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The reaction of [Cp*IrCl, ], and hfacNa proceeded as expected in DCM to yield Cp*Ir(1,1,1,5,5,5-hexafluoroacetylacetonate)Cl,

but the analogous reaction or further reaction in the presence of MeOH and sodium carbonate gave a surprising array of
unexpected products.
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e Reaction of [Cp*MCl,], (M = Rh, Ir) with 1,1,1-trifluoroacetylacetone (tfac) proceeded as expected to give
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ABSTRACT

Attempts to prepare hexafluoroacetylacetonate (hfac) piano stool complexes of pentamethylcyclopenta-
dienyl Cp* iridium and rhodium led to a surprising array of unexpected products. The desired complex,
Cp*M(hfac)Cl, was obtained following the reaction of sodium hexafluoroacetylacetonate (hfacNa)
with [Cp*MCl, ], in dichloromethane. Variations of this synthetic method resulted in twelve unique
crystallographically identified products, eleven of which contain the hfac ligand or a trifluoroacetylace-
tonate (TFA) ligand, either coordinated to the metal or as a non-coordinating anion. Five dinuclear Cp*
iridium hydroxo-bridged products with various fluorinated non-coordinating anions were obtained.
The most intriguing two complexes are trinuclear Cp*Ir'!l hydroxo-bridged clusters that have, at their
core, an Ir3NaO, cubane structure. Attempts to devise rational syntheses of the hydroxo-bridged
cluster compounds were not successful. Generation of the TFA moieties likely occurred following
degradation of Cp*M(hfac)Cl. The reaction between [Cp*MCl, ], and 1,1,1-trifluoroacetylacetonate
(tfac) proceeded as expected to give Cp*M(tfac)Cl with no observed side product formation, indicating
that the metal-coordinated tfac moiety is significantly more stable than the metal-coordinated hfac

moiety.

1. Introduction

Hexafluoroacetylacetonate (hfac) is an extremely well
known f-diketonato ligand that has been used extensively in
precursor complexes for chemical vapor deposition (CVD) of
metals due to the relatively high volatility of these complexes
[1-4].

Numerous noble metal hfac complexes have been syn-
thesized, including several varieties of iridium and rhodium
complexes. The tris f-diketonato complexes M(hfac); (M
= Ir, Rh) may be prepared from the reaction of hfac with
M(OH); [5, 6]. Ir(hfac); is also prepared through the re-
action of IrCly-xH,O and hfac under inert conditions,
[7] though the analogous reaction with rhodium has been
found to yield RhCl(hfac), - 3H,O rather than the tris -
diketonato complex. Upon sublimation, the chloro-bridged
dimer [(hfac),RhCl], is formed [8]. The acetate-bridged
dimer rhodium(II) [(hfac)Rh(H,O)(OAc)], is synthesized by
reacting hfacH with [Rh(OAc),(H,0)], in water [9]. The
synthesis and characterization of (cod)Rh(hfac) was reported
in 1988 from the reaction of [(cod)RhCl], with hfacH under
basic conditions [10].

Metal complexes of hfac have shown susceptibility to
further reaction in basic aqueous solution. Complexes of
cobalt and chromium featuring [hfac]™ were found to react
with anionic species including hydroxide or methoxide to
produce the dianionic species [hfacX]z‘ that can also act as
a chelating ligand (Figure 1) [11-13].

Recently, we reported on the synthesis, structure and bio-
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Figure 1: Reaction of metal-coordinated hfac with hydroxide
or methoxide to give a dianionic species [13].

logical activity of pentamethyl and tetramethyl-R cyclopenta-
dienyl iridium(IIl) and rhodium(III) piano stool complexes
featuring a range of f-diketonato ligands [14]. It seemed to
be a natural fit that hexafluoroacetylacetonato complexes of
iridium and rhodium should be a part of this investigation.
However, we discovered that this chemistry did not proceed
as expected and instead produces some very intriguing struc-
tures resulting from the decomposition of hexafluoroacetyl-
acetonate iridium species. In this paper, we present these
results and single crystal X-ray diffraction studies of some
very unusual iridium compounds.

2. Synthesis

The synthesis of Cp*M(tfac)Cl (1-Ir and 1-Rh) pro-
ceeded rapidly and with no side products from the reaction
of [Cp*MCl,], with 1,1,1-trifluoroacetylacetone (tfac) and
Na,CO; - H,O in either DCM or methanol. Cp*Ir(hfac)Cl
(2-Ir) was obtained in good yield and purity via the re-
action of [Cp*IrCl,], and 4 equivalents of sodium hexa-
fluoroacetylacetonate (hfacNa) in DCM for approximately
one hour. For rhodium, this method yielded Cp*Rh(hfac)Cl
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Figure 2: Structures of the products discussed in this article. All complexes were identified
crystallographically. Only the core structures of complexes 5-12, which are likely degradation
products from complexes 1-4, are shown here in order to simplify the comparison. The full
structures are shown in Section 6.3.

(2-Rh) in addition to small quantities of the chloro-
bridged rhodium dimers [Cp*Rh(u-Cl)(TFA)], (4-Rh) and
[(Cp*Rh),(u-C1);]*[TFA]~ (12-Rh). Cp*Ir(hfac)(TFA) (3-
Ir) was synthesized quantitatively from the reaction of 2-Ir
with AgTFA in CDCl,. [Cp*M(u?-CI)(TFA)], (4-Ir and 4-
Rh) was obtained in good yield and purity from the reaction
of [Cp*MCl, ], with AgTFA in dry benzene.

