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a b s t r a c t

Rhodium(I) complexes with N-heterocyclic carbenes (Rh–NHC) can be considered as important candi-
dates for catalysts of hydroformylation of olefins. The high stability of Rh-C(NHC) bonding under reaction
conditions allow to expect that NHC ligand will be present in coordination sphere of the catalytically
active rhodium complex and therefore influences the reaction yield and regioselectivity. The potential
ey words:
ydroformylation
hodium catalyst
-heterocyclic carbene
upported Rh–carbene complex

applicability of Rh–NHC complexes containing chiral carbene ligand in asymmetric hydroformylation
can be also considered. The excellent review articles relevant to application of Rh–NHC in hydroformy-
lation have been published recently [1–3]. After that, important contributions to this subject, concerning
theoretical and experimental studies, both structural and catalytic, have been reported. Therefore, the
reactivity of Rh–NHC complexes can be discussed now in term of these new data. The up to now reported

most
d sto
results indicate that the
from Rh–NHC complex an

. Introduction

Hydroformylation, the catalytic formation of aldehydes from
lefins, carbon monoxide, and dihydrogen, is a reaction with
00% atom economy and one of the most important industrial
rocesses employing a homogeneous catalyst [4–9]. Hydroformy-

ation accounts for an annual production of almost eight million

ons of aldehydes and alcohols. Therefore, it is not surprising
hat improvement in the rate and selectivity of hydroformylation,

ainly through ligand design, has been receiving a lot of attention
Fig. 1).

∗ Corresponding author. Tel.: +48 71 3757253; fax: +48 71 3757356.
E-mail address: ania@wchuwr.chem.uni.wroc.pl (A.M. Trzeciak).

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.11.005
promising and selective systems for hydroformylation can be composed
ichiometric amount of electron-withdrawing phosphorus ligand.

© 2010 Elsevier B.V. All rights reserved.

The first generation of hydroformylation catalysts consisted of
cobalt carbonyl derivatives, unmodified or containing phosphorus
ligands [4]. The results obtained by Wilkinson redirected interest to
rhodium complexes, which appeared to be about a thousand times
more active compared with cobalt [10–12]. Rhodium complexes
bearing phosphorus ligands made it possible to perform hydro-
formylation under relatively mild conditions, with high selectivity
to linear aldehydes (l), more desired than branched (b) ones when
aliphatic olefins are used as substrates. In the case of styrene and
related vinylarenes, high regioselectivity in branched aldehydes is

always obtained. Regioselectivity of the hydroformylation reaction
is strongly dependent on the kind of phosphorus ligand present in
the reaction mixture, and, consequently, the choice of ligand is a
key point in the design of new catalytic systems [13–17]. Despite
their different steric properties, N-heterocyclic carbenes (NHCs)

dx.doi.org/10.1016/j.ccr.2010.11.005
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:ania@wchuwr.chem.uni.wroc.pl
dx.doi.org/10.1016/j.ccr.2010.11.005
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Fig. 1. Scheme of hydroformylation reaction.

ave often been treated as phosphine mimics, so it seems reason-
ble to consider them as components of hydroformylation catalytic
ystems [1–3,18–22]. Intensive studies in the field of NHC ligands
n recent years have resulted in the collection of many physico-
hemical data that make it possible to discuss and predict the role
f NHC–rhodium complexes as hydroformylation catalysts.

The influence of the modifying phosphorus ligands in the hydro-
ormylation reaction is usually considered in terms of two main
arameters describing electronic and steric properties of ligands,
ccording to the well accepted Tolman scale [23]. Before presenting
he reported applications of NHC–rhodium complexes as catalysts
or hydroformylation, it would be useful to analyze their electronic
nd steric properties in comparison to those of phosphorus ligands.

. Electronic effect of ligands

The up-to-date results relevant to the influence of phosphorus
igands on the hydroformylation reaction show increasing selectiv-
ty for the linear aldehyde as the electron withdrawing properties
f the ligand increase. According to the well-accepted mecha-
ism of hydroformylation, l/b selectivity can be determined by the
igration–insertion step, i.e., olefin insertion into the Rh–H bond

f a hydrido complex [14,16,24]. When olefin insertion obeys an
nti-Markovnikoff route, an alkyl complex with a straight-chain
lkyl ligand is formed which is next transformed to linear alde-
yde as a final product of olefin hydroformylation. An alternative
xplanation of the high regioselectivity to l-aldehyde is based on
he differences in the rates of �-hydrogen elimination between the
espective rhodium-alkyl species containing straight and branched
hains. Such a mechanism has been confirmed by deuterioformyla-
ion experiments performed for rhodium complexes phosphacyclic
anthene type ligands [25,26]. As shown in Fig. 2, deuterium is
ncorporated in the �-position and in the aldehyde group of the

ain product. It has also been concluded that in all the cases stud-
ed, over 92% of the linear alkyl intermediate reverts directly to the

ldehyde.

