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Unprecedented 1,2-mesityl shift for the synthesis
of iridafurans

Maria Talavera, *a Antonio Gómez,a Nicolás Otero, b Ángeles Peña-Gallego b

and Sandra Bolaño *a

The reactivity of tertiary propargylic alcohols bearing a mesityl substituent with [IrCp*Cl(NCMe)(PMe3)]PF6
has revealed a previously unreported 1,2-mesityl rearrangement, leading to the formation of α-iridafuran
complexes. Comparative analysis with the rhodium analogue as well as different substituents at the pro-

pargylic alcohol highlights the unique reactivity of the iridium system, the key role of the mesityl group

and the importance of substituent topology.

Introduction

Terminal propargyl alcohols are a particularly attractive class
of compounds due to their structural duality which has been
widely exploited in transformations involving the activation of
C(sp3)–O or C(sp)–H bonds.1,2 In stoichiometric organo-
metallic chemistry, the reactivity of these alcohols has tra-
ditionally been oriented towards the generation of allenylidene
complexes,3–5 which serve as key intermediates of vinylidenes,
acetylides, allenyl or alkoxycarbene complexes, among others.
At Ir and Rh, a few examples are known.6–12 Thus, Werner and
co-workers developed square-planar allenylidene complexes by
activating the C(sp)–H bond, usually followed by acidification
or Al2O3-assisted dehydration.6–9

More recently, the [IrCp*Cl(phosphine)] system has been
studied for its ability to generate methoxy(alkenyl)carbene
intermediates, key precursors in orthometallation processes.13

In contrast, rhodium analogues tend to evolve into
α-rhodafurans through the insertion of alkynes into RhvC
bonds.14

In addition to this route, alternative methodologies have
been described for obtaining α-metallafurans from alkynes,
ketones, ynones or allenols.15,16 Noteworthy is the work of Xia
et al. and Esteruelas and co-workers using secondary propargyl
alcohols to form α-osmafurans through insertion of the CuC
moiety into the Os–H bond followed by β-H elimination.17,18

Also, Wong and co-workers described the formation of group
8 metallafurans from tertiary propargylic alcohols bearing
picoline substituents via 5-exo-dig cyclization.19

A particularly relevant feature in this context is the 1,2-
migration of groups, a well-established pathway for hydrogen
atoms but less common for bulky aryl groups. Moreover, the
presence of electron-donating groups at the aryl substituent
has been reported to reduce their migratory aptitude.20 Thus,
even though aryl group migrations have been described in
vinylidene systems,20–23 examples involving 1,2 displacements
of mesityl groups are scarce and required the participation of
heteroatoms.24

Herein, an unprecedented reactivity of tertiary propargyl
alcohols towards [MCp*Cl(NCMe)(PMe3)]PF6 (M = Ir, Rh) com-
plexes is presented. It gives rise to two divergent pathways: the
classic formation of allenylidenes and, surprisingly, an unpre-
cedented tautomerization through 1,2-shift of a mesityl group,
leading to α-iridafuran complexes. This finding represents a
new dimension in the reactivity of propargyl alcohols and is
supported by a combined experimental and theoretical study
that rationalizes the factors governing this transformation.

Results and discussion

The propargylic alcohol II was synthesized from the corres-
ponding ketone (see SI) and was reacted with [IrCp*Cl(NCMe)
(PMe3)]PF6 in methanol at room temperature. The reaction
led to the new iridafuran complex [IrCp*Cl{vCH–C(Mes)v
C(1-pyrenyl)–O–}(PMe3)]PF6 (1) together with the expected methoxy
(alkenyl)carbene iridium complexes [IrCp*Cl{vC(OMe)–(Z/E)–
CHvC(Mes)(1-pyrenyl)}(PMe3)]PF6 (Z/E-2) in a 1.1 : 1.3 : 1 ratio,
respectively (Tables 1 and 2, entry 1). Unlike all previously
reported transformations involving the acetonitrile complex
and propargylic alcohols in methanol—where depending on
the nature of the γ-carbon substituents, only the formation of
one or two methoxy(alkenyl)carbene complexes was consist-
ently observed—13 the present study reveals, for the first time,
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the emergence of an iridafuran complex. In addition, the steric
hindrance of the pyrenyl substituent competes with the
mesityl group and favours the presence of both Z/E-2 isomers,
which did not occur when bearing 2-spirobifluorene instead of
1-pyrene.25 Notably, the formation of complex 1 implies not
only a different reaction pathway for propargylic alcohols with
organometallic complexes beyond the well-known formation of
allenylidene complexes, but also, a 1,2-mesityl rearrangement
has been identified which, to the best of our knowledge, has
no precedent in the existing literature.