For syntheses involving TFA or hfac, dissolution in
methanol and addition of Na,CO; - H,O to either the reaction
mixtures or the isolated products was found to give a num-
ber of unique products in addition to the desired complexes
(Figure 2). Of these unique products, a number of complexes
were identified crystallographically.

3. Structural commentary

Tables with selected relevant bond lengths are given in
the ESI (iridium complexes: Table S1; rhodium complexes:

Table S2).

3.1. Iridium complexes
3.1.1. Iridium complexes with n’-diketonato ligands
Three iridium complexes (1-Ir, 2-Ir, and 3-Ir; Figures 4,
5, and 6, respectively) contain the fluorinated f-diketonato
ligand chelating through both oxygen atoms in a bidentate
binding mode typical of acetylacetonate (acac) complexes.
A search of the 2019 Cambridge Structural Database (CSD)
[15] for iridium acetylacetonate-type complexes found 463
iridium moieties with an 5>— coordinated f-diketone ligand,
showing a minimum Ir—O bond length of 1.991 A to a maxi-
mum of 2.224 A, with a mean of 2.115 A. Two complexes
were found in the CSD containing the intact tfac ligand coordi-
nated to iridium, while six complexes were found containing
the intact hfac ligand coordinated to iridium. The average Ir—
O length for 1-Ir, 2-Ir, and 3-Ir is 2.11(1) A, which falls near
the average of the reported range for Ir—f-diketone ligands.
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3.1.2. Iridium complexes with n'-TFA ligands

Two structures (3-Ir and 4-Ir, Figures 6 and 7, respec-
tively) contain iridium-bound #!-trifluoroacetate ligands. A
CSD search of the [Ir-TFA] moiety found 39 examples with
a mean Ir—O distance of 2.119(3) A and an Ir-O-C bond
angle ranging from a minimum of 115.73° to a maximum
of 137.22° with a mean of 125.6°. For 3-Ir and 4-Ir, the
Ir-O distances for the oxygen atom in the TFA ligand were
2.118(5) A and 2.112(4) A, and the Ir-O-C bond angles are
125.7(4)° and 120.4(4)°, respectively, indicating that the 5!-
TFA ligands for the complexes reported here are relatively
“normal” compared with those in the literature.

3.1.3. Dinuclear hydroxo-bridged iridium complexes

5-Ir, 6-Ir, 7-Ir, and 8-Ir (Figures 8—11, respectively)
are dinuclear iridium(IIT) complexes with three bridging hy-
droxo groups in a hydrogen-bonding interaction with water
molecules and fluorinated non-coordinating ligands. This
[Cp*Ir(yz-OH)3IGC*]+ core has appeared previously in the
literature with different counterions and varying numbers of
waters of hydration H-bonded to the bridging OH ligands
[16-19].

5-Ir and 6-Ir each contain the [Cp*Ir(u2-OH);IrCp*]*
core with two structurally identical non-coordinating anions
(hfac and TFA, respectively) and a sodium cation. In both
cases, one molecule of the non-coordinating fluorinated lig-
and is in a hydrogen-bonding interaction with two of the
bridging OH protons, while the other fluorinated ligand and
two water molecules are bonded to Nal. 5-Ir crystallized in
the space group P1 (#2) while 6-Ir crystallized in the space
group P2,/n (#14). The TFA-Nal moiety in 6-Ir is situated
about an inversion center such that two moieties form an 8-
membered ring. S-Ir contains two molecules of water while
6-Ir contains four molecules of water in the asymmetric unit.

7-Ir contains a single non-coordinating TFA anion and
8-Ir contains a single non-coordinating hfac anion. Both
structures crystallized in the space group P1 and contain four
molecules of water hydrogen-bonded to the bridging OH
ligands. In both cases, the oxygen atoms of the fluorinated
ligand are also hydrogen-bonded to the bridging hydroxo
ligands.

9-Ir (Figure 12) is a dinuclear iridium(III) complex that
appears to contain two non-coordinating fluoride anions. 9-Ir
crystallized in the space group P2,/m with Ir1, Ir2, O3, C1,
C4, C7, and CI10 in special positions on the mirror plane.
Unlike 5-Ir and 6-Ir, we did not locate a non-coordinating
cation, leading to somewhat of a charge discrepancy. This
charge discrepancy may be justified by either considering
disorder to the non-coordinating atoms, or alternatives to the
tris-hydroxo bridging atoms. Our best intuition suggests this
structure likely contains two bridging hydroxo groups and
one bridging water. As O3 is the only bridging group that
lies on the mirror plane, it is tempting and logical to place
the bridging water moiety at this position.

3.1.4. Trinuclear hydroxo-bridged iridium complexes

10-Ir is a trinuclear Ir cluster bridged by four hydroxo
groups with two Na atoms, four distinct TFA units, one water
molecule, and one acetone molecule (Figure 13). The vertices
of the cube include three Ir atoms, four O atoms and one Na
atom. One TFA group (05/06) is singly bonded to Nal but
also has strong hydrogen-bonding to a hydrogen atom of
one of the OH vertices of the cube (09---H-02) as well as
to an H atom on the water molecule bonded to Na2. Two
TFA units (O7/08 and O11/012) bridge the cube Na atom
(Nal) and the non-cube Na atom (Na2). Additionally, both
of those bridging TFA units have strong hydrogen-bonding
between the “carbonyl” oxygen and the hydrogen of one of
the OH vertices of the cube (08---H-04 and O12.--H-03).
The fourth TFA unit (09/010) is coordinated 5! to the Na
atom that is not part of the cube (Na2) and has a hydrogen-
bonding interaction with a hydrogen of one of the OH vertices
(O1) of a neighboring crystallographically equivalent cubane
molecule.