Experimental observations, correlating electron withdrawing
roperties with a high l/b ratio, have recently supported theoret-

cal DFT calculations performed for [RhH(CO)3L] model catalysts
27]. When L represents a more electron-donating ligand (i.e., alkyl

[Rh]

D
+  CO + D2

Fig. 2. Results of deuteriofor

N

N

N

N

N

:: :

20392041 2040

> >

ν(CO)/cm-1

in [(NHC)Rh(CO)2Cl]

Fig. 3. The order of �(CO) (cm−1) decrease in [(NHC)Rh(CO)2Cl] comple
istry Reviews 255 (2011) 473–483

phosphine, aryl phosphine), the rate-determining reaction is the
migration–insertion of olefin, leading to the formation of an alkyl
intermediate. In contrast, for more electron-withdrawing ligands,
the last step of the catalytic process, namely hydrogenolysis, was
the rate-determining one [27]. This conclusion, based on theoretical
calculations, is in agreement with some experimental observations
[6,28–31], but it cannot be generalized [32]. Rhodium catalysts
with more electron acceptor ligands also have very low barriers
to �-hydrogen elimination from the rhodium-alkyl intermediate
and could show improved activity for the formation of linear
aldehydes starting from internal olefins. However, in the hydro-
formylation of 1-hexene catalyzed by [Rh(acac)(CO)2]/P(OPh)3
([P(OPh)3]:[Rh] = 1.2), the l/b ratio was only 1.1 at a 39% yield of
aldehydes [33]. Similarly, a very low l/b value, close to 0.2, was
found in the hydroformylation of 1-hexene and 2-hexene catalyzed
by [RhH(CO)(P(OPh)3)3] [34].

The reason was the strong ability of 1-hexene to isomerize to
2-hexene and at the same time a high rate of hydroformylation of
the internal olefin, mainly to 2-methylhexanal.

In general, an increase in the electron-withdrawing character
of the phosphorus ligand in the rhodium catalyst led to signifi-
cant improvement in catalytic activity facilitating higher rates and
selectivities than electron donating ones [13]. Pruett and Smith
first showed that phosphito ligands offer a higher l/b ratio of alde-
hydes than stronger donor phosphines [35–37]. Catalytic systems
with different phosphito ligands are active in the hydroformyla-
tion of olefins, dienes, and unsaturated alcohols [38–42]. The only
industrial application of phosphites is the hydroformylation of 3-
methylbut-3-en-1-ol, for production of 3-methyl pentane-1,5-diol,
known as the Kuraray process [43]. An increase in the l/b ratio was
also noted for strongly �-acceptor pyrrolylphosphines [17].

NHC ligands derived from imidazoles are stronger electron
donors than most basic phosphines, such as PMe3 and PCy3 [44].
As electronegative substituents decrease the HOMO energy, reduc-
tion of the number of nitrogen atoms attached to the ylidene carbon
should enhance the NHC donor strength. To check such a hypoth-
esis, the electron properties of NHCs bearing one or two nitrogen
atoms at the ylidene carbon have recently been analyzed [27]. The
donor properties of NHCs have been estimated according to the Tol-
man electron parameter [23], by comparing the calculated values
of �(CO) (cm−1) in [(NHC)Rh(CO)2Cl] complexes. It was concluded
that the electronic character of an NHC can be altered by changing
the nature of the azole ring [27]. The values of the �(CO) (cm−1)

decrease in the order of increasing of donor properties [45] (Fig. 3):

For comparison, the �(CO) value calculated by the same method
for [Rh(PPh3)(CO)2Cl] was 2048 cm−1. Thus, all NHCs are stronger
donors than PPh3. A similar estimation of donor properties has also
been shown for a series of three NHCs in [RhH(CO)3L] complexes

D
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mylation experiments.
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xes coinciding with the order of increasing donor properties [45].



W. Gil, A.M. Trzeciak / Coordination Chemistry Reviews 255 (2011) 473–483 475

N

N N

NNN

N
N

: :

1852
1856

> >:

1865
1870

1845
1851ν(CO)/cm-1

in [RhH(CO) L]

F
l

t
p

l
f
p
c

i
2
r
s
r

3

i
w
f

f
m
l
l
t
h
a
p
[
a
a
[

p
a
b
i
b
a

+ H2  + CO

CHO

cat.
+

CHO

Fig. 5. Scheme of styrene hydroformylation.

NN NN N

Rh RhBr Br

Bu Bu

T
R

19111922 19053

ig. 4. The order of �(CO) (cm−1) decrease in [RhH(CO)3L] complexes with different
igands L [27].

hat exhibited stronger donor properties than all phosphines and
hosphites considered in calculations [27] (Fig. 4).

The general order of L donor strength increase estab-
ished on the basis of �(CO) in [RhH(CO)3L] complexes is as
ollows:CO < strongly electron-withdrawing phosphites < standard
hosphites < aryl phosphines < alkyl phosphines < N-heterocyclic
arbenes.

Remarkably, the electron-withdrawing ability of an NHC can
ncrease when electron-withdrawing substituents, such as CF3 or
,4,6-trinitro phenyl, are bonded to the N-atoms of the tetrazole
ing [27]. Similarly, NHCs possessing electron-withdrawing sub-
tituents (NO2, CN) at the C4 and C5 carbon atoms of the imidazole
ing show lower electron donor ability [46].

. Steric effect of NHC ligands

Although it is impossible to fully separate electronic from steric
nfluence, a tendency observed for phosphorus ligands is that those

ith stronger steric hindrance facilitate an increase in the hydro-
ormylation reaction rate [47].

Selectivity to the linear aldehyde in rhodium-catalyzed hydro-
ormylation of 1-alkenes increases upon changing from a bulky

onophosphite to a bulky diphosphite ligand based on a bisphenol
inker [48,49]. The bite angle of the diphosphine and diphosphite
igands is probably an important parameter determining the selec-
ivity of the hydroformylation reaction [50,51]. A linear correlation
as been found between the amount of l-aldehyde and the bite
ngle. In general, bis-equatorial coordination of the chelating phos-
horus ligand facilitates the increase of yield of linear aldehyde
50,51]. However, the bite angle induces not only a steric effect but
lso an electronic effect because the structure of the intermedi-
te rhodium species is influenced by the kind of diphosphine used
16].

