl group
(d1). The bonding of these rings has precisely the lower contribution from the f> resonance form.
Since the latter is the main contribution to the bond structure of the rings and its decrease implies
an increase in the contribution of the fi resonance form, the coincidence of both findings on the
same rings indicates that the NICS values are more negative when the respective contributions

approach.

Table 1. NICS and NICSzz values in the center of the rings and out of plane at 1 A above and
below for complexes 2-4 and 6-11

NICS NICSzz
1 a
Complex Ring 0 1 1 0 1 1
2 -0.89 -2.96 -2.04 14.36 -6.15 -4.09
3 C trans to Cl -3.74 -4.92 -3.62 5.09 -12.26 -11.16
Ctransto P -2.80 -3.59 -3.37 11.52 -7.76 -7.47
4 -1.66 -2.83 -2.53 14.92 -6.00 -3.75
6 Ctrans to N -2.67 -3.36 -2.93 9.85 -9.57 -7.92
Ctransto C -0.63 -2.60 -1.46 12.10 -6.84 -5.13
7 -0.65 -3.02 -1.44 13.36 -7.39 -3.38
8 C trans to Cl -4.00 -4.13 -3.89 7.78 -11.54 -10.32
C trans to P -2.17 -3.74 -3.15 12.39 -9.05 -6.03
9 C trans to Cl -4.04 -4.28 -3.89 7.75 -12.22 -10.36
Ctransto P -3.25 -4.05 -3.38 11.04 -9.01 -5.56
10 C trans to N -4.06 -4.05 -3.09 8.60 -10.71 -7.84
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Ctransto C -0.74 -2.98 -1.44 11.33 -8.86 -5.49
11 -0.68 -3.01 -1.44 13.53 -7.38 -3.32

aC trans to X (X =CI, P, N, C) denotes the C metallated carbon of the iridafuran disposed trans to X.

The ASE method provides additional computational evidence for the aromatic character of spiro
iridafurans derivatives. We focused on hypothetical species resulting from the replacement of the
CH-hydrogen atom of the five-membered rings of 3 and 6 by a methyl group. The replacement
affords 3t and 6t, respectively. These particular examples were selected because they allow a fine
analysis of the influence of the group arranged trans to the carbon atom directly attached to the
metal, on the aromaticity of the ring. We studied the loss of stability that occurs, as a consequence
of the dearomatization of the five-membered rings, when a hydrogen of said methyl group
undergoes a 1,3-migration to the PhC-carbon atom of the ring. Thus, for 3t, the isomerization of
the iridafuran with the metallated carbon atom trans arranged to the chloride ligand gives 3t’1,
whereas the isomerization of the ring with the metallated carbon atom disposed frans to the
phosphine leads to 3t’;. The same process for 6t gives rise to 6t’1 (C trans to pyridyl) and 6t’, (C
trans to p-tolyl). The loss of stability by dearomatizacion of the orthometallated p-tolyl group of
6t, through a similar 1,3-hydrogem migration leading to 6t’3, was also calculated for comparative
purpose. The results nicely agree with the previous findings (Scheme 6). Dearomatization of both
iridafuran rings of 3t produces a loss of stability, being greater for the dearomatization of the ring
with the metallated carbon atom located trans to the chloride ligand (21.7 versus 18.2 kcal mol™);
the counterpart of that of 3 with higher negative NICS values. The isomerization in 6t produces
similar effects. Consistent with NICS values of 6, the dearomatization of the ring with the
metallated carbon atom frans to the pyridyl group gives rise to a higher loss of stability than the

dearomatization of the ring with the carbon atom trans to the p-tolyl group (26.6 versus 21.4 kcal
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mol ™). The loss of stability by dearomatization of the iridafuran rings of both complexes, 3t and
6t, is lower than that produced by a similar isomerization in the orthometallated p-tolyl moiety of

the C,N-chelate (34.4 kcal mol™).

Scheme 6. Aromaticity of Rings of Model Complexes 3t and 6t Evaluated by the

Aromatic Stabilization Energy (ASE; kcal mol!') Method
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Bromination Reactions. Molecular bromine is a common reagent in bromination reactions,°

but its use has several disadvantages; it is dangerous and very irritating, whereas the reactions are
rarely selective. Among the alternatives, N-bromosuccinimide (NBS) occupies a distinguished
position, due to its accessibility, easy handling and stability.?! It is particularly useful for the metal-
catalyzed meta-selective C-H bromination of aryl groups, when attached to a heterocyclic

assistant.>?

We have previously used it to construct heteroleptic iridium(III) phosphorescent
emitters by selective post-functionalization of homoleptic precursors.* Its success in this synthetic

methodology inspired us to now apply it in the confirmation of the aromatic nature of the spiro

iridafurans derivatives discovered.

