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Experimental and Theoretical Mechanistic Investigation of the Iridi-
um-Catalyzed Dehydrogenative Decarbonylation of Primary Alco-
hols

Esben P. K. Olsen," Thishana Singh,:c Pernille Harris,! Pher G. Andersson,** Robert Madsen*"

" Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
* Department of Organic Chemistry, Stockholm University, 106 91 Stockholm, Sweden

ABSTRACT: The mechanism for the iridium-BINAP catalyzed dehydrogenative decarbonylation of primary alcohols with
the liberation of molecular hydrogen and carbon monoxide was studied experimentally and computationally. The reac-
tion takes place by tandem catalysis through two catalytic cycles involving dehydrogenation of the alcohol and decar-
bonylation of the resulting aldehyde. The square planar complex IrCl(CO)(rac-BINAP) was isolated from the reaction
between [Ir(cod)Cl],, rac-BINAP and benzyl alcohol. The complex was catalytically active and applied in the study of the
individual steps in the catalytic cycles. One carbon monoxide ligand was shown to remain coordinated to iridium
throughout the reaction and release of carbon monoxide was suggested to occur from a dicarbonyl complex.
IrH,C1(CO)(rac-BINAP) was also synthesized and detected in the dehydrogenation of benzyl alcohol. In the same experi-
ment, IrHCI,(CO)(rac-BINAP) was detected from the release of HCl in the dehydrogenation and subsequent reaction with
IrCI(CO)(rac-BINAP). This indicated a substitution of chloride with the alcohol to form a square planar iridium alkoxo
complex that could undergo a -hydride elimination. A KIE of 1.0 was determined for the decarbonylation and 1.42 for the
overall reaction. Electron rich benzyl alcohols were converted faster than electron poor alcohols, but no electronic effect
was found when comparing aldehydes of different electronic character. The lack of electronic and kinetic isotope effects

implies a rate determining phosphine dissociation for the decarbonylation of aldehydes.

Introduction

The acceptorless dehydrogenation of an alcohol into
the corresponding carbonyl compound and molecular
hydrogen is an important transformation that can be used
both for hydrogen production’ and for in situ generation
of carbonyl compounds in the presence of nucleophiles.
The dehydrogenation is usually catalyzed by various ru-
thenium and iridium complexes and can be achieved in
the absence of a stoichiometric additive such as a base."
The mechanism has gained significant attention and has
been the subject of both experimental® and theoretical*
investigations. Depending on the nature of the ligands
two pathways for hydrogen abstraction have been identi-
fied where the alcohol either coordinates to the metal
(inner-sphere) or to a basic ligand (outer-sphere) .>*

On the contrary, the decarbonylation of an aldehyde
into the one-carbon shorter adduct and carbon monoxide
has been less thoroughly studied. This transformation can
be performed with rhodium,’ iridium® and palladium’
catalysts in the absence of a stoichiometric additive, but
the mechanism has only been studied in detail with a
rhodium (:atalyst.8 In this case, the transformation was
shown to proceed by oxidative addition into the aldehyde
C-H bond followed by extrusion of carbon monoxide and
reductive elimination.?

Recently, two of us presented an iridium catalyst that
combines the dehydrogenation and the decarbonylation
in one transformation.’ In this way, a primary alcohol is
converted into the corresponding one-carbon shorter
adduct with the release of both molecular hydrogen and
carbon monoxide. The optimized conditions employed
[Ir(coe),Cl],, rac-BINAP and LiCl in refluxing mesitylene
saturated with water (Scheme 1).° The same conditions
also facilitated the decarbonylation of aldehydes, which
suggests that independent dehydrogenation and decar-
bonylation cycles are operating, and the reaction there-
fore is an example of a tandem catalytic transformation."”
Considerable attention has been devoted in recent years
to the development of tandem catalytic processes where
several reactions are performed consecutively in the same
operation with one or more metal catalysts.” However,
thorough mechanistic studies of these transformations
are still relatively rare in order to identify the catalytically
active species and the interplay between the catalytic
cycles.”

2.5% [Ir(coe),Cl],

5.0% rac-BINAP, 10% LiCl
R”™ "OH R-H + H, + CO
mesitylene/H,0 (150 ppm) 66 - 97%

164 °C, inert atm. isolated yields

Scheme 1. The acceptorless dehydrogenative decarbonyla-
tion catalyzed by iridium and BINAP.



