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Abstract—[Ir(COD)Cl], (COD = 1.5-cyclooctadiene) reacted with a-diimines (LL) derived
from glyoxal (GLL) or biacetyl (BLL) giving different types of compounds depending on
the ligand and on the stoichiometric ratios employed, i.e. [Ir,(COD),Cl,(GLL)] when
[Ir(COD)CI},/GLL = 1:1 or IrCI(COD)(LL) when [Ir(COD)CI],/LL = 1 : 2. Solutions of
[Ir,(COD),Cl,(GLL)] contain ionic [Ir(COD)(GLL)]* [Ir(COD)Cl,]~ species and dimeric
[Ir(COD)CI),(u-GLL) species with bridging LL groups in equilibrium. IrCI(COD)(LL)
compounds are pentacoordinated in the solid state and undergo rearrangements in solution.
In the presence of bulky anions, cationic [Ir{(COD)(LL)]A species were formed. When the
reactions were performed in the presence of SnCl,, pentacoordinated Ir(SnCl,)(COD)(LL)
compounds were obtained, which in solution showed static or dynamic behaviour depending
on the ligand. The different compounds are active catalysts in the homogeneous hydrogen
transfer from isopropanol to cyclohexanone. The cationic species show higher activity and

the most active cation is the compound containing biacetyloximehydrazone.

a-Diimines, RN:C(R)C(R’):NR (LL), have
shown a versatile coordination chemistry.! Their
reactivity with diolefinic rhodium halocompounds
has been studied extensively,”® giving different
types of product, depending on the stoichiometric
ratios employed and/or the nature of the ligands,
while their reactivity with iridium has been scarcely
investigated.” Transition metal halocomplexes react
with tin(II) halides to give most frequently tri-
halostannato compounds.® Several iridium com-
plexes containing phosphine ligands and the
trichlorostannato group bonded through the tin
atom have been described,” though unusual com-
pounds containing the SnCl; moiety bonded
through chlorine atoms have also been reported."
Metallomacrocycles such as Ir,(CO),Cly(u-LL),
containing diphosphines as bridging ligands react
with SnCl, to give compounds containing SnCl1'! or
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SnCl,'? bridging groups. Iridium compounds con-
taining trichlorostannato groups and nitrogen-
donor ligands have been scarcely studied* and the
reported compounds contain tin-bonded groups.
Iridium(I) complexes with bidentate nitrogen-
donor ligands are very active in hydrogen transfer
reactions from alcohols to several unsaturated
organic substrates,'* and iridium(I) compounds
containing trichlorostannato groups have shown
catalytic activity in hydrogenation'® and hydrogen
transfer'® processes. Recently, we have reported on
the reactions of rhodium halocomplexes with «-
diimines and their reactions with SnCl,'""® on
account of the potential catalytic activity of tran-
sition metal complexes containing covalently
bonded tin compounds in organic trans-
formations.®* We now report on the reactions of
[Ir(COD)CI}, with x-diimines derived from glyoxal
(GLL) or biacetyl (BLL) in the presence or absence
of SnCl,. The catalytic activity of the species
obtained in the hydrogen transfer reaction from
isopropanol to cyclohexanone is also reported.
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EXPERIMENTAL

The preparation of the metal complexes was car-
ried out at room temperature under nitrogen using
standard Schlenk techniques. [Ir(COD)CI]," and
the o-diimines® were prepared as reported
previously. Microanalysis was carried out with a
Perkin—Elmer 240C microanalyser. Conductivities
were measured in acetone or methanol solution
with a Metrohm E 518 conductimeter. IR spectra
were recorded with a Nicolet FTIR 740 in the range
4000-50 cm~' using Nujol mulls between poly-
ethylene sheets or KBr pellets. NMR spectra were
recorded with an XL-300 Varian spectrometer ; 'H
(TMS internal standard) spectra were measured in
CDCI; or acetone-d, solutions at variable tem-
perature in 5-mm tubes. '°Sn (SnMe, external stan-
dard) spectra were measured in acetone-acetone-d,
(1:1) solutions at variable temperature in 10-mm
tubes. The analyses of the catalytic reactions were
carried out with a Shimadzu GC-14A chro-
matograph, connected to a Shimadzu C-R6A cal-
culation integrator.

Preparation of [Ir,(COD),CL(LL)] complexes

To a CH,Cl, (LL = GCH (glyoxal-bis(cyclo-
hexylimine)) or GAA (glyoxal-bis(4-dimethyl-
aminophenylimine))) or  acetone  solution
(LL = GHA (glyoxal-bis(4-hydroxyphenylimine)))
of [Ir(COD)CI], (0.06 mmol) was added an equi-
molar amount (0.06 mmol) of the corresponding
ligand upon which solutions or a suspension
(LL = GHA) were obtained. Addition of hexane
gave the precipitates that were filtered off, washed
with the corresponding solvent and vacuum dried.
Yields: 45-81%.