Bromination is sensitive to the degree of aromaticity of the iridafuran ring, which is tuned by
the ligand located in trans to the metallated carbon atom. Therefore, it is directed by said ligand.
This is strongly supported by the behavior of 3, which arranges the metallated carbon atoms of the
spiro iridafurans trans to electronically very different ligands (Scheme 7). Indeed, the addition of
1.0 equiv of NBS to the solutions of 3, in dichloromethane, at room temperature gives rise to the
instantaneous and selective C-H functionalization of the iridafuran ring that has the metallated
carbon atom trans to the chloride ligand (by in Charts 2-4). It should be noted that it is the spiro
unit ring that shows the most negative NICS values and possesses the most negative CH-carbon
atom. Bromination yields IrCl{x?-C,O-[C(Ph)CBrC(Me)O]} {k*-C,O-[C(Ph)CHC(Me)O]} (P'Pr3)
(8), which was isolated as an orange solid in 86% yield and characterized by X-ray diffraction
analysis. The structure® (Figure 4) is consistent with the selectivity of the electrophilic hydrogen
substitution and the chloride ¢rans-control on the bromination. The selectivity is also supported by
the 'TH NMR spectrum of the orange solid, in dichloromethane-d>, at room temperature, which

shows only one resonance at 6.68 ppm from the two observed in the region between 6.5 and 7.0
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ppm, in the spectrum of 3. This signal corresponds to the hydrogen atom of the not attacked ring.
A noticeable electronic change resulting from the reaction is the decrease in absolute value of the
negative NBO charge on the brominated carbon atom with respect to the charge of the
hydrogenated carbon (-0.290 versus -0.438), which practically maintains that of 3. Consistently
with this fact, the addition of a second equiv of NBS to the solutions of 8, in dichloromethane, at
room temperature leads to IrC1{x?-C,O-[C(Ph)CBrC(Me)O]}2(P'Pr3) (9), as a result from the C-H
functionalization of the other iridafuran ring; that containing the metallated carbon atom disposed
trans to the phosphine. This dibrominated species was also isolated as an orange solid in 86% yield
and characterized by X-ray analysis. Figure 5 gives a view of the octahedral structure of the
molecule. In accordance with a second bromination, the 'H NMR spectrum of 9 does not contain

any characteristic resonance for a CH-hydrogen atom of iridafuran.

Scheme 7. Bromination of Complex 3 (NBO charges in blue)
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Figure 4. Molecular diagram of one of the two chemically equivalent but crystallographically
independent molecules of complex 8 (displacement ellipsoids shown at 50% probability). All
hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (deg): Ir(1)-P(1) =
2.4349(12), 2.4289(12), Ir(1)-CI(1) = 2.4479(13), 2.4567(10), Ir(1)-O(1) = 2.030(3), 2.046(3),
Ir(1)-0O(2) = 2.038(4), 2.033(3), Ir(1)-C(1) = 1.986(5), 1.983(4), Ir(1)-C(11) = 2.042(5), 2.059(4);

C(1)-Ir(1)-O(1) = 80.91(17), 80.71(16), C(11)-Ir(1)-O(2) = 78.93(18), 79.74(15), O(1)-Ir(1)-O(2)

= 174.94(15), 175.58(13), C(11)-Ir(1)-P(1) = 169.44(14), 166.79(13), C(1)-Ir(1)-CI(1) =

164.93(13), 168.69(13).

Figure 5. Molecular diagram of complex 9 (displacement ellipsoids shown at 50% probability).
All hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (deg): Ir-P(1)
=2.4105(7), Ir-C1(1) = 2.4484(7), Ir-O(1) = 2.0304(19), Ir-O(2) = 2.041(2), Ir-C(1) = 1.994(3), Ir-
C(11)=2.061(3); C(1)-Ir-O(1) = 80.42(10), C(11)-Ir-O(2) = 79.55(10), O(1)-Ir-O(2) = 173.55(8),

C(11)-Ir-P(1) = 173.03(9), C(1)-Ir-CI(1) = 168.43(8).
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The complex 6 with an orthometallated 2-p-totylpyridine arranged trans to the metallated carbon
atoms of the spiro iridafurans shows selectivity consistent with that of 3. Its reaction with 1.0 equiv
of NBS, in dichloromethane, at room temperature gives Ir {i*>-C,O-[C(Ph)CBrC(Me)O]} {x*-C,O-
[C(Ph)CHC(Me)O]} {k*-C,N-[CsMeHs-py]} (10), resulting from the exclusive substitution of
hydrogen by bromine in the iridafuran with the metallated carbon atom trans to the pyridyl group;
the spiro unit ring showing the most negative NICS values and the CH-carbon atom having the
slightly higher negative NBO charge (-0.428 versus -0.424). Complex 10 was isolated as a red
solid in 89% yield (Scheme 8). Like 8 and 9, it was characterized by X-ray diffraction analysis.
The structure (Figure 6) is consistent with the selectivity of electrophilic substitution and the
tris(heteroleptic) nature of the complex containing three different 3e donor bidentate ligands.
Consistent with the reaction, the "H NMR spectrum of the isolated solid, in dichloromethane-d>,
at room temperature contains only one signal that can be assigned to a CH-hydrogen atom of

iridafuran, at 7.14 ppm.