The formation of complex 1 was studied by modification of
the reaction conditions of the original set-up. Initially, varying
the molar ratio of iridium acetonitrile complex to propargylic
alcohol yielded no significant changes in the outcome
(Table 1, entry 2). Then, it was observed that complex 1 is also

formed when the reaction is carried out in dichloromethane
instead of methanol in the presence of NaPF6 (Table 1, entry
3). This suggests that methanol does not act as nucleophile
but rather promotes the chloride ligand labilization.
Therefore, both the hydrogen at Cα and the oxygen atom stem
from the propargylic alcohol, contrary to methoxy(alkenyl)
carbene complexes, where CβH and the oxygen atom derive
from methanol. Note that absence of a NaPF6 in CH2Cl2 or
THF leads to the slow formation and decomposition of alleny-
lidene derivatives as previously observed with other systems.12

In addition, variable temperature experiments revealed no
selective pathway preference (Table 1, entries 4 and 5). The
reaction required a minimum temperature of 283 K to
proceed, yielding complexes 1 and Z/E-2 in a 1 : 2.7 : 1.6 ratio.
This ratio suggests the presence of a higher energy barrier for
complex 1 than the methoxy(alkenyl)carbene complexes Z/E-2.
When reaction was performed at 328 K, only complexes 1 and
Z-2 were obtained in a 1 : 2.3 ratio, along with minor impuri-
ties. This isomerization reaction was also observed by heating
of the Z/E-2 mixture. Further heating to 343 K in CD3CN for
24 h led to the heterolytic cleavage of the C–O bond of
complex Z-2 producing [IrCp*{(Z)–CHvC(Mes)(1-pyrenyl)}(CO)
(PMe3)]PF6 and CH3Cl. Given that the formation of methoxy
(alkenyl)carbene complexes proceeds via allenylidene inter-
mediates with concomitant water release,26 the role of water
was further examined (Table 1, entries 6 and 7). While direct
water addition did not alter the outcome, performing the reac-
tion in the presence of activated molecular sieves to scavenge
water significantly increased the yield of complex 1. Under
these conditions, a mixture of 1 and Z/E-2 was obtained in a
5.4 : 2.1 : 1 ratio, respectively. Finally, global reaction to form
complex 1 implies the elimination of HCl. While HCl could be
absorbed by the molecular sieves added, explaining the higher
amount of compound 1 under those conditions, further confir-
mation of its removal was attempted. Therefore, KtBuO was
added in both THF and MeOH (Table 1, entry 8) trying to trap
the acid and favour the reaction towards the formation of
complex 1. However, the base deprotonates the propargylic
alcohol and no reaction towards the iridium acetonitrile
complex is observed.

Complexes Z/E-2 showed in NMR spectroscopy the typical
resonances for this family of complexes.25,27,28 Regarding
complex 1, in the 1H NMR spectrum, the CαH appeared as a
doublet of 1 Hz due to the coupling to the phosphorus atom at
10.74 ppm while the corresponding carbon atom resonance
decreased to 217.1 ppm also as a doublet of 9.5 Hz in the 13C
{1H} NMR spectrum. Furthermore, Cβ and Cγ are displayed at
150.4 and 211.0 ppm where the latter is a doublet of 2 Hz.
Finally, the correlation between the proton at the Cα and a
methyl group of the mesityl ligand in the {1H, 1H} NOESY
spectrum suggested that the mesityl group is now bonded to
the Cβ instead of the Cγ. This 1,2-mesityl shift was further con-
firmed by X-ray diffraction analysis of suitable crystals of com-
pound 1 (Fig. S59). There, the Ir atom, which is slightly dis-
ordered, is displaced from the furan ring plane formed by the
three carbon atoms and the oxygen atom by only around