Recently, we have applied the dehydrogenative decar-
bonylation as an ex situ generator of syngas in the hydro-
formylation of styrenes.” Furthermore, the transfor-
mation of primary alcohols into their dehydroxymethylat-
ed counterparts has also been accomplished by a rhodium
complex in a photocatalytic pathway® and by a ligand free
palladium catalyst."* It is a transformation that has been
suggested to play a future role in the defunctionalization
of renewables in the replacement of fossil resources.”

Herein, we present a combined experimental and com-
putational mechanistic investigation of the iridium-
catalyzed tandem reaction. The studies employ synthesis
and detection of the major catalytic species, isotope-
labeling experiments, kinetic studies and DFT calcula-
tions. The complex IrCl(CO)(BINAP) (1) has been identi-
fied as the key catalytically active intermediate and has
been found to serve an interesting triple role in the trans-
formation. It reacts with the alcohol in the dehydrogena-
tion, with the aldehyde in the decarbonylation and with
HCl as a mild and reversible acid scavenger.

Results and Discussion

To study the catalytic intermediates formed during the
dehydrogenative decarbonylation, benzyl alcohol was
chosen as the substrate since the product benzene could
be easily removed by evaporation. Thus, a 1:2:3 ratio of
[Ir(cod)Cl],, rac-BINAP and benzyl alcohol were stirred in
mesitylene at 110 °C for 60 min followed by removal of the
solvent by distillation under reduced pressure along with
dissociated cyclooctadiene and benzene. The remaining
orange residue was analyzed by IR and *P NMR. IR spec-
troscopy revealed a strong peak at 1986 cm™ correspond-
ing to a carbonyl ligand and the very clean *P NMR spec-
trum showed only two doublets with a coupling constant
of 29 Hz. Applying o-[2C]-benzyl alcohol with [Ir(cod)Cl],
and rac-BINAP resulted in a splitting of the two different
doublets into two double doublets. The two new cou-
plings constants were 123 Hz corresponding to a trans-
coupling and 11.2 Hz corresponding to a cis-coupling. The
same coupling constants were found in a double duplet at
180.8 ppm, when recording a ®C NMR spectrum of the
[3C]-enriched residue. These data comply with what is
reported for complexes of the type IrXCO(P-P), where X
is a halide and (P-P) is a cis chelating phosphine.

Figure 1. Crystal structure of IrCl(CO)(S)-BINAP.

The structure was also confirmed by X-ray of a crystal
obtained by slow addition of Et,O into a solution of
IrCI(CO)(S)-BINAP in CH,CI, (Figure 1). The strong coor-
dination between carbon monoxide and iridium could not
be disrupted by long term refluxing in mesitylene or long
term storage on a vacuum line. This observation is con-
sistent with the high bond dissociation energies reported
for square planar iridium carbonyl complexes.” The com-
plex was catalytically active and kinetically very similar to
the in situ formed catalyst. It could be stored under ar-
gon, but lost catalytic activity when exposed to air over a
couple of days. The similarities in rate between the in situ
formed and the pre-formed catalyst excluded any partici-
pating role of cyclooctadiene. This also made it possible
to perform KIE measurements since cyclooctadiene, that
had earlier caused scrambling of deuterium-labeled sub-
strates,’ could now be excluded from the reaction mix-
ture.

The KIE of the overall reaction was measured by com-
paring  2-hydroxymethylnaphthalene  and d;-2-
hydroxymethylnaphthalene in a non-competitive experi-
ment. The formation of naphthalene was followed by GC-
MS and an average of two experiments resulted in a KIE
of 142 = o0.07. Similarly, the decarbonylation of 2-
naphthaldehyde and 2-o-d-naphthaldehyde were com-
pared in a non-competitive experiment and resulted in a
KIE of 1.0 + 0.05. The KIE of 1.42 was therefore assigned to
the dehydrogenation cycle, and the value is considered
too high for a normal secondary KIE."

A Hammett study provides precious knowledge about
the mechanism, but unfortunately due to the high reac-
tion temperature and the low boiling point of the gener-
ated aryl compounds, a regular Hammett plot was not
obtainable. Instead, three aryl alcohols affording high
boiling products and with very different electronic prop-
erties were compared in competitive rate experiments. By
measuring initial rates it was found that 3,4,5-



trimethoxybenzene was formed 1.5 times faster than
naphthalene which was formed 2.5 fold faster than methyl
benzoate as outlined in Figure 2.

MeO OH OH
> OH >> MeO
MeO
(0]

OMe

Figure 2. Rate comparison of electronically different benzyl
alcohols.