Single crystals containing the cluster unit were grown
and solved in two different unit cells. Both structures were
solved in triclinic space groups, with one of the structures
(10-Ir) in P1 (#2) with Z=2 (Z’=1) and the other (11-Ir) in
P1 (#1) with Z=27=3. The solved structures show the same
core, with the exception that 11-Ir does not contain a water
molecule coordinated to Na2 (Figure 14). Otherwise, the
core atom arrangement is identical between all four unique
molecules, though slight rotational and positional differences
occur between the Cp* moieties and the TFA units. 11-Ir
was numbered analogously to 10-Ir for convenience.

While cubane structures are not uncommon in the litera-
ture — over 2000 entries in the Cambridge Structural Database
[20, 21] - structurally characterized iridium-containing cubes
are quite rare. Only a few Ir,S, cubes are known [22], and
though there are no isolated iridium containing cubanes with
oxygen, an iridium-y-oxo tetranuclear cubane species has
recently been proposed as a resting state in molecular iridium-
based water oxidation [23]. Based on these literature results,
a cluster with three Ir atoms, four O atoms and one Na atom
at the vertices is an extremely unlikely combination.

The average Ir-Ir distance is 3.071(5) A for all 10 metal
centers in the 5 dinuclear hydroxo-bridged complexes and
3.42(1) A for the 12 metal centers in 10-Ir, so there is no
evidence for Ir-Ir bonding in any of these complexes. The
average Ir-O bond length for all 60 Ir—x2-O bonds within the
hydroxo-bridged complexes reported here is 2.12(4) A (range:
2.074-2.213 A), with both the 10 longest and 10 shortest
lengths occurring in the trinuclear complexes. The literature
average (5 structures, 30 Ir—42-0 bonds) is 2.12(1) A (range:
2.098-2.153 A). While the average Ir—O bond length of the
complexes reported here aligns with the literature average, the
cluster moieties do contain a number of significantly longer
and shorter Ir—O bonds than appears to be typical for multi-
nuclear hydroxo-bridged Cp*Ir complexes. In all cases, the
positions of the hydrogen atoms on the bridging hydroxo and
non-coordinating water molecules were somewhat difficult to
locate definitively. Tables with selected relevant bond lengths
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are given in the ESI (iridium complexes: Table S1)

3.2. Rhodium complexes
3.2.1. Rhodium complexes with n?-diketonato ligands
Two rhodium structures (1-Rh and 2-Rh, Figures 15 and
16, respectively) were found to contain a fluorinated ligand
chelating through both oxygen atoms in a bidentate binding
mode. The average Rh—O bond length was found to be 2.11(1)
A, which is on the slightly high end of the CSD average
of 2.069(45) (296 instances of #2— rhodium-coordinated f-
diketonato ligands) but still well within the range of 1.964—
2.275 A.

3.2.2. Dinuclear rhodium complexes

4-Rh (Figure 18) is a dirhodium complex with two bridg-
ing chlorides and a TFA group bound to each rhodium in an
1'— manner. The Rh—O bond length and Rh—O-C bond angle
for4-Rhis 2.121(2) A and 120.6(2)°, respectively. Only 42 of
the 248 Rh—TFA instances in the CSD contained Rh—#!-TFA
moieties. Of these, the mean Rh—O bond length was 2.09(8) A
with the Rh—O-C angle ranging from 97.67-134.39° (mean
of 124.8°).

12-Rh (Figure 17) is also a dirhodium complex, but fea-
tures three bridging chlorides and a non-coordinated TFA
anion. Sixteen tri-u-chloro-bis[Cp*Rh(III)] complexes con-
taining a variety of non-coordinating anions appear in the
CSD with an average Rh—Rh distance of 3.211 A and an
average Rh—ClI bond length of 2.4565 A [24-34]. 12-Rh has
a Rh—Rh distance of 3.2159(4) A, indicating there is no Rh—
Rh bond, and an average Rh—CI bond length of 2.4577 A.
Though this structure seems “normal” with regards to bond
lengths, there is an interesting hydrogen bonding network of
water and TFA molecules that does not occur in the other
structures discussed in this paper, nor did we find it in the
CSD. Two molecules of non-coordinating anionic TFA form
a 16 atom H-bonded ring with 4 water molecules oriented
about an inversion center. The 16-atom rings are connected
via three interconnected 4-membered rings, also oriented
along an inversion center (Figure 3). These layers alternate
with layers of the rhodium complex, with a weak hydrogen
bond between a fluorine atom on one of the TFA moieties
and a methyl group of a neighboring Cp* moiety.

4. Discussion

4.1. Investigation into unexpected complexes

The large variety and number of unexpected complexes
may have originated from decay of the hfac or TFA metal-
coordinated moieties in the presence of Na,CO;-H,0
and MeOH. To probe this theory, one equivalent of
Na,CO; - H,O per iridium center was added to solutions of 2-
Ir, 3-Ir, and 4-Ir in MeOH and stirred for 30 minutes at room
temperature. The MeOH was then removed under reduced
pressure and NMR samples of the yellow residues were made
in CDCl;. Crystals of the products of each reaction were
grown via slow diffusion of hexanes into a saturated ace-
tone solution. Analysis of these crystals revealed that 5-Ir is
formed via degradation of 2-Ir, both 5-Ir and 6-Ir are formed

Figure 3: 12-Rh viewed down the C-axis. Inversion centers are
shown as orange dots.