Table 1 Reactivity of propargylic alcohol II towards iridium acetonitrile
complex

Entry Solvent T Additive % 1a Z/E-2 ratioa

1 MeOH rt — 32 1.3 : 1
2 MeOH rt 8 equiv. II 35 1.3 : 1
3 CD2Cl2 rt NaPF6 45 —b

4 MeOH 213 K to rt — 19 1.7 : 1
5 MeOH 328 K — 30 1 : 0
6 MeOH rt H2O 32 1.5 : 1
7 MeOH rt Mol. sieves 63 2 : 1
8 MeOH or THF rt Base — —

[Ir] = [IrCp*Cl(NCMe)(PMe3)]PF6.
aDetermined by 1H NMR spectra.

b Possible allenylidene complex is formed.

Table 2 Reactivity of propargylic alcohols towards acetonitrile
complexes

Entry M A B % Furana Z/E ratioa

1 Ir 1-Pyrenyl Mesityl 32 1.3 : 1b

2 Ir 1-Pyrenyl Phenyl — 1 : 2b

3 Ir 2-Naphthyl Mesityl 15 0 : 1
4 Ir 1-Naphthyl Mesityl 27 1.3 : 1.4
5 Rh 1-Pyrenyl Mesityl 5 1 : 0c

6 Rh 1-Pyrenyl Phenyl — 5.7 : 1

[M] = [MCp*(PMe3)]PF6.
aDetermined by 1H NMR spectra. b After

heating in CH3CN, E isomer completely evolves to Z isomer. c In
30 minutes, a Z : E ratio of 2 : 1 is obtained.
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0.03 Å. Meanwhile, the Ir–Cα bond of around 2.04 Å as well as
the C–C bonds of the rings are consistent with partial double-
bond character as other iridafurans described in
literature.29–32

Interestingly, when compound IV bearing a phenyl group
instead of a mesityl group was used as starting material, the
reaction with the acetonitrile complex only provided the
expected mixture of methoxy(alkenyl)carbene iridium com-
plexes [IrCp*Cl{vC(OMe)–(Z/E)–CHvCPh(1-pyrenyl)}(PMe3)]
PF6 (Z/E-3) in a 1 : 2 ratio (Table 2, entry 2). As before, the E-3
isomer evolves to the most thermodynamically favoured Z-3
isomer when the mixture of both complexes was refluxed in
acetonitrile for 6 hours. Unlike Z-2 and all the previously
reported methoxy(alkenyl)carbene complexes of this family, Z-
3 present in 1H NMR spectrum a fluxional behaviour as the
methoxy resonance split into two peaks at 3.70 and 3.65 ppm
in CD2Cl2. These peaks coalesced at 3.68 ppm when heating
up to 328 K in CD3CN and got sharpened when raising temp-
erature up to 346 K. The 1H NMR spectrum of Z-3 in CDCl3,
CD2Cl2, acetone-d

6 and CD3CN showed the role of the solvent
as the methoxy resonance splits in every case although it
decreased as the polarity increased (Fig. S38).

To better understand the influence of the pyrenyl group on
the 1,2-shift leading to iridafuran complexes, propargylic alco-
hols 1-(2,4,6-trimethylphenyl)-1-(naphthalen-2-yl)prop-2-yn-1-
ol (VI) and 1-(2,4,6-trimethylphenyl)-1-(naphthalen-1-yl)prop-2-
yn-1-ol (VIII), where the pyrenyl group was replaced by a
naphthyl moiety, were reacted towards [IrCp*Cl(NCMe)(PMe3)]
PF6 in methanol. For compound VI (Table 2, entry 3) complex
[IrCp*Cl{vC(OMe)–(E)–CHvCPh(2-naphthyl)}(PMe3)]PF6 (E-4)
and around a 15% of the possible iridafuran complex were
obtained. Thus, the formation of iridafuran was significantly
reduced compared to reactions involving the pyrenyl group
described above. For compound VIII, which resembles more
closely to propargylic alcohol II due to the presence of a Cγ–C1