Preparation of [IrCI(COD)(LL)] complexes

To a CH,Cl, solution of [Ir(COD)CI], (0.06
mmol) was added twice the amount (0.12 mmol) of
GCH, GHA, BDH (Biacetyldihydrazone) or BOH
(Biacetyl-oxime-hydrazone), or excess of BDA
(Biacetyldanyl) (0.15 mmol) or BDNH (Biacetyl-
bis(dimethylhydrazone)) (0.24 mmol). Addition of
hexane or diethyl ether gave precipitates. The com-
pounds obtained were filtered off, washed with the
corresponding solvent and vacuum dried. Yields:
43-90%.

Preparation of Ir(SnCl;)(COD)(LL) complexes

To a CH,Cl, solution of {Ir(COD)CI], (0.06
mmol) was added twice the amount (0.12 mmol) of
the corresponding ligand. Addition of a methanol

solution of SnCl, (0.12 mmol) led, after elimination
of CH,Cl,, to the precipitation of the complexes,
which were filtered off, washed with MeOH and
vacuum dried. Yields: 50-85%.

Preparation of [Ir(COD)(LL)]PF, complexes

To a CH,Cl, or acetone (LL = BMG (dimethyl-
glyoxime)) solution or MeOH suspension (LL
= BDH) of [Ir(COD)CI], (0.06 mmol) was added
twice the amount (0.12 mmol) of the corresponding
ligand and double the amount of NH,PF, (0.12
mmol). After filtration of the NH,Cl formed and
addition of hexane or diethyl ether (LL = BDH,
BMG) to the clear solution thus obtained, dark
coloured solids precipitated which were filtered off,
washed with the corresponding solvent and vacuum
dried. Yields: 47-65%.

Preparation of [Ir(COD)(GHA)]BF,

To a CH,CI, solution of [Ir(COD)CI], (0.06
mmol) was added twice the amount of GHA (0.12
mmol) and double the amount of AgBF, (0.12
mmol). After filtration of the AgCl formed and
addition of hexane to the clear solution, a brown
solid was obtained and then filtered off, washed
with hexane and vacuum dried. Yield: 90%.

Catalytic reactions

The transfer hydrogenation reactions were car-
ried out under nitrogen in refluxing isopropanol at
83°C with magnetic stirring. The equipment con-
sisted of a 100 cm? round-bottomed flask, fitted
with a condenser and provided with a serum cap.
The catalysts were prepared by adding 0.2 mmol of
potassium hydroxide in 10 cm® of isopropanol to
solutions (20 ¢m®) of: (a) 0.02 mmol of [Ir(CO-
D)(LL)]JA ; (b) 0.01 mmol of [Ir(COD)Cl], and 0.02
mmol of LL, i.e. [Ir(COD)CI],/LL = 1:2; (c) 0.01
mmol of [Ir(COD)CI],, 0.02 mmol of LL and 0.02
mmol of SnCl,, i.e.[Ir(COD)CI],/LL/SnCl, =
1:2:2; or (d) 0.01 mmol of [Ir(COD)CI],, 0.02
mmol of LL and 0.04 mmol of SnCl,, i.e. [Ir(COD)
Cl),/LL/SnCl, = 1:2:4. The resulting solutions
were refluxed for 30 min and 4 mmol of the sub-
strate in 10 cm® of isopropanol were injected.

RESULTS AND DISCUSSION

[Ir(COD)CI], reacts with a-diimines (LL,
RN:C(R)YC(R"):NR") derived from glyoxal
(GLL, R’ = H) abbreviated as GCH (R =R" =
cyclohexyl), GAA (R = R” = 4-dimethylamino-
phenyl) or GHA (R = R” = 4-hydroxyphenyl),
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and derived from biacetyl (BLL, R = CH,), ab-
breviated as BDA (R = R” =phenyl), BDH
(R = R" = NH,), BOH (R = NH,, R” = OH) and
BDNH [R = R"” = N(CHj;),] to afford different
types of compounds depending on the type of ligand
and on the stoichiometric ratios employed in the
reaction as indicated in Scheme 1.