Interestingly,  the  decarbonylation of  3,4,5-
trimethoxybenzaldehyde and methyl 4-formylbenzoate
were equally fast (supporting information), which also
suggests that the electronic effect stems from the dehy-
drogenation cycle.

The reaction order in catalyst was determined to be
0.75 * 0.15 for the dehydrogenative decarbonylation of 2-
(2-naphthyl)ethanol. The aliphatic substrate was applied
because aliphatic aldehydes do not accumulate in the
tandem reaction and the reaction is thereby o™ order in
the alcohol. The reaction order in catalyst for the decar-
bonylation of 2-naphthaldehyde was determined to be
0.85 + 0.08. The non-integer reaction orders lower than
1.0 in both cases may indicate a higher degree of inactiva-
tion with increased catalyst concentration. However, the
result can be used to preclude any theory of 2™ order
kinetics.

Experimental Study of Dehydrogenation. The liber-
ated molecular hydrogen is expected to be reductively
eliminated from an iridium dihydride species. The group
of Eisenberg has investigated the oxidative addition of
hydrogen to IrX(CO)(P-P) complexes in order to form
IrH,X(CO)(P-P).*® When IrCl(CO)(rac-BINAP) (1) was
stirred in CDCl; under a hydrogen atmosphere,
IrH,C1(CO)(rac-BINAP) isomers were rapidly formed. As
discovered by Eisenberg, and illustrated in Figure 3, mo-
lecular hydrogen can add from above or below, or along
the P-Ir-CO axis or the P-Ir-Cl axis, giving rise to four
different isomers when a chiral ligand like BINAP is used.
Labeling the starting complex with [2C]CO makes it pos-
sible to distinguish between the diastereomers since
complexes 2A and 2B have a trans coupling between H
and [®C]JCO while complexes 3A and 3B only have cis
couplings. A 'H NMR spectrum recorded after 30 min of
reaction time with hydrogen revealed that only isomers
2A and 2B were formed (Figure 4A). The effect is elec-
tronic and is caused by the ability of CO to stabilize the
Ir(H,)CI(CO)(rac-BINAP) trigonal bipyramidal transition
state in the H, oxidative addition."® Interestingly, the ratio
between the two diastereomers remained 3:1 over time,
whereas Eisenberg who investigated the same reaction
but with iodide as the counterion, observed a rapid
scrambling of the isomers in deuterated benzene."®

HH
[ H CcO
(P,_I ~co _H EP,“ co TPLH o CPUTH
p7 el PT il P i>Cl P"I™Cl
L co H
1 g 2A 28
EE = BINAP
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L TH H cl
p. co H P ico P..1.CO P,.7.CO
* —_— I — = _/Ir + 0N
PVIr‘Cl * F)‘,Ir‘ | P” I H P H
i 1C Cl H
1 Ry 3A 3B

Figure 3. Oxidative addition of dihydrogen leading to four
different isomers.

Reductive elimination of  hydrogen from
IrH,CI(CO)(rac-BINAP) is essential to regenerate the
catalytic starting material. To investigate the conditions
necessary to accomplish this, the following procedure was
employed: the mixture of 2A and 2B, formed from oxida-
tive addition of hydrogen in CDCL,, was divided into three
portions followed by removal of CDCl; by evaporation.
The residues were taken up in benzene, toluene and me-
sitylene, respectively. The aromatic solvents were re-
moved by distillation at atmospheric pressure and the
residues were dissolved in CDCl; and analyzed by 'H
NMR. As seen in the spectrum (Figure 4B), recorded after
the removal of benzene, new peaks assigned to isomers
3A and 3B, appeared. Increasing the temperature, as was
done when toluene was removed by distillation, resulted
in complete isomerization (Figure 4C). Interestingly, the
conditions were not harsh enough for molecular hydro-
gen to be released, but when mesitylene was removed by
distillation, the hydride signals vanished completely and a
¥P NMR spectrum confirmed the regeneration of complex
1.

(A) i
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Figure 4. Hydride region in '"H NMR spectra. (A) Spectrum
recorded after 30 min where only hydrides from the kinetic
isomers 2A and 2B are observed. (B) Spectrum recorded after
removal of benzene, where an isomerization had started to
occur. (C) Spectrum recorded after removal of toluene,



where complete isomerization into the thermodynamic iso-
mers 3A and 3B had occurred.