bond in both substituents, a mixture of [IrCp*Cl{vC(OMe)–
(Z/E)–CHvCPh(1-naphthyl)}(PMe3)]PF6 (Z/E-5) isomers and
the iridafuran [IrCp*Cl{vCH–C(Mes)vC(1-naphthyl)–O–}
(PMe3)]PF6 (6) in a 1.3 : 1.4 : 1 ratio was obtained (Table 2,
entry 4). This result contrasts with the previously reported reac-
tion with the propargylic alcohol bearing 1-naphthyl and phenyl
groups where no iridafuran is obtained.27 The amount of irida-
furan 6 is very similar to the obtained for the mixture of 1 and
Z/E-2, suggesting that not only the mesityl group, but also the
position of substitution on the naphthyl ring (position 1 vs. 2)
significantly affects the steric environment and, consequently,
the efficiency of the 1,2-mesityl shift. Note that bulky 2-spirobi-
fluorene group did not promote the formation of iridafuran.25

Complex 6 displayed similar features than complex 1 in NMR
spectroscopy with a doublet of 1 Hz in the 1H NMR spectrum at
10.66 ppm for CαH with its carbon as a doublet of 10.1 Hz at
217.5 ppm at 13C{1H} NMR spectrum. Also, CαH correlates in
{1H, 1H} NOESY spectrum with the methyl groups of the mesityl
substituent, confirming its shift to Cβ.

To evaluate the influence of the metal center on the reactiv-
ity pattern, treatment of [RhCp*Cl(NCMe)(PMe3)]PF6 with pro-

pargylic alcohols bearing a pyrenyl group and a mesityl group
(II) or a phenyl group (IV) in methanol was studied. These reac-
tions led in both cases to mixtures of Z/E methoxy(alkenyl)
carbene rhodium isomers. Thus, for compound II, the reaction
afforded [RhCp*Cl{vC(OMe)–(Z/E)–CHvC(Mes)(1-pyrenyl)}
(PMe3)]PF6 (Z/E-7) in a 2 : 1 ratio after 30 minutes in methanol
(Table 2, entry 5). Upon prolonging the reaction time to 1 h,
complete isomerization to the thermodynamically favoured Z-7
was observed. However, contrary to the reactivity of the iridium
analogue, the rhodium system led to the formation of the
possible rhodafuran complex in only ca. 5% yield.

In case of compound IV, complex [RhCp*Cl{vC(OMe)–(Z)–
CHvCPh(1-pyrenyl)}(PMe3)]PF6 (Z-8) with small amounts of
possibly E-8, was present in the reaction mixture (Table 2,
entry 6). As happened for complex Z-3, bearing iridium, the
rhodium complex Z-8 also presented a fluxional behaviour.
However, coalescence of the split resonances could not be
achieved as compound Z-8 is not temperature stable.

The contrasting reactivity of Ir and Rh complexes might
arise from differences in metal–carbon bond strength and elec-
tronic stabilization. Iridium forms stronger M–C bonds and
better stabilizes high-energy intermediates to form iridafurans.
Additionally, the steric and electronic influence of the mesityl
group is accommodated by Ir but not by Rh, explaining the
negligible formation of rhodafurans under similar conditions.

As experimental studies did not provide further hints
regarding the mechanism, DFT calculations were performed.
They revealed that formation of complex 1 is energetically
favoured with respect to complexes 2 by around 6.0 kcal mol−1,
although both reactions are downhill by ΔG = −35.27 kcal
mol−1 for complex 1 and ΔG = −28.92/−29.29 kcal mol−1 for
complexes Z/E-2. Compared to the reaction with phenyl substi-
tuent in gamma carbon, DFT calculations supported that for-
mation of the possible iridafuran complex is energetically
favoured by only around 2.6 kcal mol−1, a quite lower value
than the mesityl derivative. As before, both reactions are down-
hill by ΔG = −24.40/−22.77 kcal mol−1 for complexes Z/E-3 and
ΔG = −27.00 kcal mol−1 for the hypothetical iridafuran.

