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Abstract: An improved domino hydroformylation/benzoin
condensation to give a-hydroxy ketones has been devel-

oped. Easily available olefins are smoothly converted into
the corresponding a-hydroxy ketones in high yields with

excellent regioselectivities. Key to success is the use of
a specific catalytic system consisting of a rhodium/phos-

phine complex and the CO2 adduct of an N-heterocyclic
carbene.

Hydroformylation reactions, which produce aliphatic aldehydes

from olefins and syngas, constitute the most important homo-
geneous transition-metal-catalyzed processes in the chemical

industry.[1] Due to the versatile chemistry of the aldehyde
group,[2] in recent decades this transformation has been com-
bined with other reactions in a one-pot manner.[3–7] Such
tandem sequences follow a general trend in green chemistry
considering the advantageous step economy.[4] In this respect,

the development of productive novel or improved domino hy-
droformylation reactions has a great appeal for organic chem-
ists. In fact, hydroformylation/reduction (hydrohydroxymethyla-
tion),[5] hydroformylation/reductive amination (hydroaminome-

thylation),[6] and hydroformylation/aldol condensation[7] have
become powerful synthetic methods in organic synthesis.

Combination of hydroformylation and benzoin condensation
would allow for a straightforward and atom-efficient access to
a-hydroxy ketones directly from easily available olefins and
CO/H2. The resulting products constitute important organic in-
termediates which can be further functionalized to valuable

amines, diols, epoxides, or deoxygenated compounds.[8] In
order to realize a domino hydroformylation/benzoin condensa-

tion sequence, the development of a suitable catalyst system
is crucial. While hydroformylations are known to be catalyzed

in the presence of various rhodium, cobalt, ruthenium, and

palladium complexes, benzoin condensations are known to be
catalyzed by bases or carbenes. Since the first isolation by Ar-

duengo and co-workers in 1991,[9] N-heterocyclic carbenes
(NHCs) have not only become versatile ligands in organometal-

lic chemistry,[10] but also used as organocatalysts in various or-
ganic transformations such as benzoin condensation,[11] the

Stetter reaction,[12] cyanosilylation,[13] transesterification,[14] and

other reactions.[15, 11c] Owing to their sensitivity,[16] NHCs are
generally in situ produced from the corresponding (dihydro)i-

midazolium salts by deprotonation with a strong base. Un-
fortunately, this method is not applicable for base-sensitive

substrates/products in most cases. Therefore, more stable NHC
adducts with haloalkanes,[17] alcohols,[18] silver,[19] CO2,[20] and
H2CO3

[21] have been developed to liberate NHCs on demand

under base-free conditions. Among these masked NHCs, zwit-
terionic (dihydro)imidazolium-2-carboxylates ((H2)IMes-CO2)

gain much attention owing to their accessibility, good stability,
and easy generation of the respective free NHCs.[13b, 14b, 20c]

A general problem for the use of NHCs in domino hydrofor-
mylation/benzoin condensations is the competitive coordina-

tion of such d-donor ligands to the transition-metal catalyst,
for example, RhI or RuII, needed for the hydrofomylation step.
Very recently, Vorholt and co-workers reported the first tandem
hydroformylation/benzoin reaction using the rhodium/BiPhe-
Phos and vitamin B1 (in situ generated from its corresponding

hydrochloride salt and Et3N) as the catalytic system.[22] Herein,
we present a more general combination of a specific rhodium/

phosphine complex and H2IMes-CO2, which allow for hydrofor-
mylation/benzoin condensation of various aliphatic olefins,
providing linear a-hydroxy ketones in high yields with excel-

lent regioselectivities (Scheme 1).
In cooperation with industry, we demonstrated earlier on

that H2IMes-CO2 adduct C1 is an efficient organocatalyst for
benzoin condensations of various aldehydes under base-free
conditions.[23] Consequently, in our initial studies we investigat-

ed the domino hydroformylation/benzoin condensation of 1-
octene (1 a) with C1 and [Rh(acac)(CO)2] (acac = acetylacetone)

in the presence of different phosphine ligands (Table 1,
entries 2–8). Under standard conditions (80 8C, 20 h, THF), with-

out phosphine ligand no conversion of 1 a was observed
(entry 1).
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Applying triphenylphosphine L1 afforded the benzoin prod-
uct 2 a in poor yield, while using a standard phosphite ligand