Scheme 8. Bromination of Complex 6 (NBO charges in blue)
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Figure 6. Molecular diagram of complex 10 (displacement ellipsoids shown at 50% probability).
All hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (deg): Ir-O(1)
= 2.0281(16), Ir-O(2) = 2.0411(17), Ir-C(1) = 1.972(2), Ir-C(11) = 2.076(2), Ir-N(1) = 2.134(2),
Ir-C(21) = 2.076(2); O(1)-Ir-C(1) = 80.56(8), O(2)-Ir-C(11) = 78.82(8), N(1)-Ir-C(21) = 78.31(9),

O(1)-Ir-0(2) = 176.99(6), C(1)-Ir-N(1) = 173.42(9), C(11)-Ir-C(21) = 170.09(9).

The formation of 8 and 10 follows the same pattern; in both cases the C-H functionalization
takes place in the most aromatic five-membered ring and the attack occurs on the carbon atom
with the greatest negative NBO charge. To understand why this happens, we analyzed the
thermodynamics and kinetics of the bromination of 6 by DFT calculations at the
SMD(dichloromethane)-B3LYP-D3//SDD(f)-6-31G** level with dispersion correction (see
computational details in the Supporting Information file). The attack on both iridafurans was
studied separately. The free energy variations (AG) were calculated at 298.15 K and 1 atm. Figure
7 shows the calculated reaction profile for the bromination of the iridafuran with the metallated
carbon atom trans to the pyridyl group, the bromination experimentally observed, whereas Figure

S28 gives the profile for the bromination of the other iridafuran. As expected, the substitutions are
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thermodynamically favored, with the stability of both isomers being similar (= -28 kcal mol™).
The bromination mechanism is typical of an electrophilic aromatic substitution with the stages
usually proposed.?'&3* The rate determined step is the NBS attack on the CH-carbon atom. The
attack that leads to the experimentally observed bromination is favored kinetically (16.6 versus
20.1 kcal mol™). Therefore, the selectivity is of kinetic origin. The activation energy seems to
depend on the NBO charge of the carbon atom, the lowest corresponding to the attack on the

carbon that bears the most negative charge.
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Figure 7. Computed energy profile (SMD(dichloromethane)-B3LYP-D3//SDD(f)-6-31G** level)
for the bromination of complex 6 to give 10. The relative 298 K Gibbs free energies in

dichloromethane are given in kcal mol™.
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We note that previously the orthometallated p-tolyl groups of the dimer [Ir(u-Cl){i*-C,N-
(CéHsMe-py)}2]2 have also been selectively brominated, in para position with respect to the Ir-C
bond, with NBS.** To gain insight into why the bromination of the orthometallated p-tolyl group
is not observed in this case, we also studied the bromination of such moiety. Figure S29 shows the
reaction profile. The results reinforce the idea that the selectivity of these bromination reactions is
of kinetic origin and that the activation energy of the electrophilic substitution is a function of the
negative charge on the attacked carbon atom. Consistent with this, the bromination of the p-tolyl
group is an exothermic reaction at the same amount of energy as the previous brominations, around
-28 kcal mol™!. However, its activation energy is significantly higher than in the previous cases,
28.3 kcal mol™!, as corresponds to a lower negative NBO charge on the attacked carbon atom (-

0.258 versus -0.424 and -0.428).

The reaction of complex 7 with NBS provides conclusive evidence of the relevance of the NBO
charge in directing the attack of the brominating agent (Scheme 9). The C> atom of the acac ligand
of this species carries an NBO charge of -0.512. This charge is significantly more negative than
that of the CH-carbon atoms of the iridafuran rings, -0.430. The C* carbon of the acac ligand is
precisely the atom attacked in this case. Treatment of solutions of 7, in dichloromethane, with 1.0
equiv of NBS, at room temperature, for 1 h leads selectively to Ir{k*C O-
[C(Ph)CHC(Me)O]}2{x3-0,0-[acacBr]} (11), as a result of the replacement of the hydrogen atom
at the C3-carbon of acac by bromine. Complex 11 was isolated as a red solid in 78% yield and
characterized by X-ray diffraction analysis. The structure (Figure 8) demonstrates the bromination
of the acac ligand. In agreement with this, the 'H NMR spectrum of the red solid, in

dichloromethane-d>, at room temperature does not contain any signal that can be assigned to the
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characteristic C*H-hydrogen atom, while it shows a resonance due to the CH-hydrogen atom of

the iridafuran rings, at 6.75 ppm.

Scheme 9. Bromination of Complex 7 (NBO charges in blue)
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Figure 8. Molecular diagram of complex 11 (displacement ellipsoids shown at 50% probability).
All hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (deg): Ir-O(1)
= 2.0357(15), Ir-O(2) = 2.0314(14), Ir-O(3) = 2.1149(15), Ir-O(4) = 2.1196(14), Ir-C(1) =
1.979(2), Ir-C(11) = 1.971(2); O(1)-Ir-C(1) = 80.59(7), O(2)-Ir-C(11) = 80.23(7), O(3)-Ir-O(4) =

85.62(6), O(1)-Ir-O(2) = 178.36(6), C(1)-Ir-O(4) = 172.31(7), C(11)-I-0(3) = 171.36(7) .