The shape of the NHC ligand is quite different from the shape of
hosphine, and consequently the application of the Tolman cone

ngle is not useful for the estimation of the steric demand of car-
enes. The R substituents on the nitrogen atoms have a strong

nfluence on the ligand shape as defined by %Vbur, the volume buried
y the overlap between a sphere with a radius of 3 Å centered
round the metal with the atoms of the ligand within this sphere.

able 1
esults of hydroformylation with 1 [53].

Substrate T [◦C] p [atm]

Styrenea 40 80
Styrenea 80 80
p-(MeO)-styreneb 40 50
p-(F)-styreneb 40 50
1-Octeneb 40 50
2,5-Dihydrofuran 40 50

a [Substrate]/[Rh] = 700, 24 h.
b [Substrate]/[Rh] = 400.
c 3-Formyl-terahydrofuran.
1

Fig. 6. Rhodium complex with 2,6-bis(1-butylimidazolium-3-yl)pyridine ligand
[53].

The bulkier a specific ligand, the larger the amount of the sphere
(%Vbur) occupied by the ligand [52].

4. Hydroformylation of styrene catalyzed by Rh–NHC
complexes

The hydroformylation of styrene catalyzed by rhodium com-
plexes with N-heterocyclic carbene ligands, Rh–NHC, has been
studied intensively by many research groups. In most cases the
reaction performed at 30–80 atm pressure led to branched alde-
hyde (b) as the main product (Fig. 5).

Fernandez and Peris investigated the dimeric rhodium(I)
complex 1 with a carbene ligand derivative of 2,6-bis(1-
butylimidazolium-3-yl)pyridine (Fig. 6) as a catalyst for the
hydroformylation of aliphatic and aromatic olefins [53].

Complex 1 turned out to be an active catalyst for styrene hydro-
formylation, producing up to 100% of branched aldehydes after
24 h. Results obtained at a [styrene]/[Rh] ratio of 400 are presented
in Table 1.

At 30 atm, the conversion of styrene was quite low, whereas
at 80 atm, a 99% yield of aldehydes was achieved. Complex 1
was employed in the hydroformylation of substituted styrenes,
and also in these reactions a high selectivity to branched aldehy-
des, close to 96%, was noted. Non-aromatic substrates were also
tested. 1-Octene produced similar amounts of linear and branched
aldehydes, and in the hydroformylation of 2,5-dihydrofuran, 63%

of 3-formyl-tetrahydrofuran and 37% of 2-formyl-tetrahydrofuran
were obtained (Table 1).

Crudden and co-workers successfully applied
[Rh(IMes)(PPh3)2Cl] (Fig. 7) as a catalyst for styrene hydro-
formylation. Despite the presence of phosphine, a relatively high

Conversion [%] Aldehydes [%] Branched [%]

30 98 98
100 99 86

74 100 96
69 100 96
70 92 43
90 98 63c
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ressure (68 atm) and a long time (19 h) were needed to get
easonable conversion of the substrate. Under such conditions an
/b ratio of 96:4 was achieved, and the catalytic results were better
han with the application of the Wilkinson complex under the
ame reaction conditions (Table 2) [54].

The complex [RhCl(IMes)(PPh3)(CO)] (Fig. 7), formed from
Rh(IMes)(PPh3)2Cl] in the presence of CO, presents high selectiv-
ty also in the hydroformylation of differently substituted styrenes
Table 2).

When a similar complex with a saturated NHC ligand,
RhCl(SIMes)(CO)P] (P = phosphorus ligand) (Fig. 7), was used in
tyrene hydroformylation, an influence of the kind similar to that of
he added phosphorus ligand on TOF and the b/l ratio was observed
1]. Interestingly, in this system the addition of NEt3 caused an
pproximately ten-time increase in the TOF value. It was explained
hat the elimination of HX promoted by NEt3 made an important
ontribution to catalytic activity, and therefore TOF/h−1 increased
rom ca. 10–30 to ca. 100–125 upon the addition of NEt3 [1].

During the hydroformylation of aliphatic olefins, selectivity
ften decreased as a result of hydrogen �-elimination from the
ntermediate alkyl complex leading to internal olefins. Many
hodium catalysts with NHCs also showed a strong ability to form
nternal olefins via �-hydrogen elimination even when high selec-
ivity to aldehydes was observed [55–58]. The catalyst obtained
y Crudden’s group, [Rh(OAc)(CO)2(IPr)] containing NHC and
nidentate acetate, was not active in the isomerization of dou-
le bonds, whether terminal or internal [59]. It was demonstrated
or the hydroformylation of 1-decene, when only aldehydes were
ormed without isomerization or hydrogenation of the double bond
ith l/b = 3. Similarly, isomerization and hydrogenation were not

bserved during the hydroformylation of 2-octene and 4-phenyl-
-butene [59].

.1. Asymmetric hydroformylation
Asymmetric hydroformylation is a very promising catalytic
eaction that makes it possible to obtain chiral aldehydes from inex-
ensive substrates in one-step synthesis [60]. The high catalytic
otential of rhodium complexes containing chiral phosphorus

igands in this process has been confirmed by many studies,

able 2
ydroformylation of styrene [54].