A reasonable mechanism for the formation of 1 would
imply a two-step process of chloride elimination and 1,2-
mesityl shift. A tentative proposal would take place through a
keto–enol tautomerism (Fig. 1). This reaction may occur
through an initial substitution of the acetonitrile ligand at
[IrCp*Cl(NCMe)(PMe3)]PF6 by the propargylic alcohol to form
intermediate A. From this species, a concerted process for the
tautomerization and mesityl migration would afford inter-
mediate B featuring an iridacyclopropane. Subsequent C–H
bond activation through oxidative addition, followed by reduc-
tive elimination of HCl, would lead to intermediate C. The
resulting vacant coordination site at the iridium centre would
then facilitate cyclization to form the iridafuran complex 1.

Formation of complex A exhibits rather large free energy
differences (8.04 kcal mol−1 for IV and 17.60 kcal mol−1 for II)
being the thermodynamic-determining step (Table S4) as pro-
posed by the lack of reactivity of the acetonitrile complex at
low temperatures. However, intermediate A also corresponds
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to the initial step in the mechanism of the methoxy(alkenyl)
carbene complexes Z/E-2 or Z/E-3. From this point, intermedi-
ate A evolves into a vinylidene complex D, which subsequently
eliminates a water molecule to form the allenylidene derivative
E. Intermediate E reacts with methanol, which acts not only as
the solvent but also as a nucleophile, leading to the formation
of complexes 2 or 3 (Fig. 2). All these steps are exergonic in
both cases and follow the mechanism proposed by Selegue26

for the formation of allenylidene complexes. Therefore, the
thermodynamic-determining step for this pathway corres-
ponds to the formation of intermediate A, which is signifi-
cantly more favored when the system bears a phenyl substitu-
ent rather than a mesityl group.

Nevertheless, in the case of the iridafuran pathway, follow-
ing the formation of intermediate A, the tautomerization reac-
tion to generate intermediate B requires a conformational
rearrangement to A′. For the mesityl-substituted derivative,
this transformation has an energy cost of 10.49 kcal mol−1

(Fig. 1, orange trace), whereas for the phenyl analogue, it
increases substantially to 16.51 kcal mol−1 (Fig. 1, blue trace).
From intermediate A′ onward, all subsequent steps in the reac-
tion pathway are exergonic, leading to the formation of the iri-
dafuran complex in both cases. However, the exclusive experi-
mental observation of the iridafuran product from compound
II, is likely governed by the more accessible energy profile of
the A → A′ rearrangement in this system.

Conclusions

In conclusion, this paper shows a previously unreported 1,2-
mesityl rearrangement between carbon atoms leading to the
formation of iridafuran complexes. This transformation
diverges from the well-established reactivity of propargylic
alcohols towards methoxy(alkenyl)carbenes. The mesityl
group has shown to play a key role in enabling this
rearrangement while the phenyl derivatives, usually more
prone to migrate, did not lead towards the formation of the
iridafuran complex. Experimental comparative studies with
rhodium analogues highlight the unique reactivity of the
iridium system while the study with 1- and 2-naphthyl sub-
stituted propargylic alcohols remark the importance of the
substitution position of the aryl group with position 1
favouring the formation of iridafuran complexes. These
results not only broaden the possibilities for group
migrations but also introduce a new way to build metalla-
cyclic structures. The mechanistic insights presented here
are expected to inspire further exploration of unconventional
rearrangement pathways and their synthetic applications
across organometallic and materials chemistry.
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Fig. 1 Proposed energy profile for the formation of complex 1 (orange
line) and its analogue bearing a phenyl instead of mesityl substituent
(blue line). [Ir] = [IrCp*(PMe3)]

+, Pyr = 1-pyrene, Mes = mesityl. All
reported reaction and activation free energies are calculated at 298.15 K
and 0.101325 MPa.

Fig. 2 Proposed energy profile for the formation of complexes Z/E-2
(green line) and Z/E-3 (purple line). [Ir] = [IrCp*(PMe3)]

+, Pyr = 1-pyrene,
Mes = mesityl. All reported reaction and activation free energies are cal-
culated at 298.15 K and 0.101325 MPa.
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