Since refluxing in toluene is not sufficient for the reduc-
tive elimination of hydrogen, we envisioned that isomers
of the dihydride complexes could be detected along the
catalytic pathway by reacting 1 with a primary alcohol.
Thus, after refluxing 1 with benzyl alcohol for 4 h, toluene
was removed by distillation and the residue taken up in
CDCl, and analyzed by 'H NMR. Only the hydride region
is shown in Figure 5 (full spectrum included in the sup-
porting information).

3 equiv. benzyl alcohol

1 3A + 3B
toluene, 110 °C

4 h, inert atm.

U " |-| M, Y W -

Figure 5. Hydride region recorded after removal of toluene
from a reaction of 1 with benzyl alcohol.

The spectrum clearly shows formation of the dihydride
complexes 3A and 3B. Only a small amount of benzyl
alcohol was converted at this temperature, which may
indicate the formation of dihydride to be of high activa-
tion energy or the alcohol activation to be reversible. To
determine a potential equilibrium, the dihydride com-
plexes 2A and 2B were stirred with a stoichiometric
amount of 2-naphthaldehyde. An aliquot was taken after 3
h and analyzed by GC-MS, which revealed that 32% of the
aldehyde had been converted to 2-
hydroxymethylnaphthalene. The detection of 3A + 3B
isomers in the reaction of 1 with benzyl alcohol and the
evidence for reversibility, strongly suggests the CO ligand
to remain coordinated to iridium throughout the dehy-
drogenation cycle. With this in mind, several possible
routes were envisioned as illustrated in Scheme 2.
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Scheme 2. Possible routes to formation of 3A and 3B. A)
Pathway without a vacant site. B) Chloride dissociation fol-
lowed by B-hydride elimination and ligand substitution. C)
Hydride extracts the a-proton forming a dihydrogen com-
plex. D) Direct B-hydride elimination from the square planar
iridium alkoxo complex. E) Phosphine dissociation prior to
B-hydride elimination. F) Ionic pathway.

The pathways are separated into two major subgroups:
oxidative addition of alcohol to iridium* affording fully
saturated complexes and substitution of the chloride
ligand with the alcohol yielding square planar iridium
alkoxo complexes by the release of HCl. The oxidative
addition products lack a vacant site for a -hydride elimi-
nation. In pathway A, a vacant site is not necessary as a
similar case was reported by Milstein.” In pathway B,
chloride dissociates to create the vacant site in an unsatu-
rated cationic complex. In path C, molecular hydrogen is
formed directly. A common feature in pathways D, E and
F is the formation of the square planar iridium alkoxo
complex which is closely related to the Vaska analog
Ir(CO)(PPh,),(OR) investigated by Hartwig.” In pathway
D, the B-hydride elimination takes place directly from the
tetra-substituted square planar complex. In pathway E,
the phosphine dissociates prior to -hydride elimination
and pathway F represents an ionic route where the alkox-
ide could be stabilized by hydrogen bonding or a Lewis
acid. Hartwig found that electron donating groups en-
hance the rate of S-hydride elimination from iridium
alkoxo complexes and rationalized the observation with
either greater stability of the resulting more electron rich
aldehyde complex or lowering the barrier for migration of
the hydrogen with partial hydridic character.” Hence, the
electronic effect, illustrated in Figure 2, does not only
dictate positive charge buildup as a result of chloride
dissociation, but can also be used to exclude pathway F
from the speculations. In the substitution pathways, HCl
is formed and liberated, but has to remain in solution to
re-form the dihydride complex after B-hydride elimina-



tion. In 1968 Vaska noticed that the oxidative addition of
HCI to Vaska's complex IrClI(CO)(PPh,), is reversible,”
which persuaded us to investigate whether complex 1
would have similar chemical properties. In a CDCl, solu-
tion of 1, HCI was formed in situ from ethanol and acetyl
chloride. The crude mixture was analyzed by 'H, ®C and
¥P NMR. Complete conversion was readily obtained and
the coupling pattern in the spectra indicated formation of
the oxidative addition product IrHCL(CO)(rac-BINAP)
(4)- The structure was also confirmed by X-ray crystallog-
raphy of a crystal obtained by slow addition of Et,O into a
solution of 4 in CH,Cl, (Figure 6).

Figure 6. Crystal structure of IrHCL(CO)(R)-BINAP.

A re-examination of the spectrum in Figure 5, which
was recorded from the reaction between 1 and benzyl
alcohol at 1o °C, show the peaks from the two isomers of
4 at -16.8 and -16.0 ppm, indicating HCIl formation under
these reaction conditions.