Substrate Catalyst C

Styrene ClRh(PPh3)3 –
Styrene ClRh(PPh3)2(CO) P
p-Me-styrene ClRh(IMes)(PPh3)(CO). P
p-Cl-styrene ClRh(IMes)(PPh3)(CO). P
p-OMe-styrene ClRh(IMes)(PPh3)(CO). P
p-iPr-styrene ClRh(IMes)(PPh3)(CO). P

.5 mol % of catalyst, 19 h, 60 ◦C, 68 atm (1000 psi) H2/CO (1:1). b, yield of linear aldehyde
2a

Fig. 8. Lai catalyst [69].

recently reviewed in detail [60]. The highest enantioselectivi-
ties in asymmetric hydroformylation have been obtained using
rhodium catalysts containing two types of chelating ligands of
the diphosphite or phosphine–phosphite type [60]. For both lig-
ands, complexes with the formula [RhH(L–L)(CO)2] have been
characterized as the resting state of the catalyst. Applying a
phosphine–phosphite ligand (R,S) BINAPHOS, Takaya obtained 96%
ee with total substrate conversion [61,62]. The advantages of C1-
symmetric BINAPHOS compared with bisphosphine ligands of C2
symmetry have been discussed using a theoretical approach [63].
The application of chiral ligands derived from bisnaphtol or bisphe-
nol configuration have made it possible to achieve high ee values
[62,64–66]. Recently, it has been shown that, besides diphosphites
and phosphine–phosphites, diphosphines also induce high enan-
tioselectivity of hydroformylation [67,68].
There are very few reports on asymmetric hydroformylation cat-
alyzed by Rh–NHC complexes with monodentate NHC ligands. Laï
and co-workers used an Rh(I) complex with a chiral N-heterocyclic
carbene 2a (Fig. 8) in the hydroformylation of styrene [69]. Sur-
prisingly, the enantioselectivity and regioselectivity of this reaction

o-catalyst Conversion [%] b/l

35 87:13
Ph3 (2 eq.) 27 88:12
Ph3 (2 eq.) 96 96:4
Ph3 (2 eq.) 94 97:3
Ph3 (2 eq.) 98 95:5
Ph3 (2 eq.) 93 96:4

s (%); l, yield of branched aldehydes (%).
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ere rather low, and similar amounts of l- and b-aldehydes were
ormed. An increase in enantioselectivity to ee = 12.5 was observed
n the presence of a small excess of free PPh3 (3 equivalents),

hereas when a higher amount of PPh3 (10 equivalents) was
dded, enantioselectivity decreased to ee = 7 although the b/l ratio
ncreased from 42:58 to 91:9.

Enantioselective hydroformylation of styrene was also studied
y the Veige group using dicarbene rhodium complexes 2b (Fig. 9)
70]. Reactions were performed at 50 ◦C for 24 h, at catalyst concen-
rations ranging from 0.1 to 5 mol% and H2/CO pressure over 80 atm.
nder such conditions, conversion from 75 to 100% was reached,
hereas b/l selectivity ranged from 94:6 to 97:3. It was suggested

hat the active form of the catalyst was the hydrido–carbonyl
omplex [Rh(CO)4H], formed after the elimination of the NHC lig-

nd. The low enantioselectivity of the hydroformylation of styrene
nd the hydrogenation of methyl-2-acetamidoacrylate and methyl
etone could be explained by the decomposition of the catalyst or
he reductive elimination of the NHC ligand. Chiral Rh–NHC com-

RhCl

NN

RhBr

NN

RhCl

NN
Mes Mes

RhCl

NN
Ad Ad

3 (480 h-1, 8.1 %) 4 (520 h-1, 11.8 %)

7 (1785 h-1, 28.8 %) 8 (1150 h-1, 19.1 %)

Fig. 10. TOF (h−1) values and conversion of 1-octene (%) obta
istry Reviews 255 (2011) 473–483 477

plexes not applied yet in catalytic reactions have also been reported
[71,72].

5. Hydroformylation of aliphatic olefins

The first patent claiming the application of an Rh–NHC com-
plex, [RhCl(cod)(NHC)] (NHC = 1,3-dimethylimidazolin-2-ylidene),
in the hydroformylation of 1-hexene was presented by Herrmann
et al. in 1997 [73]. Various other Rh–NHC complexes, bearing lig-
ands originating not only from imidazoles but also from other
N-heterocyclic rings, have been tested in the hydroformylation of
aliphatic olefins since. The effect of the kind of carbene ring on
1-octene hydroformylation is illustrated by the data presented in
Fig. 10 [74].

Complex 10, with a carbene ligand derived from tetrazole,
appeared the most active, with a TOF value of 3540 h−1 [74]. The
increasing order of TOF values and conversion follows the order of
decreasing electron-donor properties of the NHC ligand. Thus, the
best results were obtained for the weakest donor, tetrazole. The
use of different halogens did not reveal any significant changes
in reactivity. However; the use of 1,3-dimesityl (6) instead of
1,3-bis(2-propyl) (4) resulted in a dramatic increase in reactivity
despite similar donor properties of both ligands, as proved by �(CO)
data [27]. Interestingly, application of bulky substituents to the
NHC ligand has no influence on the l/b ratio, which was rather low
(ca. 0.5) with all studied catalysts [27]. It can suggest formation of
[RhH(CO)4] as the active species, however, using 13C NMR results,
authors proposed that Rh–NHC bond remained stable and Rh–NHC
carbonyl hydrido species was responsible for the catalytic activity
[27].