Table 1
Degradation products obtained from reaction with
Na,CO;-H,0 in MeOH.
Starting complex Product obtained
2-Ir 5-Ir
3-Ir 5-Ir, 6-Ir
4-Ir 7-Ir

via degradation of 3-Ir, and 7-Ir is formed via degradation
of 4-Ir (Table 1).

In several cases, reactions between [Cp*MCl,], and
hfacNa produced products containing trifluoroacetate moi-
eties, which likely originated from the decomposition of
hfac in the presence of water under basic conditions [35].
Consequently, it seemed reasonable that the TFA containing
products observed here could be synthesized rationally using
trifluoroacetate salts with [Cp*IrCl,], in the same solvent
systems as the reactions of the hfac salts. Several attempts
were made to synthesize 10-Ir or 11-Ir intentionally via reac-
tion between the Cp* iridium(III) chloride dimer and AgTFA
or NaTFA in acetone and methanol; however, we were unable
to directly synthesize either cluster. Despite this, 10-Ir and
11-Ir grew from solutions of 5-Ir, indicating that the clusters
are likely produced via decay of 5-Ir.
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4.2. Additional characterization

Due to complexities determining the identities of the com-
plexes via standard characterization techniques, identification
was primarily driven via analysis of the single crystal X-ray
structures.

4.2.1. NMR

Synthesis of 1-Ir, 1-Rh, 2-Ir, 3-Ir, 4-Ir, and 4-Rh con-
sistently proceeded to give pure products that were easily
characterizable via NMR. NMR analysis of the hydroxo-
bridged products (5-Ir-11-Ir) was surprisingly complicated
due to the relatively small number of moieties in each com-
plex that give easily observable, uniquely discernible 'H-
NMR signals. All products gave signals attributable to the
Cp* moiety, though many such signals overlapped, and prod-
ucts with intact hfac ligands gave signals attributable to the
C3-proton on the ligand. Bridging hydroxo and coordinated
water molecules also showed unique signals, though these
signals were less discernible due to H/D exchange as well
as the tendency of these signals to shift based on tempera-
ture and the presence of other components or solvent in the
sample. Following crystallographic identification of these
complexes, NMR samples were made of the pure crystals
when possible; from this, the components in CDCl; solution
were identified.

Many of the compounds were somewhat insoluble in
CDCl;; consequently, several expected 13C NMR signals
were too weak for clear observation within a reasonable ex-
perimental time frame. The only consistently present '3C
NMR signals were attributable to the Cp*CHj3 and Cp*C car-
bon atoms. The carbon signals of the hfac and TFA ligands
were often missing from the spectra, likely because they are
multiplets due to C-F coupling, which weakens the signal.

Deuterated acetone was explored as an NMR solvent in
several cases; however, many of the samples appear to de-
grade in solution, as evidenced by the appearance of new
signals and disappearance of old signals concurrent with a
change in the sample color from yellow or orange to brown.
Solutions containing complexes with non-coordinating an-
ions were also found to decay in CDClI; solution or when
evaporated from CDCl; solution under vacuum.

4.2.2. High-Resolution Mass Spectrometry (HRMS)

In an attempt to further characterize the products of these
reactions, HRMS isotope patterns were assessed, both for
bulk powders containing multiple products as well as for
the isolated pure products. It is noteworthy that the only
isolated products that gave the expected monoisotopic mass
and pattern were 1-Ir, 1-Rh, and 2-Rh. Many complexes
gave a similar isotopic pattern with a monoisotopic mass
around 703.169; however, we were unable to identify this
fragment. Each mixture also contained many other fragments
that were unidentifiable.

A common ion with an averaged monoisotopic
mass of 763.1591 was found in several cases. This
signal was found to match the isotopic pattern and
mass of [CyHs;3Ir,O5]%, which likely corresponds to

either the ion [{Cp*Ir}z{HCOz}z{OH}]Jr or the ion
[{Cp*Ir},{HCO, }{CO,}{OH,}]*. Several signals were
also found for these products that correspond with the
sequential loss of [CO] and [H,O] fragments from this ion.
The source of the [CO,] containing fragments may have
been the formic acid in the mobile phase of the LC-HRMS
system used; however, metal TFA and hfac containing
complexes have also been known to ionize with loss of a
[CF;] fragment [36, 37]. Ultimately, the HRMS traces of
these products corroborate the highly reactive nature of these
metal complexes.

4.2.3. Powder X-ray diffraction

The majority of the bulk samples had poor crystallinity
and gave very weak powder patterns. Additionally, many of
the samples that were not too amorphous for analysis did
not match the calculated patterns, suggesting that the single
crystals isolated and solved are not necessarily representative
of the bulk material. For the hydroxo-bridged complexes,
the lack of match could simply be due to a lack of solvent
molecules in the bulk powders; however, it is also likely that
many samples contained multiple products. Interestingly, the
bulk samples from which 10-Ir and 11-Ir grew were found
to match the calculated PXRD pattern of 5-Ir, rather than the
expected powder pattern calculated from the trinuclear crys-
tals (Figure S1). This corroborates the posit that the cluster
crystals likely grew from degradation of S-Ir in solution.

5. Conclusions

Though metal complexes of hfac are extremely com-
mon in the literature, the preparation of Cp*Ir(hfac)Cl from
[Cp*IrCl, ], and hfac led to the expected product in DCM but
was relatively unsuccessful in other solvent systems. Instead,
reactions in the presence of MeOH and Na,CO; - H,O led to
a variety of products, eleven of which were characterized by
single crystal X-ray crystallography, including two [Cp*Ir],
clusters and five [Cp*Ir], dimers, all bridged by hydroxo
groups. The most unique and intriguing structures found in
this study are the cluster compounds, 10-Ir and 11-Ir. While
we have yet to find the correct conditions to make these clus-
ters rationally, future work will continue since such a cluster
is likely to have very interesting redox chemistry [38, 39].