The iridium monohydride complexes depicted in path-
way D and E were investigated by reacting 1 with sodium
benzyl alkoxide at 1o °C for 3 h. Benzaldehyde formation
was observed without the concomitant formation of 3A
and 3B. Instead an unknown iridium hydride complex
was observed at -1.2 ppm in the '"H NMR spectrum. The
pattern showed a triplet with coupling constants of 39.2
Hz, which lies in-between the coupling constants that
had been observed for P-H cis- and trans-couplings in this
study. Applying [°C]-labelled 1 splits the triplet into a
triple quintet indicating a complicated cluster formation
(Scheme 3). The pattern from this cluster and a similar
one at -11.6 ppm could also be found in the '"H NMR spec-
trum in Figure 5. This pattern is also observed when form-
ing 2A and 2B from 1 under a hydrogen atmosphere (Fig-
ure 4A). The clusters are not expected to be on the cata-
lytic pathway, since their patterns do not disappear upon
heating. Catalytically inactive iridium clusters have been
reported in many cases.* Tetra-coordinated iridium
monohydride carbonyl complexes appear to be rather
unstable as the related complex IrH(CO)(PPh,), also

seemed to aggregate in a study of S-hydride eliminations
from Ir(n-octyl)(CO)(PPh,),.”

EP/_”,\CO P,,'T',\CO .
P” YO * P'Ir\o ”””” > Cluster formation
{ ¢
R R
Not observed
HCI
H
P, 1 .CO P, .CO -
*P'I\r'H EP'IRH ******* > Cluster formation
Cl
3 Not observed

Scheme 3. Unstable monohydride species leading to cluster
formation.

These observations favor route D since both 4 and the
iridium cluster by-product from the decomposition of the
square planar iridium alkoxo complex are detected in the
reaction of 1 with benzyl alcohol (Figure 5). Complex 4
does catalyze the dehydrogenative decarbonylation, but it
is not faster than 1, although it is easier to handle since it
can be stored on the shelf, outside a glovebox, and with-
out any sign of decomposition after several months.

In addition, a 3:1 mixture of 1 and 4 was stirred with
benzyl alcohol at 110 °C to investigate changes in the hy-
dride region. The hydride region resulting from this reac-
tion is depicted in Figure 7 and by comparison with Fig-
ure 5, it is clear that formation of the cluster at -11.2 ppm
has been inhibited.

3 equiv. benzyl alcohol

1+ 4 3A + 3B

toluene, 110 °C
3 :1

4 h, inert atm.

Figure 7. Hydride region recorded after removal of toluene
from a reaction of 1 and 4 with benzyl alcohol.

Computational Study of Dehydrogenation. The de-
hydrogenation pathways in Scheme 2 were also evaluated
by DFT calculations using the crystal structure of 1 as the
starting point and benzyl alcohol as the substrate. From
the calculations, a total energy AG,, was calculated using
the formula AG = AG - Ey¢ + Egy, where AG represents
the Gibbs free energy, E; is the gas phase energy and E,,
the solution phase energy in mesitylene. This method,
originally proposed by Wertz,* has been applied in many
theoretical investigations of transition metal catalytic
cycles3*®

The two routes with the lowest activation energies were
pathways C and D. We did not succeed in calculating the
energy profile for path E, because as soon as we forced
one of the phosphines in BINAP to dissociate, it re-
associated in the following optimization. Pathway C is



initiated by an oxidative addition, which has a very high
activation barrier of 50.3 kcal/mol (Figure 8, cTs1). The
depicted isomer of the oxidative addition product (c1) is
not the most stable isomer, but it has the lowest barrier of
formation among the different isomers. The following
hydride elimination forming molecular hydrogen directly
has a barrier of 32.3 kcal/mol (cTS2). Notably, the for-
mation of molecular hydrogen occurs simultaneously
with an increase in the distance between the iridium
center and oxygen giving rise to complex c2 where the
aldehyde is no longer coordinated to iridium. The exper-
imental observation of dihydride complexes 3A and 3B
can be explained by oxidative addition of molecular hy-
drogen to form 2A and 2B followed by an isomerization to
3A and 3B which was proven possible experimentally. The
elimination of molecular hydrogen has a low activation
energy and since the overall dehydrogenation is endo-
thermic it must be driven by the removal of hydrogen.
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Figure 8. Energy profile for the dehydrogenation pathway C.

Pathway D is initiated by the substitution of chloride
with benzyl alcohol (Scheme 4). The transition state that
results in the formation of HCl has a free energy of 21.1
kcal/mol, and upon dissociation of HCI into solution, the
energy of the alkoxo complex d2 is 28.9 kcal/mol. With a
base present the energy should be substantially lower.