Rhodium complexes with annulated diaminocarbene ligands
(Fig. 11) have been tested for the hydroformylation of 1-octene.
The highest yields of aldehydes (96–99%) were obtained at pres-
sures higher than 20 atm, and the l/b ratio ranged from 0.85 to 1.72
[75].
sterically demanding NHC ligands, [Rh(bmim-y)(1,5-
cod)X] (X = Cl, Br, I, SCN) and [Rh(demim-y)(1,5-cod)Cl]
(bmim-y = 1-butyl-3-methylimidazolin-2-ylidene, demim-
y = 1,3-diethoxymethylimidazolin-2-ylidene), modified by
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N
Me Me
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O

O

5 (1340 h-1, 21.5 %) 6 (1480 h-1, 23.0 %)

9 (2410 h-1, 39.7 %) 10 (3540 h-1, 50.4 %)

ined in reactions catalyzed by Rh–NHC complexes [74].
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Fig. 13. Results of hydroformylation of 1-hexene catalyzed by [Rh(bmim-y)(cod)Br]
and different phosphorus ligands ([P]/[Rh] = 2, 10 atm, 80 ◦C) [76].
Fig. 11. Rhodium complex with annulated diaminocarbene ligand [75].

ifferent phosphorus ligands, were used as catalysts for the
ydroformylation of 1-hexene [76].

Particularly good activity and selectivity were noted when
(OPh)3 was used as a modifying ligand, as illustrated by the data
hown in Fig. 12. The ca. 80% yield of aldehydes with an l/b ratio
f ca. 7, achieved in 4 h at 10 atm H2/CO, can be considered a very
romising result. In a similar rhodium system containing P(OPh)3
ut without an NHC ligand, the highest l/b ratio was below 3 [34]
Fig. 13).

Under the same conditions, high l/b selectivity was also found
or electron-withdrawing P(OCH2CF3)3 and P(NC4H4)3 as mod-
fying ligands. The application of P(OCH2CF3)3 resulted in the
chievement of the highest l/b value, 16.6, but simultaneously
ldehyde yield decreased to just 18.7%. Prolongation of the reac-
ion time from 4 h to 8 h increased the yield to 69.1%, but the
/b ratio decreased to 7.8. Enhancement of the [P]/[Rh] ratio to

resulted in the highest l/b value rising to 27.7 at a total alde-
yde yield of 26.2%. Very good results, presenting a compromise
etween high yield and selectivity, 66.5% of aldehydes with l/b = 4.6,
ere obtained with P(NC4H4)3. Remarkably, increasing the amount

f P(NC4H4)3 caused an increase in selectivity to l/b = 7.1 and
nly a small increase in yield. Generally, aryl phosphites pro-
ided higher yields of aldehydes, and with P(O–C6H3–2,4-tBu2)3,
(OC6H4–m–CH3)3, and P(OCH2CH3)3, aldehyde yield ranged from
5.1 to 83% with the l/b ratio ranging from 1.9 to 4.0. The max-

mum yield of 2-hexene, the only side product formed in these
eactions, was equal ca. 30%. In contrast, the application of phos-
hines such as PPh3, P(p-CH3–C6H4)3, P(p-CH3O–C6H4)3, P(C6F5)3,

r P(2-CH3O–C6H4)(Ph)2 resulted in rather low yields (from 1.5
o 3.7%) and l/b selectivity of from 2.2 to 2.7. In the same time
he amount of 2-hexene ranged from 0.5% to 5% [76]. A three-
old excess of the phosphorus ligand in relation to rhodium was

RhX

NN
Me Me

12  X = Cl

13  X = Br

14  X = I

15  X = SCN

Rh
  X = Cl

  X = Br

  X = I

  X = SCN

Fig. 12. Rh–NHC complexes used in hy
Fig. 14. Effect of [P(OPh)3]/[Rh] ratio on the results of hydroformylation of 1-hexene
catalyzed by [Rh(bmim-y)(cod)Br] [76].

an optimal one for both high aldehyde yields and high l/b ratios
(Fig. 14).

In the hydroformylation of 1-hexene, comparable amounts of
linear and branched aldehydes were obtained with the application
of neutral and cationic rhodium complexes containing mono- and
bis-carbene ligands of rather low steric hindrance. Under 80 atm l/b

ratio ca. 1:0.6 was noted after 16 h and a decrease in reaction selec-
tivity over time was observed [77]. Rhodium complexes with NHC
ligands functionalized with indenyl group, characterized by a very
high electron density on Rh, showed some activity for the hydro-

Rh

NN

RhCl

O
EtEt

O

16

droformylation of 1-hexene [76].
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Table 3
Hydroformylation of 1-octene catalyzed by 17 [55].

Cycle Yield [%] TOF [h−1] l/b

1 22.0 1100 72:28
2 34.7 1790 66:34
3 43.7 2320 55:45
CH3

Fig. 15. The first immobilized Rh–NHC complex used in hydroformylation.

ormylation of 1-octene. An intensive isomerization of substrate led
o final l/b ratio only 1.25 [78].

. Immobilized Rh–NHC catalysts

The first immobilized Rh–NHC catalyst for hydroformylation
as reported by Weberskirch, who applied a water-soluble poly-
er as a carrier for rhodium. The advantage of such a catalyst is that

t can be applied in biphasic water-organic systems [55]. An immo-
ilized catalyst was obtained from a Rh(I) precursor containing
n N-heterocyclic carbene ligand with an –OH group. Complex 17
Fig. 15) showed a high activity in the hydroformylation of 1-octene
epresented by a TOF value of 2360 h−1, although the unsupported
tarting complex was even more active. The immobilized complex
7 was separated and used in four consecutive reactions producing
rom 22.0% to 43.2% of aldehydes with l/b value decreasing from
2:28 to 57:43 (Table 3).