Structural criteria (Chart S1) and AICD computational results (Figures S35-S38) as well as NICS

scans (Figures S44-S47 and Table 1) also indicate the aromatic character of spiro iridafurans 8-11.
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CONCLUSION

This study reveals the existence of spiro iridafurans molecules and cations, which carry
orthogonally arranged five-membered rings and the oxygen atoms located in mutually frans
positions, in an octahedral environment of the iridium atom. They result from the Cp(sp?)-H bond
activation of two molecules of benzylideneacetone on an iridium center. The spiro iridafurans
moiety is aromatic, according to the structural criterion. The aromaticity has been also supported
by computational methods, including AICD, NICS, ASE, and NBO analysis, and experimentally
confirmed by bromination of the iridafuran rings, with NBS, through electrophilic hydrogen

substitution.

The bonding situation in five-membered rings is the result of an asymmetric contribution of two
resonance forms, namely: alkylidene (f7) and alkenyl (f2). The system increases the aromatic
character when the respective contributions are close. The contribution of each one to a particular
ring depends on the ligand or group arranged trans to the carbon atom directly attached to the
metal center. Therefore, the degree of aromaticity of the spiro iridafuran rings is governed by said
ligands or groups. Such ligand or group also determines the negative charge of the CH-carbon

atom.

Bromination reactions are sensitive to both the degree of aromaticity of the ring and the negative
charge of the attacked CH-carbon atom. Thus, they are also governed by the ligand or group
arranged frans to the carbon atom directly attached to the metal. As a consequence, the five-
membered rings can be selectively brominated, when different ligands or groups lie frans to these
metallated atoms. The origin of the selectivity is kinetic. The bromination mechanism is typical of

an electrophilic aromatic substitution, the rate-determining step of the reaction being the attack of
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the brominating agent on the CH-carbon atom. The activation energy depends on the negative

charge of this atom; a higher negative charge allows for a lower activation energy.

Spiro metallaromatic compounds were hitherto a few lithium-stabilized spiro
metallahydrocarbons derivatives. This class of complexes has new members. They are a family of
aromatic spiro iridafurans, which do not require external stabilization. The discovery of these
compounds augurs a rapid development of spiro metallaheterocycles, given the great conceptual
interest of spiro metallaromatic compounds and the possibilities offered by transition metals to

stabilize spiro aromatic structures.

EXPERIMENTAL SECTION

General Information. All reactions were carried out with exclusion of air using Schlenk-tube
techniques or in a drybox. Instrumental methods and X-ray details are given in the Supporting
Information. The NMR spectra (Figures S1-S26) were recorded at 298 K and the chemical shifts
(in ppm) are referenced to residual solvent peaks ('H, *C{'H}) or external 85% H3PO4 (*'P{'H}),
while coupling constants J are given in hertz. [Ir(u-Cl)(CsHis)2]2 (1) was prepared according to

the reported procedure.

Preparation of [Ir(u-Cl){x?-C,0-[C(Ph)CHC(Me)O]}2]2 (2). To 100 mg of 1 (0.11 mmol) in
a Schlenk flask were added 160 mg of benzylideneacetone (1.1 mmol). The mixture was heated at
100 °C, at which the ketone melted, for 2 h and the mixture became dark red. After 2 additional
hours the mixture was cooled down to room temperature, 20 mL of Et2O were added and an intense
red precipitate formed. The supernatant was removed and the solid washed with Et2O (3 x 20 mL)
and dried in vacuo (92 mg, 79%). '"H NMR (400 MHz, CD2Cl»): § 7.37-7.25 (overlapping signals,

20H, Ph), 6.54 (s, 4H, IrC-C-H), 2.47 (s, 12H, CH3). *C{'H} NMR (100.6 MHz, CD2Cl): § 217.4
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(s, Ir-C), 205.7 (s, C-0), 145.3 (s, Cq Ph), 133.8 (s, IrC-C-H), 129.3, 128.2, 126.2 (all s, CH Ph),
23.7 (s, CH3). HRMS (electrospray, m/z) caled. for C4oH36ClaIr2NaO4 [M + Na]™: 1059.1121;
found: 1059.1133. Anal. calcd. for C40H36Cl2Ir204 (%): C, 46.37; H, 3.50. Found: C, 45.98; H,

3.86. IR (cm’!): v(C=0) 1655, v(C=C) 1538.

Isomerization of 2 into 2a. A solution of 2 (10 mg, 0.01 mmol) in toluene-ds was heated at 100
°C for 16 hours in an NMR tube. After this time, 'H and '*C {'H} NMR spectra were recorded and
a mixture 1:1 of 2 and 2a was observed. In toluene-ds, the characteristic ring CH signal of 2 is
observed at 6.31 ppm, while the corresponding CH signal for 2a is observed at 6.34 ppm.
Regarding *C{'H}, the C-Ir signals in toluene-ds appear at 216.4 for 2 and 216.5 for 2a, while the

C-O signals appear a 205.5 and 206.1 for 2 and 2a, respectively.