P '\r ~cl

5 ot o -

d1 d2

2.3 keal/mol 21.1 keal/mol 8.3 keal/mol 28.9 kcal/mol

Scheme 4. Substitution of chloride with benzyl alcohol.

If the parent complex 1 acts as the base and absorbs
HCl the energy is lowered by 10.7 kcal/mol (Figure g). The
B-hydride elimination is 29.8 kcal/mol higher in energy
than d2 and the overall energetic span is slightly lower
than in pathway C. In addition, the substitution with the
alcohol is considerably more favorable than the oxidative
addition in pathway C. As a result, the calculations also
suggest pathway D to be the most likely route with com-
plex 1 serving the additional role as acid scavenger (Figure

9).”

. Energy profile of the dehydrogenation pathway D.
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Figure 9. Energy profile for the dehydrogenation pathway D.

Experimental Study of Decarbonylation. Convinced
that carbon monoxide is too tightly bound to 1 under the
reaction conditions, it was thus expected that CO will be
liberated from an iridium dicarbonyl species. Isolation of
the dicarbonyl complex IrCl(CO),(rac-BINAP) (5) under
the reaction conditions has not been accomplished, prob-
ably because CO addition is reversible. Instead, the
Skrydstrup CO generating system™ was used to add one
equivalent of CO to a CDCL solution of [°C]-1 in a two-
chamber setup. Mesitylene was added and then removed
by distillation to completely release one of the carbon
monoxide ligands. A *P NMR spectrum of the resulting
residue was recorded and revealed a 1:1.3 ratio between 1
and [?C]-1 (Scheme s5). This observation is in compliance
with the ability of Vaska's complex to coordinate an addi-
tional carbonyl ligand.*

Pd(cod)Cl,
P(tBu);HBF, .
EtN(iPr), O O
1 equiv. co
“P. co co p, 113co A p.. 8co P, .\CO
LS, - * Iy — I\ + ol
pm e P” Cl P”Cl P” ¢l

1.3 : 1

Scheme 5. CO scrambling with the Skrydstrup CO generator
in a two-chamber setup.

Even though IrCl(CO),(rac-BINAP) is not sufficiently
stable to be isolated, Eisenberg had synthesized
[Ir(CO),(R)-BINAP][SbF¢] and found that this complex
was stable enough to be isolated by crystallization.'® With
this is mind, complex 1 was mixed with benzaldehyde and
stirred in benzene at 8o °C for 3 h. Benzene was removed
by evaporation and a solution of AgSbFs in CH,Cl, was
added to the remaining residue. After stirring for 1 h at
room temperature the reaction mixture was filtered and
dry Et,O was added to the filtrate. The resulting precipi-
tate matched the spectroscopic data for [Ir(CO),(R)-
BINAP][SbF]."

It is generally accepted that in transition metal mediat-
ed decarbonylations of aldehydes, the aldehyde oxidative-



ly adds to the transition metal by activation of the C-H
bond.®** However, oxidative addition of an aldehyde to 1,
will form a saturated iridium(III) complex with no vacant
sites for migration. Since no kinetic isotope effect and no
charge buildup were found, the steps in-between oxida-
tive addition and CO dissociation are not immediately
apparent. Five different pathways, illustrated in Scheme 6,
have been evaluated. Radical pathways have been omit-
ted, since a broad range of substrates including aryl hal-
ides are fully converted under the catalytic conditions.’
Pathway G is inspired by the mechanism suggested for
the rhodium-catalyzed decarbonylation® where a substi-
tution initiates a cationic pathway. In pathway H, chlo-
ride dissociates to create a vacant site for the migratory
extrusion. Pathway I and ] are similar since the R group
does not migrate to iridium, and both cases are triggered
by an analogous example reported by Bergman.” In path-
way K, one of the phosphines in BINAP dissociates to
create a vacant site for migration. In principle a similar
pathway with CO dissociation could also be envisioned,
but since the experimental studies show tight bonding of
one CO ligand to iridium it was decided not to include
this possibility in the evaluation.

o, ()
O, R P P'@‘H
(Pﬁ €O (P IR o
0‘( @H co.. xcli

P. C
GP"“Cl

Scheme 6. Possible pathways for the decarbonylation of
aldehydes. G) Substitution pathway. H) Oxidative addition
followed by dissociation of chloride. I) A concerted migration
pathway. J) R dissociates from the acyl complex. K) Phos-
phine dissociation pathway.