(tris(2,4-di-tert-butylphenyl) phosphite) L2 only gave the alde-

hyde product 2 a’ (Table 1, entries 2 and 3). Gratefully,
the yields of 2 a were improved significantly in the

presence of bidentate phosphines (Table 1, entries 4–
8, L3–L7). For example, applying bulky and electron-

poor ligand L3 (BiPhePhos) provided the desired
product 2 a in 57 % yield with 96:4 regioselectivity

(entry 4), which is in agreement with the recent re-
sults from Vorholt and co-workers.[22] Notably, bulky
and electron-rich ligand L6 (POP-xantphos) showed

better performance (entry 7, 76 % yield, 98:2 n/iso).
With other bidentate ligands, such as L4 (DPEphos),

L5 (Xantphos), and L7 (Naphos), the benzoin product 2 a was
achieved in moderate yields (entries 5, 6, and 8). There is no
obvious effect when the ratio of [Rh(acac)(CO)2]/L6 was

Scheme 1. Domino hydroformylation/benzoin condensations of olefins.

Table 1. Domino hydroformylation/benzoin condensation: Investigation of phosphine ligands and NHC precursors.[a]

Entry L NHC 2 a (yield [%], n/iso) 2 a’ (yield [%], n/iso)

1 0 C1 0 0
2 L1 C1 6 (90:10) 32 (53:47)
3 L2 C1 0 89 (57:43)
4 L3 C1 57 (96:4) 12 (83:17)
5 L4 C1 26 (93:7) 41 (73:27)
6 L5 C1 58 (93:7) 16 (82:18)
7 L6 C1 76 (98:2) 18 (76:24)
8 L7 C1 67 (96:4) 17 (70:30)
9 L6 C1 77 (97:3) 16 (76:24)

10[b] L6 C1 86 (97:3) 5 (11:89)
11[b] L6 C2/DBU (1:8) 40 (86:14) 40 (72:28)
12[b] L6 C3/DBU (1.8) 29 (83:17) 50 (77:23)
13[b] L6 C4/DBU (1:8) 77 (94:6) 2 (0:100)
14[b] L6 C5/DBU (1:8) 76 (94:6) 2 (0:100)

[a] Reaction conditions: [Rh(acac)(CO)2] (2.5 mg, 0.5 mol %), L1–L2 (2.0 mol %) or L3–L7 (1.0 mol %), C1 (7 mg, 1.0 mol %) or C2–C5/DBU (1/8 mol %), 1 a
(0.32 mL, 2.0 mmol), CO/H2 (20/20 bar), THF (2.0 mL), 80 8C, 20 h. The yields and regioselectivities of 2 a and 2 a’ were determined by GC analysis using iso-
octane as an internal standard. [b] Heptane (2 mL) was used instead of THF (2 mL). DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene.
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changed from 1:1 to 1:2 (entry 9). Considering these results, es-
pecially the different catalytic activities between monodentate

and bidentate ligands, we assume that the carbene ligand
competes with the phosphine ligand in the coordination to

the RhI center. Apparently, the resulting RhI/carbene complexes
show only poor activity in this domino reaction.

With the optimal metal catalyst [Rh(acac)(CO)2]/L6 in hand,
the influence of other NHC precursors on the domino hydro-
formylation/benzoin condensation was investigated (Table 1,

entries 11–14). By contrast, with H2IMes-chloride C2 as organo-
catalyst instead of C1 (H2IMes-CO2 adduct), the yield of the
benzoin product 2 a decreased dramatically (entry 10 vs. 11).
This is also true for C3. However, applying biimidazolium

iodide C4 or triazolium tetrafluoroborate C5 as the organocata-
lyst afforded the product 2 a in high yields with very high re-

gioselectivities (entries 13 and 14).