Preparation of IrCl{k?-C,0-[C(Ph)CHC(Me)O]}(PPr3) (3). To a stirred solution of 2 (100
mg, 0.096 mmol) in dichloromethane (5 mL) was added dropwise P'Pr3 (46 pL, 0.24 mmol). The
reaction was stirred for 2 h after which the solvent was removed in vacuo. The resulting orange
solid was washed with pentane (3 x 5 mL) and dried in vacuo to obtain 3 as an orange powder (110
mg, 84%). '"H NMR (400 MHz, CD2Cl2): & 7.34-7.17 (overlapping signals, 10H, CH Ph), 6.73 (s,
1H, IrC-C-H), 6.57 (d, *Ju-p = 8.1, 1H, IrC-C-H), 2.92-2.79 (m, 3H, CH(CH3)2), 2.44 (s, 3H, CH3),
2.17 (d, °Jur = 2.1, 3H, CH3), 1.26 (dd, *Ju-p = 13.5, *Jun = 7.2, 9H, CH(CHs)), 1.18 (dd, *Ju-p =
13.5, 3Jun = 7.2, 9H, CH(CH3)2). *C{'H} NMR (100.6 MHz, CD2Cl): § 224.4 (d, %Jc-p= 87, C-
Ir), 218.4 (d, 2Jcp =9, C-Ir), 212.8 (s, C-0), 210.8 (s, C-0O), 146.3 (Cq Ph), 143.3 (d, *Jcp= 2, Cq
Ph), 132.5 (d, *Jcp= 2, IrC-C-H), 132.4 (s, IrC-C-H), 129.7, 128.6, 128.1, 127.9, 127.8 (all s, CH
Ph), 126.6 (d, “Jc.p= 2, CH Ph), 24.6 (s, CH3), 24.1 (d, "Jcp= 20, CH(CH3)2), 22.7 (s, CH3), 19.5
(s, CH(CH3)2), 19.3 (d, 2Jc-p = 2, CH(CH3)2). *'P{'H} NMR (161.9 MHz, CD2CL): § 3.5 (s).

HRMS (electrospray, m/z) calcd. for C2o0HzolrO2P [M - CI]": 643.2313; found: 643.2395. Anal.
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caled. for C2oH39CIIrO2P (%): C, 51.35; H, 5.80. Found: C, 51.21; H, 5.74. IR (cm™): v(C=0)

1544, v(C=C) 1514.

Preparation of [Ir{k?-C,0-[C(Ph)CHC(Me)O]}2(MeCN);|BF4 (4). To a stirred solution of 2
(112 mg, 0.1 mmol) in MeCN (5 mL) was added in one portion AgBF4 (42 mg, 0.2 mmol). The
reaction mixture was stirred for 2 h protected from the light, after which the solvent was removed
in vacuo, the mixture dissolved in dichloromethane and filtered through a pad of Celite. The
resulting yellow solution was concentrated in vacuo and addition of Et20 (10 mL) produced the
precipitation of an intense yellow solid, which was washed with Et2O (3 x 5 mL). The resulting
solid was dried in vacuo to obtain 4 as a yellow powder (121 mg, 86%). '"H NMR (400 MHz,
CD2Cl2): 6 7.48-7.38 (overlapping signals, 6H, CH Ph), 7.28-7.26 (overlapping signals, 4H, CH
Ph), 6.62 (s, 2H, IrC-C-H), 2.65 (s, 6H, Ir-NCMe), 2.43 (s, 6H, CH3). 3C{'H} NMR (100.6 MHz,
CD2Cl2): 6 219.4 (s, C-Ir), 204.8 (C-0O), 142.5 (s, Cq Ar), 133.8 (s, IrC-C-H), 130.2, 127.9, 126.5
(all s, CH Ph), 23.6 (s, CH3), 3.5 (s, 'MeCN). F{'H} NMR (376.5 MHz, CD2Cl2): § -152.7 (s,
BF4). HRMS (electrospray, m/z) calcd. for C24Ha4IrN202 [M]": 565.1462; found: 565.1441. Anal.
caled for C24H24BF4IrN202 (%): C, 44.25; H, 3.71. Found: C, 44.29; H, 3.72. IR (cm™): v(C=0)

1537, v(C=C) 1408.