When using glyoxal derivatives, GLL and
Ir/GLL = 2:1 ratios, [Ir,(COD),Cl,(LL)] species
are obtained (Table 1). The solid compounds show
the expected IR bands due to imine coordinated
ligands, along with signals due to v(Rh—Cl). Red-
dish-brown [Ir,(COD),Cl,(GCH)] is unstable in
solution and instantly gives violet solutions, which
according to the '"H NMR spectra at different tem-
peratures, contain mainly IrCI(COD)(GCH) (see
below) and [[r(COD)CI],. GHA and GAA com-
pounds show low conductivities in acetone solu-
tion, suggesting non-electrolyte behaviour due to
dimeric [Ir,(COD),Cl,(u-GLL)] compounds con-
taining bridging diimine groups. The 'H NMR
spectrum of the slightly soluble [Ir,(COD),
CL(GAA)] shows, at room temperature (Table 2),
one resonance at 8.83 ppm for both imine protons,
which indicates chelation of the diimine and two
signals for the olefinic protons at 4.38 and 4.23
ppm, respectively, that could correspond to
ionic {Ir(COD)(GAA)]*[Ir(COD)Cl,]~ species.”!
Nevertheless, the presence of a weak resonance at
10.24 ppm suggests the existence of a small amount
of a dimeric species with a bridging diimine

group,>**>"® thus indicating an equilibrium between
ionic and neutral species that could be responsible
for the low conductivity data. The low solubility of
this compound precluded low temperature
measurements. These results indicate that the tend-
ency to form dimeric species is lower for iridium
than for rhodium.'® When using the biacetyl deriva-
tives, BLL and Ir/BLL = 2:1 ratios, undefined
mixtures of products were obtained. A lower tend-
ency of diimines derived from biacetyl to behave as
bridging ligands has been reported.'

When using Ir/LL = 1:1 stoichiometric ratios,
pentacoordinated IrCI(COD)(LL) compounds are
obtained. They show the expected IR bands due to
imine group coordination in all cases, along with
signals due to v(Rh—Cl) stretching. In acetone
solution these complexes behave as non-elec-
trolytes, while in methanol solution some chloride
dissociation occurs (Table 1). '"H NMR spectra of
the compounds containing GCH or BDA show
dynamic behaviour in chloroform solution (Table
2). In both cases the olefinic protons show only one
resonance at room temperature, which broadens
and collapses on lowering the temperature. By
—60°C, the expected two resonances of penta-
coordinated compounds are observed. The pro-
cess responsible for the equilibration of the olefinic
protons in this pentacoordinated species could be a
Berry pseudo-rotation or a dissociation process.

Reaction of IrCI{(COD)(LL) with SnCl, gives
neutral pentacoordinated trichlorostannato com-

[Ir(COD)Cl],
) (iif)
[Irx(COD),Cly(LL)] —e=—— [IC(COD)LL)]

(iv)

Ir(SnCl3)(COD)(LL)

)

[I(COD)(LL)] A

(i) I/GLL=2/1; (ii) LL=GCH; (iii) Ir/LL=1/1: (iv) I/LL/SnCl=1/1/1: (v) Ir/LL/A"=1/1/1