To improve the yield of 2 a further on, additional reaction
parameters, such as solvent, reaction temperature, and the

pressure of syngas, were varied in the presence of [Rh(acac)(-
CO)2]/L6 and C1 (Table 2). In addition to THF, the reaction pro-

ceeded smoothly in other nonprotonic solvents including tolu-
ene, ethyl acetate, and heptane, and the product 2 a was ob-

tained in good yields (Table 2, entries 1–4, 70–86 % yields and

97:3—98:2 n/iso). On the other hand, no product 2 a was de-
tected when methanol was used as the solvent (entry 5). The

yield of 2 a was not affected when this domino sequence was
carried out at 60–100 8C (entries 7 and 8). However, below

40 8C hydroformylation of 1-octene 1 a did not proceed
(entry 6), while above 120 8C the organocatalyst is deactivated

(entry 9). The pressure of syngas was also examined and no

obvious effect was observed on the domino hydroformylation/
benzoin condensation of 1 a (entry 10). Notably, even in the

presence of 0.1 mol % of RhI complex and 0.2 mol % of C1 the
product 2 a could be achieved in 80 % yield and 98:2 regiose-

lectivity (entry 11).
Next, the compatibility and limitations of olefins in our

domino hydroformylation/benzoin condensations were exam-
ined. Besides the model substrate 1 a, important bulk olefins

such as ethylene 1 b and propylene 1 c also reacted smoothly,
affording the corresponding products 2 b and 2 c in good

yields (Table 3, entries 3 and 4). For ethylene (gramscale), the

Table 2. Domino hydroformylation/benzoin coupling reaction: Investiga-
tion of reaction conditions.[a]

Entry Solvent T [8C] 2 a (yield [%],
n/iso)

2 a’ (yield [%],
n/iso)

1 THF 80 76 (98:2) 18 (76:24)
2 toluene 80 80 (98:2) 10 (41:58)
3 EA 80 70 (97:3) 15 (46:54)
4 heptane 80 86 (97:3) 5 (11:89)
5 MeOH 80 0 57 (90:10)
6 heptane 40 0 0
7 heptane 60 83 (98:2) 3 (0:100)
8 heptane 100 83 (97:3) 12 (16:84)
9 heptane 120 73 (98:2) 25 (42:58)

10[b] heptane 80 85 (98:2) 5 (10:90)
11[c] heptane 80 80 (98:2) 6 (12:88)

Reaction conditions: [a] [Rh(acac)(CO)2] (2.5 mg, 0.5 mol %), L6 (14.4 mg,
1.0 mol %), C1 (7 mg, 1.0 mol %), 1 a (0.32 mL, 2.0 mmol), CO/H2

(20:20 bar), solvent (2.0 mL), 20 h. The yields and regioselectivities of 2 a
and 2 a’ were determined by GC analysis using isooctane as an internal
standard. [b] CO/H2 (10:10 bar). [c] [Rh(acac)(CO)2] (0.1 mol %), L6
(0.2 mol %), C1 (0.2 mol %), 1 a (20 mmol), heptane (10 mL). EA = ethyl
acetate.

Table 3. Domino hydroformylation/benzoin condensation of olefins.[a]

Entry Olefin 1 a–j x, y product 2 a–j 2 a–j
(yield [%],
n/iso)

1 0.5, 1 2 a (85, 98:2)

2[b] 0.1, 0.2 2 a (80, 98:2)

3[c] 0.01, 0.1 2 b (84, –)

4[d] 0.1, 0.3 2 c (86, 93:7)

5 0.5, 1 2 d (80, 99:1)

6 0.5, 1 2 e (84, 95:5)

7 0.5, 1 2 f (86, 99:1)

8 0.5, 1 2 g (94, 97:3)