While not known with certainty, it would appear that
the well-characterized complexes 1-4 undergo decomposi-
tion in the presence of Na,CO; - H,O and MeOH, leading
to the formation of the observed decomposition products.
The exact mechanism of the formation of these products is
more complicated than simply reaction with hfac constituents,
however, since attempts to make the cluster intentionally
were not successful. There were no issues with using 1,1,1-
trifluoroacetylacetonate (tfac) as a ligand and the expected
Cp*M(tfac)Cl complexes (M = Rh, Ir) were formed in good
yield and purity.
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6. Experimental

6.1. Materials

Rhodium and iridium dimers [Cp*MCI, ], were synthe-
sized as reported previously [40]. Reagent grade solvents
and all other materials for synthesis, purification, and char-
acterization were purchased from commercial sources and
used as received unless otherwise stated. Sodium hexafluoro-
acetylacetonate, thallium hexafluoroacetylacetonate, sodium
trifluoroacetate, and silver trifluoroacetate were purchased
from Strem Chemicals (Newburyport, MA 01950). Deuter-
ated solvents for NMR spectroscopy were obtained from
Cambridge Isotope Laboratories.

6.2. Instrumentation

'"HNMR, '3C NMR, and ’FNMR spectra were collected
on a Varian MR-400 NMR spectrometer. 13C and '°F NMR
were correspondingly recorded at 101 and 376 MHz, respec-
tively. HRMS were collected on an Agilent 6220 Accurate
Mass TOF LC-MS. X-ray crystallographic data for 3-Ir, 4-Ir,
7-Ir, and 10-Ir were collected at 100K on a Rigaku Oxford
Diffraction Gemini E Ultra operating with Mo Ka radiation.
X-ray crystallographic data for 1-Ir, 1-Rh, 2-Ir, 2-Rh, 4-
Rh, 5-Ir, 6-Ir, 8-Ir, 9-Ir, 11-Ir, and 12-Rh were collected at
100K on a Rigaku Oxford Diffraction Synergy operating with
Mo Ke radiation. Data collection and data reduction were
performed using Agilent’s CrysAlisPro software [41]. Struc-
ture solution was performed using SHELXT-201430 [42] and
refined using SHELXL-201431 via Olex2. The final refine-
ment model involved anisotropic displacement parameters
for non-hydrogen atoms and a riding model for all hydrogen
atoms. Olex2 was used for molecular graphics generation
[43]. Searches of the Cambridge Structural Database [15]
were carried out using the program Conquest [44] and the
results were analyzed with the statistical functions of the
program Mercury [20, 21].

6.3. Synthesis and Characterization

6.3.1. Iridium complexes

Synthesis of 1-Ir. A round-bottom flask was charged with
[Cp*IrCl, ], (0.0581 g, 0.0729 mmol), trifluoroacetylacetone
(0.0195 mL, 0.1604 mmol), and Na,CO5 - H,O (0.0233 g,
0.1879 mmol) in acetone with a small amount of MeOH.
The solution was stirred magnetically for approximately 40
minutes while the color changed from orange to clear yellow.
The solvent was removed under reduced pressure and the
residue dissolved in minimal DCM and filtered. Addition
of hexanes gave a yellow powder (0.0554 g, 73%). Single
crystals were grown from vapor diffusion of hexanes into
DCM (Figure 4). '"H NMR (400 MHz, CDCl;, 6): 5.59 (s,
1H, C(O)CHC(0)), 2.05 (s, 3H, C(O)CH3), 1.59 (s, 15H,
Cp*Me). 1*C NMR (101 MHz, CDCl,, §): 192.3 (C(O)CHj),
165.9 (unresolved q, J=33.1 Hz, C(O)CF;3), 118.3 (unre-
solved q, /=283.8 Hz, C(O)CF;), 96.2 (C(O)CHC(0)), 84.3
(Cp*C), 29.5 (C(O)CH;), 8.8 (Cp*Me). '°F NMR (376
MHz, CDCl;, 6): -74.77. HRMS/ESI+ (m/z): Calc. for
C,5H,oF;0,[*°Ir]: 481.0961; Found: 481.0970.

Figure 4: ADP plot of 1-Ir (CCDC: 1902049). Hydrogen atoms
omitted for clarity. Ellipsoids shown at 50% probability.

Synthesis of 2-Ir. A round-bottom flask was charged with
[Cp*IrCl, ], (0.0504 g, 0.0633 mmol) and hfacNa (0.0612 g,
0.2660 mmol) in dry DCM. The orange solution was stirred
magnetically for 2 hours then filtered. The solvent was re-
moved via reduced pressure. Addition of hexanes to the or-
ange oily residue gave an orange powder that was collected
on a frit and washed with cold hexanes, giving 2-Ir as the
exclusive product via NMR (0.0456 g, 64%). Single crystals
of 2-Ir (Figure 5), 3-Ir, and 4-Ir grew from vapor diffu-
sion of hexanes into DCM. Analysis for 2-Ir: 'H NMR (400
MHz, CDCls, 6): 5.93 (s, 1H, C(O)CHC(0O)), 1.61 (s, 15H,
Cp*Me). 13C NMR (101 MHz, CDCls, 6): 172.4 (q, J=35.3
Hz, C(O)CF;), 117.6 (q, /=284.6 Hz, (C(O)CF3)), 92.0-91.8
(m, C(O)CHC(0)), 85.5 (Cp*C), 8.8 (Cp*Me). ’F NMR
(376 MHz, CDCls, 6): -75.49.