In the decarbonylation reported by Bergman,” deuteri-
um incorporation into the product was observed when
using CD,OD as the solvent which strongly supports their
proposed mechanism with dissociation of an anionic R
group into solution. With this in mind, the deuterated
aldehyde, a-d-3,4,5-trimethoxybenzaldehyde was decar-
bonylated in the presence of two equivalent o,a-
dimethylbenzyl alcohol, a tertiary alcohol not able to
undergo dehydrogenation. Furthermore the same deuter-
ated aldehyde was decarbonylated by 33 mol% of 4, which
would dissociate HCI prior to the decarbonylation. The
isolated products observed in both experiments had no
proton incorporation which eliminates pathway J. Path-
way I was investigated by DFT calculations since it was
the only neutral pathway, besides the phosphine dissocia-
tion pathway, that could be directly compared to the

energies which were obtained in the dehydrogenation
cycle. It is difficult to compare ionic pathways to neutral
pathways using computational methods, but the apolar
reaction environment created by mesitylene should disfa-
vor ionic pathways.

Computational Study of Decarbonylation. A similar
methodology that was used for the dehydrogenation, was
also applied for the decarbonylation: the crystal structure
of 1 was used as the starting point and benzaldehyde was
used as the substrate.

The oxidative addition of benzaldehyde to 1 leads to
saturated iridium(III) species. All the possible isomers
were optimized and the relative Gibbs free energies were
compared (Figure 10). Even though the isomers with the
acyl group in the apical position with respect to BINAP
have the highest energies, the barriers for their formation
were significantly lower than for the two other isomers.
The lowest energy of 34.5 kcal/mol (Figure 1, iTS1) was
found for the formation of the isomer with the acyl group
coordinated trans to chloride.
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Figure 10. The four different geometrical isomers formed
from oxidative addition of benzaldehyde.

The barrier for the reductive elimination through a
four-membered transition state was very high for all the
isomers. The lowest was found to be 52.2 kcal/mol (Figure
11, iTS2) and again this was observed for the isomer with
the acyl group coordinated trans to chloride. We would,
however, expect an energy profile with relative free ener-
gies closer to those in the dehydrogenation cycle and
hence this makes pathway I unlikely.
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Figure 11. The lowest energy profile of the decarbonylation
pathway L.

The lowest energy profile for the decarbonylation
through pathway K was also calculated and is illustrated
in Figure 12. Unfortunately, the transition state between
the saturated oxidative addition product ki1 and the phos-
phine dissociated species k2 could not be located. The
migratory extrusion of carbon monoxide takes place
through transition state kTS1 with a relative Gibbs free
energy of 41.6 kcal/mol. The following reductive elimina-
tion of benzene from k3 occurs rather readily through
transition state kTS2.
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Figure 12. The lowest energy profile of the decarbonylation
pathway K.

The effect of LiCl and H,0. We had proposed earlier
that the rate enhancement effect of H,O and LiCl could
be explained by the inhibition of inactive iridium clus-
ters.® However, when 1 was reacted with benzyl alcohol in
the presence of an excess of H,O and LiCl, the clusters at -
1.2 ppm and -11.6 ppm were still observed, but the for-
mation of 4 was inhibited which suggests the effect may
be due to the basic properties of H,O and LiCl. Stronger
bases, although, such as K,CO, retard the overall trans-

formation.® To distinguish between H,O and LiCl, two
additional experiments were conducted: one with an
excess of H,0O and one with an excess of extensively dried
LiCl. The H,O experiment showed inhibition of 4, while
the experiment with LiCl gave a higher conversion of
benzyl alcohol, but only traces of 3A and 3B could be
observed in the 'H NMR spectrum. A *P NMR spectrum
of the LiCl experiment revealed complete conversion of 1
and the formation of a new complex with two singlet
peaks of equal integrals at 44.2 ppm and 25.2 ppm. The IR
spectrum showed a strong absorbance at 1955 cm™, prov-
ing that the CO ligand was still coordinated. To obtain
more information, the newly observed species was labeled
with [®C]CO from o-[*C]-benzyl alcohol, which afforded a
double doublet in the ®C NMR spectrum at 167.4 ppm and
changed the two singlets in the *P NMR spectrum into
two doublets with couplings of 3.5 and 14.3 Hz, respec-
tively. The disappearance of the C-P trans-coupling and
the P-P cis-coupling from 1, indicates that one of the
phosphines has dissociated. Unfortunately, we were not
successful in obtaining a crystal structure. The complex
does possess catalytic activity, although with a lower con-
version rate than 1. Starting from [Ir(cod)Cl], and rac-
BINAP, a crude P NMR spectrum was recorded after 15
turnovers in  the  decarbonylation of  3,4,5-
trimethoxybenzaldehyde at 164 °C in mesitylene/H,O (150
ppm) which verified that 1 is still the major iridium spe-
cies present. These observations show that phosphine
dissociation is indeed possible under the reaction condi-
tions as required in pathway K and if the phosphine dis-
sociation is rate determining it also explains the lack of
electronic and kinetic isotope effects observed for the
decarbonylation.