Rh(I) carbene complexes immobilized on Merrifield resin were
sed as heterogeneous catalysts in the hydroformylation of 1-
exene without solvent. Complexes 18 and 19 (Fig. 16) modified

ith phosphites (P(OPh)3, P(OCH2CF3)3) catalyze hydroformyla-

ion with l/b over 7 and TOF up to 1400 h−1 [79].
Catalysts immobilized on Merrifield resin can be easily sepa-

ated from the reaction mixture. Moreover, they are very stable
nder the reaction conditions and can be re-used eight times (18)

RhCl

NN
MeCH3

Rh

18

P P

Fig. 16. Rh–NHC complexes immo
4 43.2 2360 57:43

100 ◦C, 50 atm H2/CO (1:1), 17.9 mg of 17 in 50 cm3 of water, pH = 6, [1-
octene]/[Rh] = 10,000). b, yield of linear aldehydes (%); l, yield of branched aldehydes
(%).

or four times (19) without a marked decrease in activity or selec-
tivity (Fig. 17). However, to keep a high activity it was necessary to
add a new portion of P(OPh)3 to each reaction. When P(OCH2CF3)3
was used as the modifying ligand, selectivity was higher and an
l/b value of 49 was achieved; however, the stability of the cata-
lyst decreased. Consequently, it was possible to perform only three
cycles and already in the third one the yield of hydroformylation
was very low. Similarly, low stability was characteristic for systems
containing PPh3 as the modifying ligand, which additionally gave
low l/b, ca. 3.2.

Immobilized catalysts 18 and 19 were also tested in the hydro-
formylation of 1-octene, and the activity was slightly lower than
in the case of 1-hexene; however, selectivity was similar in both
systems [57].

7. Studies of catalytic resting states

According to the well accepted mechanism of hydroformyla-
tion, the hydrido carbonyl pentacoordinated rhodium complex
[RhH(CO)(PPh3)3], transformed under hydroformylation reaction
conditions to [RhH(CO)2(PPh3)2], should be considered as the rest-
ing state of the catalyst in reactions performed in the presence of
PPh3 [6,10,24]. For both complexes, as well for their phosphite ana-
logues, [RhH(CO)(P(OPh)3)3] and [RhH(CO)2(P(OPh)3)2], trigonal
bipyramidal structures have been confirmed in solution and in solid
state [10,33,80]. Similarly, the complex [RhH(CO)(P(NC4H4)3)3]
formed a distorted trigonal bipyramid with the rhodium atom
placed out of the plane of the P(NC4H4)3 ligands [81]. Complexes
of the hydrido carbonyl type, namely [RhH(CO)2(diphosphine)],
have been characterized for phosphacyclic diphosphines based on
the xanthene backbone [82]. The formation of hydrido rhodium

complexes with amphiphilic phosphines was evidenced by the
NMR method and IR spectroscopy under hydroformylation reaction
conditions [83]. Monodentate phosphorus amidite and phosphi-
nite ligands formed mixtures of [RhH(CO)2L2] and [RhH(CO)L3]
complexes, whereas their bidentate analogues formed mixtures

RhRh Cl

N N
Me
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bilized on Merrifield resin.
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Fig. 17. Yield and l/b ratio obtained in hydroformylation of 1-hexene catalyz

f [RhH(CO)2(L–L)] and [RhH(CO)(L–L)(L–L′)] complexes, where
–L′ acted as a monodentate [84]. Monodentate and bidentate
hosphorus diamide ligands derived from a 1,3,5-trisubstituted
iuret structure formed complexes [RhH(CO)2L2], [RhH(CO)3L], and
RhH(CO)2(L–L)] under hydroformylation reaction conditions [85].

phosphorus diamide ligand formed a hydride rhodium complex
ith phosphorus ligands coordinated in di-equatorial mode under
ydroformylation reaction conditions [86]. In contrast, BINAPHOS
oordinates to rhodium in equatorial–axial fashion [61,62].

In the case of Rh–NHC catalysts, the most important question is
hat of the stability of the Rh–NHC bonding. Studies by Crudden and
ernandez and Peris showed that during hydroformylation the NHC
igand remained in the coordination sphere of rhodium [18,53]. A
imilar conclusion about the high stability of the Rh–NHC bond was
lso formulated by Bortenschlager for another type of carbene on
he basis of MS measurements [74].

The formation of an Rh–NHC complex during the hydroformy-
ation of 1-octene was demonstrated by means of labeling exper-
ments performed with [Rh(acac)(CO)2] and Xantphos-type phos-

hine dissolved in ionic liquid (1-n-butyl-3-methylimidazolium-d3
Tf2) and followed by 1H NMR. It was concluded that Rh–NHC
omplexes were probably present even in typical hydroformylation
eactions in ionic liquids promoted by metal complexes without
trong �-donor ligands [87].

Rh
CHN

Rh
Cl

H2

H2

2 NHC

C

Cl

Cl

NHC = IPr, IMes

Fig. 18. Formation of hydrido dimeric an
18 and 19 (80 ◦C, 10 atm. H2/CO, [1-hexene]/[Rh] = 1000, [P(OPh)3]/[Rh] = 2).

It can be expected that a hydrido complex with an NHC ligand
presents the active form of a hydroformylation catalyst formed
in situ from a Rh–NHC precursor. However, what is a problem
is the tendency for reductive elimination of the NHC ligand in
the form of imidazolium salt (H–NHC+), which is plausible in the
presence of H2. Whittlesey and coworkers synthesized hydrido-
NHC compounds starting from [RhH(PPh3)4] and [RhH(CO)(PPh3)3]
and free carbene [88]. [RhH(PPh3)4] reacted with ICy or other
alkyl-carbenes forming a mixture of mono- and di-carbene species
with cis and trans structures. Under the same conditions, IMes
did not form any product. When [RhH(CO)(PPh3)3] was used,
hydrido–dicarbene complexes were obtained for both carbenes,
IMes and Icy [88].