Figure 5: ADP plot of 2-Ir (CCDC: 1996243). Hydrogen atoms
omitted for clarity. Ellipsoids shown at 50% probability.

Synthesis of 3-Ir. AgTFA (0.0080 g, 0.0361 mmol) was
added to a sample of 2-Ir in CDCl; (0.0206 g, 0.0361 mmol).
The solution was heated at 40 °C for 2 hours while the color
changed from orange to gold. The solution was then filtered
and analyzed to show quantitative conversion to 3-Ir (0.0234
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g, 100%). Single crystals of 3-Ir (Figure 6) were grown from
vapor diffusion of hexanes into DCM. 1H NMR (400 MHz,
CDCl;, 6):5.96 (s, 1H, C(O)CHC(0)), 1.62 (s, 15H, Cp*Me).
13C NMR (101 MHz, CDCls, 6): 173.1 (q, J=35.6 Hz, hfac
C(O)CFy), 161.6 (q, J=36.6 Hz, TFA OC(O)CF;), 117.7 (q,
J=284.3 Hz, hfac C(O)CF;), 116.2 (q, /=290.5 Hz, TFA
OC(0)CF;), 91.4-91.2 (m, C(O)CHC(0)), 85.2 (Cp*(), 9.2
(Cp*Me). °F NMR (376 MHz, CDCls, 6): -74.74 (s, 3F),
-75.57 (s, 6F).

Figure 6: ADP plot of 3-Ir (CCDC: 1902050). Hydrogen atoms
omitted for clarity. Ellipsoids shown at 50% probability.

Synthesis of 4-Ir. AgTFA (0.0214 g, 0.0969 mmol) and 4
A mol sieves were stirred in benzene at room temperature
for approximately one hour before [Cp*IrCl,], (0.0300 g,
0.0377 mmol) was added, which resulted in a color change
to yellow with pale colored precipitate. The solution was
stirred magnetically for 1 hour, then syringe filtered. The
solvent was removed under reduced pressure to give a yellow
microcrystalline product (0.0282 g, 79%). Crystals of 4-Ir
(Figure 7) grew from vapor diffusion of hexanes into DCM.
'H NMR (400 MHz, CDCls, 6): 1.51 (s, 15H, Cp*Me). 13C
NMR (101 MHz, CDCl;, 6): 115.9 (unresolved q, /=290.9
Hz, (C(O)CF)), 85.8 (Cp*C), 9.2 (Cp*Me). '°F NMR (376
MHz, CDCls, 6): -73.50.

Synthesis of 5-Ir. Na,CO; - H,0 (0.0197 g, 0.1589 mmol)
was added to a solution of 2-Ir (0.0447 g, 0.0784 mmol) in
MeOH (10 mL), affecting an immediate color change from
orange to yellow. The solution was stirred at room tempera-
ture for 30 minutes. The solvent was removed under reduced
pressure, DCM was added, and the solution was filtered. Ad-
dition of hexanes gave a yellow powder that was collected
on a frit and washed with cold hexanes (0.0328 g, 73%). Sin-
gle crystals of 5-Ir (Figure 8) grew from vapor diffusion of
hexanes into acetone. PXRD of the bulk powder was found
to match the powder pattern calculated from the single crys-
tal of 5-Ir. '"H NMR (400 MHz, CDCls;, 6): 5.80 (s, 2H,
C(O)CHC(0))), 3.37 (s, 3H, OH) 1.57 (s, 15H, Cp*Me). 13C
NMR (101 MHz, CDCls, 6): 86.7-86.4 (m, C(O)CHC(0O)),
81.0 (Cp*C), 9.2 (Cp*Me). ’F NMR (376 MHz, CDCl;, §):

Figure 7: ADP plot of 4-Ir (CCDC: 1902053). Atoms generated
by inversion are denoted with a superscript i following the label.
Hydrogen atoms omitted for clarity. Ellipsoids shown at 50%
probability.

-76.79.

Figure 8: ADP plot of 5-Ir (CCDC: 1996249). Hydrogen atoms
on the Cp* and hfac moieties are omitted for clarity. Ellipsoids
shown at 50% probability.

Synthesis of 6-Ir and 7-Ir. Na,CO;-H,0 (0.0049 g,
0.0398 mmol) was added to a solution of 3-Ir (0.0234 g,
0.0361 mmol) in MeOH (3 mL). The solution was stirred at
room temperature for 30 minutes. The solvent was removed
under reduced pressure, CDCl; was added, and the solution
was filtered. and analyzed via NMR to reveal multiple signals.
Single crystals of 5-Ir and 6-Ir (Figures 8 and 9, respectively)
were grown from vapor diffusion of EtOEt into a solution of
MeOH and DCM. No yield can be given for this reaction, as
the crystalline components are most likely degradation prod-
ucts. A third unique type of crystal was found in the same
sample; however, the quality of these crystals was too low
for X-ray diffraction. Over time, a large number of crystals of
7-Ir (Figure 10) also grew from this solution. These crystals
were able to be isolated and characterized via NMR. NMR
analysis is given for 7-Ir. '"H NMR (400 MHz, CDCls, 0):

DuChane et al.: Preprint submitted to Elsevier

Page 7 of 12



Hexafluoroacetylacetonate (hfac) as ligand for pentamethylcyclopentadienyl (Cp*) rhodium and iridium complexes

3.60 (s, 3H, OH), 1.60 (s, 30H, Cp*Me). 3C NMR (101
MHz, CDCls, 8): 80.4 (Cp*C), 9.5 (Cp*Me). 1’F NMR (376
MHz, CDCl3, 8): -75.80.