Preparation of [Ir(u-OH){k2-C,0-[C(Ph)CHC(Me)O]}2]2 (5). To a solution of 2 (112 mg,
0.11 mmol), in acetone (5 mL), at room temperature was added in one portion aqueous KOH (0.5
M, 0.5 mL, 0.25 mmol) and stirred for 30 min. The mixture was evaporated to dryness The residue
extracted with dichloromethane and the suspension was filtered through a plug of Celite, The
resulting solution was evaporated to afford a red/purple solid, which was washed with Et2O (3 x
5 mL), and dried in vacuo (95 mg, 88%). '"H NMR (400 MHz, CD2Cl2): & 7.29-7.10 (overlapping

signals, 20H, Ph), 6.87 (s, 4H, IrC-C-H), 2.51 (s, 12H, CHs), 0.27 (s, 2H, OH). 3C{'H} NMR
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(100.6 MHz, CD2Cl2): 6 214.9 (s, Ir-C), 214.4 (s, C-0O), 148.5 (s, Cq Ph), 134.5 (s, IrC-C-H), 129.2,
128.3, 126.2 (all s, CH Ph), 23.7 (s, CH3). HRMS (electrospray, m/z) calcd for C20H20IrNaO3
[M/2+H+Na]": 524.0934; found: 524.0917. Anal. calcd. for C40H33Ir20s (%): C, 48.08; H, 3.83.

Found: C, 48.43; H, 4.14. IR (em™): v(O-H) 3569, (C=C) 1643.

Preparation of Ir{k*-C,0-[C(Ph)CHC(Me)O]}2{k*-C,N-[C¢MeH3-py]} (6). To a stirred
solution of 4 (100 mg, 0.15 mmol) in fluorobenzene (5 mL) was added in one portion 2-(p-
tolyl)pyridine (26 pL, 0.15 mmol) and (piperidinomethyl)polystyrene (88 mg, 2 eq). The reaction
mixture was refluxed for 12 hours, after which the solvent was removed in vacuo, dissolved in
dichloromethane and filtered through a pad of Celite. The resulting red solution was dried in vacuo
and the solid washed with Et2O (3 x 5 mL). The resulting red solid was dried in vacuo to obtain 6
as a red powder (83 mg, 83%). 'H NMR (400 MHz, CD2Cl2): 6 8.32 (d, *Ju.u= 5.4, 1H, CH Ar),
7.95 (d, *Jun = 8.2, 1H, CH Ar), 7.74-7.70 (overlapping signals, 2H, CH Ar), 7.39-7.26
(overlapping signals, 10H, CH Ar), 7.16 (s, 1H, IrC-C-H), 7.14 (s, 1H, CH Ar), 7.03 (m, 1H, CH
Ar), 6.91 (s, 1H, IrC-C-H), 6.88 (dd, *Juu= 7.9, “Ju.u= 1.4, 1H, CH Ar), 2.26 (s, CH3), 2.24 (s,
CH3), 2.19 (s, CH3). BC{'H} NMR (100.6 MHz, CD2Cl): § 238.9 (s, C-Ir), 218.9 (s, C-Ir), 217.3
(s, C-0), 209.8 (C-0), 168.5 (s, Cq Ar), 168.3 (s, Cq Ar), 153.8 (s, CH Ar), 147.7 (s, Cq Ar), 147.1
(s, Cq Ar), 144.2 (Cq-Ir), 141.7, 140.4, 137.9 (all s, CH Ar), 132.8 (IrC-C-H), 130.0 (IrC-C-H),
129.4, 128.8, 128.5, 128.1, 127.7, 127.3, 124.1, 122.6 (all s, CH Ar), 118.9 (Cq Ar), 24.1, 22.9,
21.8 (all s, CH3). HRMS (electrospray, m/z) caled. for C32HaoIlrNO2 [M+H]™: 652.1824; found.
652.1808. Anal. calcd for C32H2sIrNO2 (%); C, 59.06; H, 4.34; N, 2.15. Found: C, 58.97; H, 4.38;

N, 2.05. IR (cm!): v(C=0) 1584, v(C=C) 1505.

Preparation of Ir{k’-C,0-[C(Ph)CHC(Me)O|}:{k>-0,0-[acac]} (7). Method a:

Acetylacetone (51 pL, 0.5 mmol) was added to a purple red suspension of 5 (100 mg, 0.1 mmol)
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in acetone (5 mL) and the mixture was stirred at 50 °C for 24 hours. After this time, the solvent
was removed under vacuum and the addition of pentane (4 mL) led to a red solid, which was
washed with pentane (3 x 3 mL) and dried under vacuum (112 mg, 96%). Method b: To a stirred
solution of 2 (135 mg, 0.1 mmol) in dichloromethane (3 mL) was added in one portion sodium
acetylacetonate (25 mg, 0.2 mmol). The reaction was stirred for 1 h after which the reaction was
filtered through a pad of Celite, and the solvent was removed in vacuo. The resulting red residue
was washed with Et2O (5 x 5 mL) and the residue dried in vacuo to give 7 as red solid (111 mg,
75%). '"H NMR (400 MHz, CD2Cl2): & 7.31-7.19 (overlapping signals, 10H, Ph), 6.77 (s, 2H, IrC-
C-H), 5.44 (s, 1H, CH acac), 2.42 (s, 6H, CH3), 2.01 (s, 6H, CH3). *C{'H} NMR (100.6 MHz,
CD2Cl): 6 216.5 (s, Ir-C), 211.7 (s, C-0O), 186.3 (s, C-O acac), 147.1 (s, C Ph), 134.7 (s, IrC-C-
H), 129.6, 128.3, 126.5 (all s, CH Ph), 100.9 (s, CH acac), 28.4 (s, CH3), 23.6 (s, CH3). HRMS
(electrospray, m/z) calcd. for CasHasIrO4 [M+H]": 583.1456; found: 583.1431. Anal. caled for
Ca2sHasIrO4 (%): C, 51.62; H, 4.33. Found: C, 51.23; H, 4.28. IR (cm™): v(C=0) 1578, v(C=C)

1509.