In 2008 Tsuji et al. reported the decarbonylation of al-
dehydes with 2.5% of [Ir(cod)Cl], and 5% of PPh, in re-
fluxing dioxane, i.e. with an iridium:phosphine ratio of
1:1.* Lower yields were observed when the same reaction
was performed with an iridium:phosphine ratio of 1:2 by
using either 10% of PPh3 or 5% of rac-BINAP. This indi-
cates that the catalytically active species has less than two
phosphines coordinated to iridium in the optimum sys-
tem. Furthermore, a KIE of 1.70 was measured with 2.5%
of [Ir(cod)Cl], and 5% of PPh,” which further illustrates
the kinetic differences to the present system with
[Ir(cod)Cl], and rac-BINAP. Most likely, the higher reac-
tion temperature needed in the present system is ex-
plained by the higher energy required for phosphine dis-
sociation in pathway K.

The synthesis of iridium carbonyl complexes from
[Ir(cod)Cl], and benzyl alcohol could be extended to a
number of other phosphine ligands. In the presence of
BIPHEP the complex IrCl(CO)BIPHEP was isolated as an
orange solid in 66% yield. This is in line with our original
ligand screening where BIPHEP gave results which were
comparable with BINAP.? 1,2-
(Diphenylphosphino)benzene produced an unstable
complex that rapidly went from orange to green, which is



probably the reason that this ligand only gave a few turn-
overs in the dehydrogenative decarbonylation.® 1,3-
(Diphenylphosphino)propane (dppp), which should re-
semble BINAP with regard to the bite angle,* afforded a
yellow dimeric carbonyl complex.®® The complex
[IrCl(CO)dppp]. coordinated molecular oxygen very easily
which can be seen in the crystal structure (supporting
information). Vaska's complex could not be formed with
benzyl alcohol as the CO source, but with benzaldehyde,
IrCI(CO)(PPh,), was formed cleanly in the presence of
[Ir(cod)Cl], and triphenylphosphine. The decarbonylation
was carried out in refluxing mesitylene since the same
reaction in toluene only afforded the complex
IrCl(cod)PPh,. It has previously been observed that Vas-
ka’s complex does not dehydrogenate an alcohol without
the presence of a strong base.>* These results again illus-
trate that monodentate phosphine ligands are less effec-
tive in the dehydrogenation cycle.

Conclusion

In summary, the overall proposed catalytic cycles are
composed of pathway D for the dehydrogenation and
pathway K for the decarbonylation as illustrated in Figure
13. The formation of 1 occurs within seconds after initia-
tion of the reaction. Experimental observations and DFT
calculations suggest substitution of chloride with the
alcohol to form HCI, which can be temporarily stored by
reversible oxidative addition to 1. Complex 6 is able to
undergo B-hydride elimination according to DFT calcula-
tions and the resulting aldehyde dissociates from complex
= followed by oxidative addition of HCl. DFT calculations
indicate that the involvement of the IrHCL,(CO)BINAP
lowers the energetic span of the dehydrogenation cycle.
The reductive elimination of molecular hydrogen from
complex 3 occurs readily under the reaction conditions, as
was concluded after heating the dihydride complex in
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Figure 13. The proposed catalytic cycles.
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mesitylene.

The decarbonylation is initiated by oxidative addition
of the aldehyde to complex 1. The coordination of carbon
monoxide was shown to be reversible which indicates
that CO is liberated from the dicarbonyl complex 5. The
phosphine dissociation pathway explains the lack of a KIE
and electronic effects in the decarbonylation. The rate
enhancement effect of H,O was explained by its basic
properties and the effect of LiCl is speculated to aid in the
phosphine dissociation. This completes the two catalytic
cycles and highlights the multiple roles of a single com-
plex in a tandem catalytic transformation.
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