Figure 9: ADP plot of 6-Ir (CCDC: 1996248). Hydrogen atoms
on the Cp* moiety are omitted for clarity. Ellipsoids shown at
50% probability.

Figure 10: ADP plot of 7-Ir (CCDC: 1902054). Hydrogen atoms
on the Cp* moiety are omitted for clarity. Ellipsoids shown at
50% probability.

Synthesis of 8-Ir. A round-bottom flask was charged with
[Cp*IrCl, ], (0.0325 g, 0.0408 mmol) and hfacNa (0.0219 g,
0.0952 mmol) in DCM (10 mL). The solution was stirred mag-
netically for 48 hours, then MeOH (2 mL) and Na,CO; - H,O
(0.0134 g, 0.1081 mmol) were added, affecting a color change
from orange to clear yellow. After stirring overnight, the so-
lution was diluted with DCM (15 mL), washed with water
(2x10 mL), and brine (10 mL). The yellow organic layer
was dried over Na,SO, and the solvent was removed via re-
duced pressure, yielding a yellow powdery residue (0.0288 g,
77%). Identical single crystals of 8-Ir (Figure 11) grew from
CDCl; and from D, 0. Over time, single crystals of 6-Ir and
7-Ir also grew from the same solution. Analysis for 8-Ir: 'H
NMR (400 MHz, CDCls, 6): 5.70 (s, 1H, C(O)CHC(0))),
3.53 (s, 3H, OH) 1.58 (s, 15H, Cp*Me). 13C NMR (101 MHz,

CDCls, 8): 86.5-85.9 (m, C(0)CHC(0)), 80.8 (Cp*C), 9.0
(Cp*Me). 'F NMR (376 MHz, CDCl,, 6): -76.70.

Figure 11: ADP plot of 8-Ir (CCDC: 1996245). Hydrogen atoms
on the Cp* and hfac moieties are omitted for clarity. Ellipsoids
shown at 50% probability.

Synthesis of 9-Ir. A round-bottom flask was charged with
[Cp*IrCl, ], (0.0509 g, 0.0639 mmol) and NaTFA (0.0265
g, 0.1948 mmol) in a 1:1:1 mixture of acetone, MeOH, and
DCM (12 mL). The solution was stirred magnetically for
60 minutes while the color changed from orange to yellow
with pale colored precipitate. The solution was washed with
saturated aqueous Na,CO5 (10 mL) and brine, then dried
over Na,SO,. Addition of hexanes gave a pale yellow pow-
der (0.0170 g) that was collected on a frit and washed with
hexanes. Single crystals of 7-Ir grew from vapor diffusion of
hexanes into an acetone solution of the bulk powder. Single
crystals of 9-Ir (Figure 12) grew from slow evaporation of a
CDCI; solution of the bulk powder. No yield can be given for
9-Ir, which is most likely a degradation product. Analysis for
9-Ir: 'H NMR (400 MHz, CDCls, 6): 1.68 (s, 15H, Cp*Me).
13C NMR (101 MHz, CDCls, §): 80.8 (Cp*C), 9.7 (Cp*Me).

Synthesis of 10-Ir. A round-bottom flask was charged with
[Cp*IrCl,], (0.0500 g, 0.0628 mmol) and hfacNa (0.0332
g, 0.1443 mmol) in acetone (10 mL) with MeOH (3 mL).
The solution was stirred magnetically for approximately 60
minutes while the color changed from orange to clear yellow.
The solvent was removed via reduced pressure and the residue
was dissolved in DCM and filtered. Addition of hexanes gave
a pale yellow powder that was collected on a frit and washed
with cold hexanes (0.0402 g). NMR analysis in CDCl; and
d-acetone shows a mixture of products. Single crystals of
2-Ir, 3-Ir, 5-Ir, 7-Ir, and 10-Ir (Figure 13) were grown from
vapor diffusion of hexanes into DCM or acetone. No yield can
be given for 10-Ir, as it is most likely a degradation product.

Synthesis of 11-Ir. A round-bottom flask was charged with
[Cp*IrCl,], (0.0600 g, 0.0753 mmol) and Na,CO5 -H,0
(0.0196 g, 0.1582 mmol) in acetone (10 mL). Hexafluo-
roacetylacetone (0.0219 mL, 0.1544 mmol) was added drop-
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Figure 12: ADP plot of 9-Ir (CCDC: 1996250) Atoms related
by a mirror plane are denoted with a superscript i following
the label. Hydrogen atoms on the Cp* moiety are omitted for
clarity. Ellipsoids shown at 50% probability.

Figure 13: ADP plot of 10-Ir (CCDC: 1902052). Hydrogen
atoms on the Cp* moieties and non-coordinating solvent (ace-
tone) are omitted for clarity. Labels are shown only for Ir, Na,
and O atoms. Ellipsoids shown at 50% probability.

wise to the stirring mixture. After 25 min, MeOH (2 mL)
was added. The solution was stirred magnetically for approx-
imately 60 minutes while the color changed from orange to
clear yellow. The solvent was removed via reduced pressure
and the residue was dissolved in DCM and filtered. Addition
of hexanes gave a yellow-brown powder (0.0671 g) that was
collected on a frit and washed with cold hexanes. NMR anal-
ysis in CDCl; and d-acetone shows a mixture of products.
Crystals of 7-Ir and 11-Ir (Figure 14) grew from vapor dif-
fusion of hexanes into a solution of acetone and DCM. No
yield can be given for 11-Ir, as it is most likely a degradation
product.