In studies of Rh–NHC complexes bearing bulky substituents in
positions 1 and 3 of the imidazole ring, like mesityl or adamantyl,
hydrido complexes were formed in reaction with gaseous
dihydrogen [89,90]. Dimeric complexes [RhCl(COE)(NHC)]2
(COE = cyclooctene, NHC = IMes, IPr) reacted with dihydrogen
forming dimeric a hydrido–carbene Rh(III) complex (Fig. 18). The

same reaction performed in the presence of free carbene led to a
monomeric dihydrido complex with two NHC ligands (Fig. 18).

Interestingly, in reaction of IMes carbene with [RhCl(COE)2]2, an
orthometallated rhodium complex was formed in high yield. X-ray
studies of this compound confirmed the presence of intramolecular
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that the combination of a strong �-donor (carbene) and a strong
�-acceptor (CO) ligand largely deactivates the metal center, and
dihydrogen is not activated. When phosphines were used as
additional ligands, a postulated three-coordinated active inter-

1

2

Fig. 19. Reactivity of dinitrogen R

–H activation of one ortho methyl group, leading to Rh–H and
h–C bond formation [91].

The results reported by the Crudden group also shown a high
ctivity of dicarbene complexes towards dihydrogen. In the first
tep, a dinitrogen rhodium complex was obtained in reaction of
hodium ethylene dimer with IMes or IPr carbenes under a dinitro-
en atmosphere (Fig. 19) [90]. A coordinated dinitrogen ligand can
e easily substituted by H2, CO, or O2 with formation of respective
hodium species.

Rh–NHC complexes with smaller substituents in the imidazole
ing, such as methyl or butyl, do not react with H2, even at 10 atm
ressure. According to 1H NMR analysis of the reaction solution,
ydrido ligands were not present, and the relevant signals were also
bsent after the introduction of phosphorus ligands [76]. However,
MR studies of the [RhX(bmim-y)(CO)(P(OCH2CF3)3)] catalyst
nder hydroformylation conditions (80 ◦C, 10 atm H2/CO) resulted

n the identification of a new [RhH(bmim-y)(CO)(P(OCH2CF3)3)2]
omplex [76]. What is unique is that this new hydrido complex 20
as a square pyramidal structure with the hydrido ligand located in
plane and two phosphito ligands occupying cis positions (Fig. 20).

Such symmetry was evidenced by the 1H NMR and 1H{31P}NMR
pectra shown in Fig. 21. In 1H NMR, eight lines were observed as
result of the hydrido signal being split by two non-equivalent

hosphorus and one rhodium atoms, but the multiplet was par-
ially overlapped by a second intensive multiplet originating from
HRh(P(OCH2CF3)3)4] (Fig. 21). A clearer spectrum, containing only
hree doublets assigned to three different rhodium–hydrides was
btained with 31P decoupling.
. Hydrogenation of olefins catalyzed by Rh–NHC
omplexes

Here we would like to discuss shortly the reactivity of Rh–NHC
omplexes under hydrogenation reaction conditions. These data

Rh
P(OCH2CF3)3

H P(OCH2CF3)3

N

N

Bu

Me

CO

20

ig. 20. Proposed structure of the [RhH(bmim-y)(CO)(P(OCH2CF3)3)2] complex.
IPr

rbene (IPr, IMes) complexes [90].

are useful for understanding of reactivity of Rh–NHC towards H2
and olefin, which are also reactants in hydroformylation. Inter-
estingly, despite the efficient formation of hydrido complexes,
Rh–NHC species are rather poor catalysts for olefins hydrogenation.
For example, the pre-formed hydrido complexes [Rh(H)2Cl(NHC)2]
(NHC = IPr, IMes) appeared not to be useful catalysts for hydro-
genation, with just 15% of cyclooctane formed from cyclooctane
after 24 h at 45 ◦C [89]. Moreover, decomposition of the com-
plexes to colloidal metal was mentioned. Similar observations
were reported by Herrmann et al., who studied [RhCl(COD)(ICy)]
and [Rh(COD)(ICy)2]+ in the hydrogenation of cyclohexene and
1-octene [92]. They found that the tested complexes are not
useful for hydrogenation because they undergo decomposition
during the reaction or present low activity. They also assumed
(ppm)
-12.00-11.85-11.70-11.55-11.40
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Fig. 21. 1H NMR (A) and 1H{31P} (B) NMR spectra in the hydrido region.
1-[RhH(CO)(P(OCH2CF3)3)3], 2- [RhH(P(OCH2CF3)3)4], 3- [RhH(bmim-
y)(CO)(P(OCH2CF3)3)2].
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ediate could be more stable and, in fact, good results were
btained in cyclohexene hydrogenation performed in the pres-
nce of PPh3. However, in this series of experiments, the best
esults were obtained for an in situ formed catalyst composed
f [Rh(COD)Cl(NHC)] and dppe and NaBPh4. No decomposition
f the catalyst was observed, and its activity was close to the
RhCl(PPh3)3] [92].