Preparation of IrCl{k*-C,0-[C(Ph)CBrC(Me)O]}{k*-C,0-[C(Ph)CHC(Me)O]}(PiPr3) (8).
To a stirred solution of 3 (67.8 mg, 0.1 mmol), in dichloromethane (5 mL), at room temperature
was added dropwise a solution of N-bromosuccinimide (17.8 mg, 0.1 mmol) in dichloromethane
(1 mL). The reaction was stirred for 5 min protected from the light and then the solvent was
removed in vacuo. The resulting orange solid was washed with Et2O (3 x 5 mL) and pentane (3 x
5 mL) and dried in vacuo to obtain 8 as an orange powder (65 mg, 86%). 'H NMR (400 MHz,
CD2Cl2): 6 7.33-7.29 (overlapping signals, 8H, CH Ph), 7.05-7.03 (overlapping signals, 2H, CH
Ph), 6.68 (d, “Jup = 8.3, IrC-C-H), 2.85 (m, 3H, CH(CHa)2), 2.36 (s, CH3), 2.32 (d, >Jur = 2.2,

CH3), 1.25-1.16 (overlapping signals, 18H, CH(CH3)2). *C{'H} NMR (100.6 MHz, CD:Cl»): §
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223.0 (d, 2Jcp = 87, C-Ir), 219.3 (d, 2Jcp = 9, C-Ir), 211.5 (d, *Jcp = 3, C-0), 204.5 (d, *Jcp = 3,
C-0), 146.0 (s, Cq Ph), 142.8 (s, Cq Ph), 132.8 (s, IrC-C-H), 128.8, 128.3, 128.0, 127.8, 126.5,
126.4 (all s, CH Ph), 113.6 (s, C-Br), 24.9 (s, CH3), 24.5 (s, CH3), 24.4 (d, 'Jcp= 20, CH(CH3)2),
19.3 (s, CH(CH3)2), 18.9 (d, Jcp= 2, CH(CH3)2. *'P{'"H} NMR (161.9 MHz, CD2Cl2): § 2.7 (s).
HRMS (electrospray, m/z) calcd. for C20H3sBrIrO2P [M — CI]": 721.1402; found: 721.1393. Anal.
caled. for C20H3sBrClIrO2P (%): C, 46.00; H, 4.95. Found: C, 46.28; H, 4.98. IR (cm™): v(C=0)

1694, v(C=C) 1544.

Preparation of IrCl{x?-C,O0-[C(Ph)CBrC(Me)O]}2(PPr3) (9). To a stirred solution of 3 (67.8
mg, 0.1 mmol), in dichloromethane (5 mL), at room temperature was added dropwise a solution
of N-bromosuccinimide (35.6 mg, 0.2 mmol) in dichloromethane (1 mL). The reaction was stirred
for 5 min protected from the light and then the solvent was removed in vacuo. The resulting orange
solid was washed with Et2O (3 x 5 mL) and pentane (3 x 5 mL) and dried in vacuo to obtain 9 as
an orange powder (72 mg, 86%). 'H NMR (400 MHz, CD2Cl2): § 7.37-7.30 (overlapping signals,
6H, CH Ph), 7.15-7.11 (overlapping signals, 2H, CH Ph), 7.02-6.99 (overlapping signals, 2H, CH
Ph), 2.88-2.76 (m, 3H, CH(CH3)2), 2.61 (s, 3H, CH3), 2.10 (d, >Jup= 1.9, CH3), 1.14 (dd, *Ju-r=
13.3, *Juu= 7.4, 18H, CH(CH3)2). *C{'H} NMR (100.6 MHz, CD2CL): § 217.6 (d, 2Jcp=9, C-
Ir), 214.6 (d, 2Jcp= 86, C-Ir), 213.1 (d, *Jc-p= 3, C-0), 202.2 (d, *Jc-p= 3, C-0), 146.4 (s, Cq Ph),
141.6 (s, Cq Ph), 128.6, 128.2, 127.9, 127.5, 125.8, 124.8 (all s, CH Ph), 114.7 (d, *Jcp= 4, C-Br),
114.6 (s, C-Br), 26.9 (s, CH3), 24.9 (d, 'Jc-p = 22, CH(CH3)2), 24.6 (s, CH3), 19.1 (s, CH(CH3)2),
18.7 (d, 2Jc-p=2, CH(CH:)2). *'P{'"H} NMR (161.9 MHz, CD2Cl2): § 1.1 (s). HRMS (electrospray,
m/z) caled. for C2oH37Br2IrCINaO2P [M + Na]™: 859.0075; found: 859.0047. Anal. caled. for
C20H37Br2ClIrO2P (%): C, 41.66; H, 4.46. Found: C, 41.37; H, 4.38. IR (cm™): v(C=0) 1695,