Scheme 1.
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Table 1. Analytical and physical data for the complexes
Am
Found (Calc.) (%) (ohm™'cm?® v(C=N) v(M—Cl)
Compound C H N mol™")  (cm™') (cm™") Colour
Ir,(COD),ClL,{GCH) 40.2 5.2 2.9 1650(w) 327(m); reddish brown
404) (.4 3. 305(m)
Ir,(COD),Cl,(GAA) 42.7 3.6 59 27;%24°  1602(s); 324(m); brown
(42.8) (4.8) (5.8) 1558(w);  319(m)
1515(s)
Ir,(COD),CL(GHA) 39.0 3.6 3.2 19;48"  1605(s) 317(m) brown
(39.5) (4.0 3.1
IrC1(COD)(GCH) 46.7 6.5 4.6 15;450° 1647(w) 315 (broad) violet
47.5) (6.5 (5.0)
IrCI(COD)(GHA) 46.0 42 5.3 20;°20°  1605(m) 317(w) brown
459 (4.2) (4.9)
IrCI{COD)(BDA) 50.4 4.4 4.7 4:730°  1586(s) 236(m) dark blue
(504) 4.9 4.9)
IrCI{COD)(BDH) 32.8 4.9 11.3 8:736°  1560(m) 319(w) brown
(320) 49 (124
IrCI(COD)(BOH) 31.2 43 9.4 5:424"  1555(m) 316(m) yellow
(32.0) (@47 (9.3)
IrCl(COD)(BDNH) 38.2 5.7 10.7 7:212°  1600(m) 284(m) orange
(38.0) (6.0) (11.1)
Ir(SnCl,)(COD)(GCH) 349 4.8 3.7 10;4 60 1649(w) 322(m); violet
(354) 4.9 (3.8) 316(m);
305(m)
Ir(SnCL)(COD)(GAA)  38.2 4.2 6.6 8:453  1602(s); 324(m), violet
(38.1) 4.2 (6.8) 1557(w); 313(m);
1512(s) 300(m)
Ir(SnCl;)(COD)(GHA) 344 3.3 3.6 2747 1605(m) 328(w); brown
(345 (3.2 (3.7) 323(m)
Ir(SnCl,)(COD)(BDA)  38.5 3.7 35 9;422°  1588(m) 300(s); dark blue
37.8) (3.7 (3.7 320(s)
Ir(SnCl,)(COD)(BDH) 223 34 8.5 746"  1549(m) 310(s) ; red
(22.5) (3.5 (8.8) 290(s)
Ir(SnCl;)(COD)(BOH)  22.1 3.3 5.8 12;764*  1618(w) 328(m); pink
(22.5)  (3.3) (6.6) 319(m)
Ir(SnCl,)(COD)(BDNH) 26.0 3.9 6.8 21460 1625(m) 300(s); dark blue
(27.6) (4.3) (8.0) 310(s)
[Ir(COD)(GCH)]PF, 39.1 5.6 4.6 133¢ 1655(m) violet
(39.7)  (5.4) 4.2)
[Ir(COD)(GAA)]PF, 43.7 4.5 8.0 114¢ 1600(w) dark blue
422)  (4.6) (1.6)
[Ir(COD)(GHA)]BF, 40.0 3.7 4.2 1174 1605(s) brown
@.1) (3.9 (4.5)
[Ir(COD)(BDH)]PF, 24.6 3.7 8.7 115¢ 1623(m) ; green
25.8) (@37 (10.0) 1598(m)
[Ir(COD)(BOH)]PF, 26.1 3.5 7.2 50¢ 1570(w) green
257 (3.7) (1.5)
[Ir(COD)(BMG)]PF* 27.0 3.5 4.7 714 1626(m) brown
(25.00 (3.6) 4.3)
[Ir(COD)(BDA)]PF, 43.2 3.7 3.9 54« 1591(m) brown
42.3) @D 4.1)

Conductivity measurements have being carried out in acetone® or methanol” solutions, ca 2.5 x 10~* M.
“BMG = dimethylglyoxime.
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Table 2. Selected NMR data

Temp.
Compound O Solvent H—C=N CH, CH, HC= g’
Ir,(COD),Cl,(GAA) 20 CDCl; 8.83(s) 7.47(d); 2.98(s) 4.38(s);
6.67(d) 4.23(s)
IrCl(COD)(GCH) 20 CDCl, 8.95(s) 4.41(s)
—60 CDCl, 9.02(s) 5.15(s),
3.62(s)
IrCI(COD)(BDA) 20 CDCl, 7.40(m) 1.20(s) 3.90(s)
—60 CDCl, 7.40(m) 1.20(s) 4.47(s),
3.20(s)
[Ir(COD)(GCH)]PF, 20 CDCl, 8.87(s) 4.39(s)
[Ir(COD)(GAA)]PF, 20 CDCl, 8.82(s) 7.46(d); 2.98(s) 4.37(s)
6.65(d)
Ir(SnCl,)(COD){(GCH) 20 CD(Cl, 8.42(s) 4.72(s), 97
3.77(s)
Ir(SnCl,){COD)(BDA) 20 CDCl, 7.40(m) 1.70(s) 4.05(s), 164
3.27(s)
Ir(SnCl)(COD)(GAA) 20 CDCl, 8.33(s) 7.19(d); 2.99(s)
6.68(d)
—40 CDCl, 8.34(s) 7.20(s) ; 3.02(s) 4.18(s);
6.69(d) 3.83(s)
Ir(SnClL)(COD)(GHA) 20 Acetone-d; 8.6(s) 7.24(d);
6.93(d)
—40 Acetone-d, 8.74(s) 7.20(d); 4.15(s),
6.83(d) 3.85(s)
Ir(SnCl;)(COD)(BDH) 20 Acetone-d, 2.22(s) 4.12(s)
—60 Acetone-d, 2.19(s) 4.59(s), 98
3.63(s)

“In acetone—acetone-d, (1:1).