9 0.5, 1 2 h (88, 96:4)

10 0.5, 1 2 i (61, 97:3)

11[e] 2, 5 2 j (46, 93:7)

Reaction conditions: [a] [Rh(acac)(CO)2]/L6 (1 x/2 x mol %), C1 (y mol %),
1 (2.0 mmol), CO/H2 (20:20 bar), heptane (2.0 mL), 80 8C, 20 h. Isolated
yields. The regioselectivities were determined by GC analysis. [b] 1 a
(20 mmol), heptane (10 mL), the yield was determined by GC analysis
using isooctane as an internal standard. [c] 1 b (54 mmol), heptane
(20 mL). [d] 1 c (80 mmol), heptane (20 mL). [e] [Rh(acac)(CO)2] (2 mol %),
L3 (4 mol %) was used instead of L6 (1 mol %), C1 (5 mol %), 80 8C, 20 h.
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RhI and C1 catalyst loading can be decreased to as low as 0.01
and 0.1 mol %, which demonstrated the efficiency of these re-

actions. tert-Butyl-substituted ethylene 1 d was well-tolerated
and gave 2 d in good yield with excellent linear selectivity

(entry 5). Applying allylbenzene 1 e and olefins containing
functional groups such as silyl, chloro, and dimethyl acetal the

corresponding products 2 e–i were achieved in moderate to
good yields with very good regioselectivities (entries 6–10). In-

terestingly, 2-octene 1 j also worked with our catalytic system

using L3 instead of L6 with higher catalyst loading, and the
product 2 j was obtained in 46 % yield with 93:7 regioselectivi-

ty for the linear product (entry 11). To the best of our knowl-
edge, this is the first example of a selective domino isomeriza-

tion/hydroformylation/benzoin condensation sequence.
In order to get some mechanistic information on the rate of

the individual steps of this domino transformation, the hydro-

formylation/benzoin condensation of the benchmark system
(1-octene (1 a)) was investigated in more detail. As shown in

Figure 1, the time–yield plot of this reaction provides useful in-

formation. 90 % of 1-octene (1 a) was consumed within 4 h. Al-

though the yield of nonanal, hydroformylation product of 1 a,
increased during the first 0.5 h to 8 %, it is reduced afterwards

due to the relatively faster benzoin condensation. In fact, after

1.5 h, only 1 % yield of nonanal is detected. These observations
clearly indicate that the hydroformylation of 1 a is the rate-de-

termining step in this domino sequence.
In conclusion, we developed a general and efficient domino

hydroformylation/benzoin condensation of aliphatic olefins. In
the presence of [Rh(acac)(CO)2]/L6 and an organocatalyst (C1,

H2IMes-CO2), various readily available olefins are converted into

the desired a-hydroxy ketones in good yields with excellent re-
gioselectivities for the linear products. Apart from the selectivi-

ty, the high atom-efficiency and the low catalyst loading make
this domino transformation attractive for organic synthesis and

might allow for potential applications in industry.

Experimental Section

General procedure for Table 3

Under an argon atmosphere, vial (4 mL) was charged with [Rh(a-
cac)(CO)2] (2.5 mg, 0.5 mol %), L6 (14.4 mg, 1.0 mol %), C1 (7.0 mg,
1.0 mol %), and a stirring bar. Then heptane (2.0 mL) and
1 (2.0 mmol) were injected by the syringe. The vial was placed in
an alloyed plate, which was then transferred into an autoclave
(300 mL) under argon atmosphere. At room temperature, the auto-
clave was flushed with syngas (CO/H2 1:1) three times, and then
pressurized with syngas to 40 bar. The reaction was performed at
80 8C for 20 h. After the reaction finished, the autoclave was cooled
to room temperature and the pressure was carefully released. The
regioselectivity was measured by GC analysis. After removing the
solvent under vacuum, the residue was directly purified by flash
chromatography on silica gel (eluent: heptane/ethyl acetate = 10:1)
to give the desired product 2.
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