v(C=C) 1541.
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Preparation of Ir{k?*-C,0-[C(Ph)CBrC(Me)O]}{k*-C,0-[C(Ph)CHC(Me)O]}{k>-C,N-
[CsMeHs-pyl} (10). To a stirred solution of 6 (65 mg, 0.1 mmol), in dichloromethane (3 mL), at
room temperature was added dropwise a solution of N-bromosuccinimide (17.8 mg, 0.1 mmol) in
dichloromethane (1 mL). The reaction was stirred for 5 min protected from the light and then the
solvent was removed in vacuo. The resulting red solid was washed with Et2O (3 x 5 mL) and
pentane (3 x 5 mL) and dried in vacuo to obtain 10 as a red powder (65 mg, 89%). 'H NMR (400
MHz, CD2Cl2): § 8.29 (d, *Ju-u= 5.6, 1H, CH Ar), 7.93 (d, *Ju-u= 8.2, 1H, CH Ar), 7.73-7.69
(overlapping signals, 2H, CH Ar), 7.42-7.34 (overlapping signals, 6H, CH Ar), 7.29-7.23
(overlapping signals, 4H, CH Ar), 7.18-7.16 (m, 1H, CH Ar), 7.14 (s, 1H, IrC-C-H), 7.00 (ddd,
3Jun= 7.2, Jun= 5.6, Jun= 1.4, 1H, CH Ar), 6.92 (d, *Ju-u= 7.8, 1H, CH Ar). 2.43 (s, CH3),
2.33 (s, CH3), 2.00 (s, CH3). *C{'H} NMR (100.6 MHz, CD2Cl2): § 237.3 (s, C-Ir), 218.2 (s, C-
Ir), 213.2 (s, C-0), 207.5 (C-0), 168.5 (s, Cq Ar), 167.5 (s, Cq Ar), 153.9 (s, CH Ar), 146.5 (s, Cq
Ar), 146.3 (s, Cq Ar), 144.1 (Cq-Ir), 141.8 (CH Ar), 140.9 (CH Ar), 138.2 (CH Ar), 133.0 (IrC-C-
H), 129.9, 128.8, 127.9, 127.5, 125.9, 124.5, 124.3, 122.6 (all s, CH Ar), 119.1 (Cq Ar), 111.2 (C-
Br), 25.0 (s, CHs), 23.8 (s, CHs), 22.1 (s, CH3). HRMS (electrospray, m/z) calcd. for
C32H23BrIrNO2 [M + H]": 730.0912; found: 730.0914. Anal. calcd. for C32H27BrIrNO2 (%): C,

52.67;H,3.73; N, 1.92. Found: C, 52.91; H, 3.78; N, 1.79. IR (cm!): v(C=0) 1582, v(C=C) 1533.

Preparation of Ir{k?*-C,0-[C(Ph)CHC(Me)O]}2{k?-0,0-[acacBr]} (11). To a stirred solution
of 7 (116 mg, 0.2 mmol), in dichloromethane (3 mL), at room temperature was added dropwise a
solution of N-bromosuccinimide (35.6 mg, 0.2 mmol) in dichloromethane (1 mL). The reaction
was stirred for 1 h protected from the light, filtered through a pad of Celite, and the solvent
removed in vacuo. The resulting red residue was washed with Et2O (5 x 5 mL) and the residue

dried in vacuo to give 11 as red solid (103 mg, 78%). 'H NMR (400 MHz, CD:Cl): & 7.31-7.26
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(overlapping signals, 6H, CH Ph), 7.22-7.19 (overlapping signals, 4H, CH Ph), 6.75 (s, IrC-C-H),
2.43 (s, 6H, CH3),2.38 (s, 6H, CH3). *C{'H} NMR (100.6 MHz, CD2Cl2): § 216.6 (s, C-O furane),
211.1 (C-Ir), 184.8 (s, C-O, acac), 146.8 (s, Cq Ph), 129.6, 128.2, 126.3 (all s, CH Ph), 134.6 (s.
IrC-C-H), 99.9 (s, C-Br), 23.5 (s, CHs), 31.5 (s, CH3). HRMS (electrospray, m/z) calcd. for
C20H18IrO2 [M — Br-acac]": 483.0931; found: 483.0951. Anal. calcd. for C25sH24BrIrO4 (%): C,

45.46; H, 3.66. Found: C, 45.32; H, 4.08. IR (cm™): v(C=0) 1558, v(C=C) 1521.
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Synopsis

A family of spiro iridafurans has been prepared. They result from the activation of the Cp(sp?)-H
bond of two benzylideneacetone molecules at an iridium center. The aromaticity of iridafuran
moiety has been evaluated by experimental criteria and computational methods (AICD, NICS,
ASE and NBO) and confirmed by selective bromination reactions, with N-bromosuccinimide,

which depend on the ligands arranged trans to the carbons attached to the metal.
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