pounds (Table 1). Their IR spectra show bands due
to LL coordinated through the imine nitrogens, and
v(Sn—Cl) bands indicate that the SnCl;~ group is
bonded to iridium.? These compounds behave as
non-electrolytes in acetone solution, and with the
exception of the BDA compound behave almost as
1: 1 electrolytes in methanol solution. The 'H NMR
spectra (Table 2) of the GCH and BDA compounds
show the expected signals, two resonances for the
olefinic protons in CDCl, solution, and the ''*Sn
NMR spectra show singlets for the trichloro-
stannato group in acetone-ds solution. These
spectra remain constant down to —60°C, sug-
gesting a static structure at room temperature. On
the other hand, the GAA, GHA and BDH com-
plexes are dynamic. At room temperature the 'H
NMR spectra of the GAA and GHA compounds
show no resonances for the olefinic protons, while
the BDH compound shows only one resonance for
all the olefinic protons at 4.12 ppm, which dis-
appears by —40°C. On further lowering the tem-
perature, two signals analogous to those of the

GCH and BDA complexes appear in all cases. Fur-
thermore, the tin resonance for the BDH compound
is clearly observed only at —60°C. This suggests
dissociation of SnCl; at room temperature. The
pentacoordinated compounds containing diimines
derived from glyoxal show the imine protons cor-
responding to the ¢,6'-N,N’-chelate form. Reaction
of IrC1(COD)(LL) with salts of bulky anions gives
the expected cationic [Ir(COD)(LL)]JA complexes
that behave as 1:1 electrolytes in acetone solution
and show the expected signals in their IR (Table 1)
and 'H NMR (Table 2) spectra.

We have investigated the activity of cationic
[Ir(COD)(LL)]JA complexes and of IrCI(COD)
(LL) or Ir(SnCl)(COD)(LL) species prepared
in situ in the homogeneous hydrogen transfer from
isopropanol to cyclohexanone ; the results obtained
are collected in Table 3. In all cases the most
efficient catalysts are the cationic compounds,
especially those containing hydroxy or amino sub-
stituents in the imino nitrogens, i.e. BOH, BDH or
BMG (dimethylglyoxime). The most active species
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Table 3. Catalytic results”

Catalyst Reaction time (min) Conversion (%)
[Ir(COD)(BOH)]PF, 14 90
[Ir(COD)Cl},+2BOH 224 90
[Ir(COD)CI],+2BOH +2S8nCl, 144 90
[Ir(COD)Cl},+2BOH +4S8nCl, 181 42
[Ir(COD)(BDH)]PF, 36 90
[Ir(COD)Cl],+2BDH 98 90
[Ir(COD)CI],+2BDH + 2SnCl, 167 90
[Ir(COD)Cl],+2BDH +4Sn(l, 164 90
[Ir(COD)BMGI]PF,* 55 90
[Ir(COD)BDA]PF, 156 90
[Ir(COD)Cl],+2BDA 355 50
[Ir(COD)Cl], +2BDA +2Sn(l, 359 90
[Ir(COD)CI],+ 2BDA +4SnCl, 273 90
[Ir(COD)(GCH)]PF, 85 90
[Ir(COD)CI1],+2GCH 124 90
[Ir(COD)Cl], 4+ 2GCH + 28nCl, 210 90
[Ir(COD)Cl],+ 2GCH + 45nCl, 180 52
[Ir(COD)(GAA)]PF, 90 90
[Ir(COD)CI],+2GAA 180 56
[Ir(COD)CI],+2GAA + 28nCl, 180 90
{Ir(COD)CI],+2GAA 4 48nCl, 180 66
[Ir(COD)(GHA)]BF, 210 90
[Ir(COD)Cl],+ 2GHA 350 75
[Ir(COD)Cl], + 2GHA + 28nCl, 380 90
[Ir(COD)Cl],+ 2GHA +48nCl, 335 30

“Reaction conditions : {Ir] = 5 x 107*M ; [substrate]/[Ir] = 200; [KOH]/[Ir] = 10;
solvent PF'OH (40 cm®) ; T = 83°C; activation time = 30 min.

*BMG = dimethylglyoxime.

is the BOH compound, containing one OH and
one NH, substituent, though it is less active than
complexes containing Me,phen-type ligands.” The
pentacoordinated complexes IrX(COD)(LL)
(X = Cl or SnCl,) are coordinatively saturated and
their catalytic activation probably involves ligand
dissociation, which most likely is an ionic
dissociation. Chloro compounds are less active than
cationic species and the more active catalysts are
those showing the highest conductivity values in
methanol, i.e. the BDH and GCH compounds. The
presence of SnCl; groups enhances the activity in
those cases where the trichlorostannato compounds
are better conductors in methanol than the cor-
responding chlorocomplexes, i.e. the BOH, GAA
and GHA compounds, and in these cases the excess
of SnCl, lowers the activity. The presence of trich-
lorostannato groups seems to provide a higher
extent of ionic dissociation, which is inhibited in
the presence of excess of SnCl,.
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