Complex 2b was applied for hydrogenation of trans-
ethylstilbene and methyl-2-acetamidoacrylate at 50 bar of
2, however the ee’s were very low [70]. The Rh0 species was
videnced as the active catalyst, formed after reductive elimination
f corresponding imidazolium salt [70]. The very slow rates of
ransfer hydrogenation between acetophenone and 2-propanol
ere noted when Rh–NHC–imine complex was used as a catalyst.

his finding is consistent with the formation of colloidal Rh0 metal
nder reactions conditions [93,94].

A moderate activity of [RhCl(IMes)(PPh3)2] in hydrogenation
f cyclohexene was reported [95]. A way to improve its catalytic
ctivity was to apply a CuCl co-catalyst acting as a phosphine scav-
nger [18,96]. In the hydrogenation of isosaffrole, such system was
ore active than Wilkinson’s catalyst. An increase in TOF/h−1 from

6 to 430 caused by the addition of CuCl is very spectacular for
RhCl(IMes)(PPh3)2], whereas CuCl has only very small influence
n the catalytic activity of [RhCl(PPh3)3] [18].

Rhodium complex bearing an NH, NR-stabilized N-heterocyclic
arbene and PPh3 ligands exhibited catalytic activity in hydrogena-
ion of 1-octene [97]. In a competitive experiment with 1-dodecene
nd 3-butenoic acid ester, the clear preference of hydrogenation
f oxygenated substrate was observed due to the presence of NH
unctionality in the NHC ligand [97].

The results obtained by the Messerle group show that
HC–pyrazolyl chelate ligands are suitable for the design of active

hodium catalysts of styrene hydrogenation [98]. Such complexes
howed moderate activity with complete conversion of the sub-
trate within 50 min in all cases. It should be mentioned that
HC–pyrazolyl ligands do not create big steric hindrance around

he metal centre, which can be important for substrate coordi-
ation. Consequently, complexes containing the smallest ligands
ere the fastest catalysts, and complexes which contained a tert-

utyl group on the NHC donor had much slower reaction rates.
t was concluded that the steric bulk of the ligands had a sig-
ificant effect on the hydrogenation activity of the complexes
98]. However, most probably not only steric hindrance but also
lectronic effects play an important role. This supposition is sup-
orted by the fact that a bis-NHC rhodium complex was totally

nactive in hydrogenation under conditions applied for complexes
ith NHC–pyrazolyl chelating ligands [99]. On the other hand

Rh(NHC)(cod)Cl] complexes bearing functionalized carbene lig-
nds based on 6- and 7-membered rings catalyze hydrogenation of
-cyclooctadiene and 2-methyl styrene with molecular hydrogen
nder ambient temperature [100].

Rhodium complexes containing bis-NHC ligands of C2 symme-
ry with two imidazolin-2-ylidene moieties at chiral dioxolane
ackbone have been successfully applied in hydrogenation of (E)-
iethyl 2-R-succinates with ee’s up to 99% [101] (Fig. 22). This

s the first example of the use of rhodium complex with chi-
al biscarbene ligand in asymmetric hydrogenation with excellent
nantioselectivity. High enantioselectivities have been obtained
arlier for a range of functionalized olefins in hydrogenation cat-
lyzed by rhodium complex containing NHC ligand with phosphane
roup bonded to N-atom [102]. In contrast, rhodium complexes

ith chiral 3,3′-substituted biisoquinoline-based NHC ligands did
ot show any optical induction in hydrogenation of methyl 2-
cetamidoacrylate [103]. Similarly, rhodium complexes bearing
onodentate NHC ligands derived from 2,2′-bipiperidine and

artially reduced biisoquinoline showed significant activity in
Fig. 22. Rhodium complex with bis-NHC ligand used in asymmetric hydrogenation
[101].

hydrogenation of methyl-2-acetamidoacrylate, however without
any optical induction [104].

9. Conclusions

From analysis of the published results, it can be concluded
that Rh–NHC complexes catalyze hydroformylation of alkenes and
vinyl-arenes under relatively harsh conditions, namely a pressure
of over 50 atm and a temperature higher than 80 ◦C. This can be
related to the fact that the strong electron-donor properties of NHC
ligands facilitate the activation of dihydrogen and the formation
of hydrido complexes, but they may also hinder the coordina-
tion/insertion of olefin, which is the rate-determining step for most
rhodium-catalyzed hydroformylation systems. Moreover, the sta-
bility of Rh–NHC bonding is critical in the presence of H2 as a
result of possible protonation of C2 with formation of imidazolium
cations. Chelating bis-NHC ligands are expected to be more stable
in this respect.

Strong electron–donor properties of the NHC ligand can be
reduced through modification of the NHC ring by means of inser-
tion of another nitrogen atom into the N-heterocyclic ring or
through the addition of electron-withdrawing substituents at the N
atom. In both cases, during the hydroformylation reaction, alkene
conversion increased compared with a non-modified NHC ligand,
although the l/b ratio remained low and close to 1. In contrast,
the application of an Rh–NHC complex together with a prop-
erly selected phosphorus ligand makes it possible to enhance
the conversion of olefin and selectivity to normal aldehyde in
the case of aliphatic olefin. However, such a positive effect was
observed only for some combinations of a strongly electron–donor
NHC and a more electron-withdrawing phosphine or phosphite.
It is worth emphasizing that already in these cases even a small
excess of the phosphorus ligand is sufficient to improve the
results of hydroformylation, in contrast to classic rhodium systems
which require much higher amounts of phosphane. One can pro-
pose that improvement in the selectivity of hydroformylation in
Rh–NHC–phosphane systems is based on both electronic and steric
effects as could be deduced from the unusual square pyramidal
structure of the Rh–NHC hydrido complex.
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