6.3.2. Rhodium complexes

Synthesis of 1-Rh. A round-bottom flask was charged with
[Cp*RhCl,], (0.0508 g, 0.0822 mmol), trifluoroacetylace-
tone (0.0219 mL, 0.1808 mmol), and Na,CO; - H,O (0.0273
g, 0.2202 mmol) in acetone with a small amount of MeOH.

Figure 14: ADP plot of 11-Ir (CCDC: 1996247). Hydrogen
atoms omitted for clarity. Labels are shown only for Ir and Na
atoms. Ellipsoids shown at 50% probability.

The solution was stirred magnetically for approximately 40
minutes while the color changed from red to clear orange.
The solvent was removed under reduced pressure and the
residue dissolved in minimal DCM and filtered. Addition
of hexanes gave an orange microcrystalline powder (0.0622
g, 89%). Single crystals of 1-Rh (Figure 15) were grown
from vapor diffusion of hexanes into DCM. 'H NMR (400
MHz, CDCls, 6): 5.49 (s, 1H, C(O)CHC(0O)), 2.13 (s, 3H,
C(O)CHj3), 1.63 (s, 15H, Cp*Me). 3C NMR (101 MHz,
CDCls, 6): 194.5 (C(O)CHs), 168.0 (unresolved q, J=32.4
Hz,C(O)CF;3), 118.3 (unresolved q, J=284.8 Hz, C(O)CF;),
94.2 (m, C(O)CHC(0)), 92.9 (d, J z=9.2 Hz, Cp*C), 29.7
(s, C(O)CH,), 8.6 (Cp*Me). 1°F NMR (376 MHz, CDCl,,
6): -74.67. HRMS/ESI+ (m/z): Calc. for C;sH;9O,F;Rh:
391.0387; Found: 391.0398.

Figure 15: ADP plot of 1-Rh (CCDC: 1902051). Hydrogen
atoms are omitted for clarity. Ellipsoids shown at 50% probabil-
ity.

DuChane et al.: Preprint submitted to Elsevier

Page 9 of 12



Hexafluoroacetylacetonate (hfac) as ligand for pentamethylcyclopentadienyl (Cp*) rhodium and iridium complexes

Synthesis of 2-Rh and 12-Rh. In the glovebox, a Schlenk
flask was charged with sodium hexafluoroacetylacetonate
(0.0270 g, 0.1174 mmol). The flask was brought out of the
glovebox, and [Cp*RhCl,], (0.0299 g, 0.0484 mmol) and
nitrogen-purged DCM (10 mL) were quickly added. The so-
lution was stirred magnetically for approximately 2 hours,
then filtered under air. The solvent was removed under re-
duced pressure and the orange residue dissolved in minimal
DCM. Addition of hexanes gave an orange microcrystalline
powder (0.0325 g, 70%). Single crystals of 2-Rh (Figure
16), 4-Rh, and 12-Rh (Figure 17) grew from vapor diffu-
sion of hexanes into DCM or acetone. No yield can be given
for 12-Rh, as it is most likely a degradation product. Anal-
ysis for 2-Rh: TH NMR (400 MHz, CDCls, 6): 5.85 (s, 1H,
C(O)CHC(0)), 1.66 (s, 15H, Cp*Me). '*C NMR (101 MHz,
CDCl, 6): 175.3 (unresolved q, /=34.8 Hz,C(O)CF3), 117.4
(unresolved q, /=287.8 Hz, C(O)CF3), 93.8 (d, /=9.7 Hz,
Cp*C), 89.3 (m, C(O)CHC(0)), 8.7 (Cp*Me). ’F NMR
(376 MHz, CDCls, 6): -75.51. HRMS/ESI+ (m/z): Calc. for
C,sH,4FcO,Rh*: 445.0104; Found: 445.0105.

Figure 16: ADP plot of 2-Rh (CCDC: 1996246) Hydrogen
atoms omitted for clarity. Ellipsoids shown at 50% probability.

05

Figure 17: ADP plot of 12-Rh (CCDC: 1996251) Hydrogen
atoms omitted for clarity. Ellipsoids shown at 50% probability.

Synthesis of 4-Rh. AgTFA (0.0244 g, 0.1105 mmol) and
4 A mol sieves were stirred in benzene at room temperature
for approximately one hour before [Cp*RhCl,], (0.0299 g,
0.0484 mmol) was added, which resulted in a color change
to orange with pale colored precipitate. The solution was
stirred magnetically for 1 hour, then syringe filtered. The
solvent was removed under reduced pressure to give an orange
microcrystalline product (0.0160 g, 43%). Single crystals
of 4-Rh (Figure 18) grew from vapor diffusion of hexanes
into DCM. 'H NMR (400 MHz, CDCl,, §): 1.54 (s, 15H,
Cp*Me). 1*C NMR (101 MHz, CDCls, 6): 94.1 (d, J=9.2
Hz, Cp*C), 9.1 (Cp*Me). ’F NMR (376 MHz, CDCls, 6):
-73.69.

Figure 18: ADP plot of 4-Rh (CCDC: 1996244). Atoms gener-
ated by inversion are denoted with a superscript i following the
label. Hydrogen atoms omitted for clarity. Ellipsoids shown at
50% probability.
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