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Catalytic trans-selective hydrogermylation of terminal and internal

alkynes was attained by a methyliron complex, CpFe(CO)2(Me),

and a bis(germyl)hydridoiron(IV) complex as a catalyst precursor.

The structures of (Z)-triphenyl-(2-phenylethenyl)germane and the

bis(germyl)hydridoiron(IV) complexes CpFe(CO)(H)(GeR3)2 (R=

Et, Ph) were confirmed by single crystal X-ray diffraction studies.

Hydrometalation of alkynes is well-established because vinyl-

metals thus obtained are useful products for the synthetic

intermediates in organic chemistry.1 Especially, organic

germanium compounds have attracted considerable attention as

alternatives to harmful organic tin compounds.2 One of the

synthetic routes to vinylgermanes is a hydrogermylation reaction

of alkynes catalyzed by a transition-metal complex.3,4 However,

regio- and stereo-selectivities of such reactions are not enough.

Trans-selective radical hydrogermylation of alkynes has been

achieved by Oshima’s group,5a and Lucarini’s group5b though

only a few examples of the hydrogermylation of alkynes were

shown in these methods. In 2005, Gevorgyan and Schwier

reported that B(C6F5)3 exhibits catalytic activity for hydro-

germylation reaction with trans-addition for simple alkynes and

cis-addition for propiolate.6 However the drawback of the catalyst

is that it is moisture sensitive and expensive. Very recently

Murakami’s group reported the trans-selective hydrogermylation

of Et3GeHwith 4-octyne catalyzed by a ruthenium complex.7We

have reported that a methyliron complex CpFe(CO)2(Me)

(Cp = Z5-cyclopentadienyl), which is relatively air-stable,

is an effective catalyst precursor for the C–CN bond cleavage

of organonitriles8a–c and for the N–CN bond cleavage of

cyanamides.9 In addition, we found a metathesis reaction between

Fe–Me and R3Ge–H bonds affording Fe–GeR3 and Me–H

bonds.10 Creation of catalytic activity of iron complexes instead

of rare and expensive metal complexes is important because iron

is an inexpensive, a ubiquitous, and an environmentally friendly

transition metal. However, the examples of homogeneous iron

catalyst for hydrometalation of unsaturated hydrocarbons are

quite limited to date.11 We here report the first trans-selective

hydrogermylation of alkynes catalyzed by an iron complex. This

reaction shows perfect regio- and stereo-selectivity, providing the

corresponding (Z)-vinylgermanes.

The mixture of phenylacetylene (0.74 mmol, 82 mL), triethyl-
germane (0.89 mmol, 144 mL), and CpFe(CO)2(Me) (7 mol%,

0.05 mmol, 10 mg) was stirred at 80 1C in a nitrogen atmosphere.

After workup, (Z)-triethyl(2-phenylethenyl)-germane 1a was

isolated in 78% yield based on phenylacetylene (Table 1,

entry 1). The corresponding E-isomer was not observed in the
1H NMR spectrum. Table 1 presents the results of hydrogermyl-

ation of several alkynes. The reactions of phenylacetylene with

Ph3GeH and nBu3GeH produced 1b and 1c in excellent yields

(entries 2 and 3). The yield for the p-F phenylacetylene is similar

to that for phenylacetylene (entry 4). The yields of hydro-

germylated products slightly decreased when phenylacetylenes

having the electron-releasing Me, OMe, NH2 groups in the para

position were used (entries 5–7). For alkyl-substituted alkynes,

1-octyne and cyclohexylacetylene reacted smoothly to give the

(Z)-vinylgermanes in excellent yields (entries 8 and 9).

Table 1 Fe-catalyzed hydrogermylation of alkynesa

Entry R1 R2 R3 Time/h Yieldb (%)

1 Et Ph H 18 78 1a

2c Ph Ph H 6 94 1b

3 nBu Ph H 15 95 1cd

4 nBu Ph-F-p H 18 93 1d

5 nBu Ph-Me-p H 15 74 1e

6 nBu Ph-OMe-p H 15 65 1f

7 nBu Ph-NH2-p H 15 64 1g

8 nBu Hex H 15 88 1h

9 nBu cHex H 15 499 1id

10 Et Ph Me 15 499 1j

11 nBu Ph Me 12 499 1k

12 Et Ph Ph 18 499 1l

13 nBu Ph Ph 12 499 1m

14 Et Pr Pr 6 43 1n

15 nBu Pr Pr 6 55 1o

16c Et COOMe COOMe 6 55 1p

17c nBu COOMe COOMe 12 64 1q

a Reaction conditions: CpFe(CO)2(Me) (7 mol%, 0.05 mmol), alkyne

(0.74 mmol), hydrogermane (0.89 mmol). b Isolated yield. c Using

10 mol% catalyst. d In this case the E-isomer was detected only in a

few percent yield.
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Compared with hydrogermylation of terminal alkynes,

examples of that of internal alkynes are quite rare.3i Our iron-

catalyzed system was found to be very effective even for internal

alkynes. The reactions of 1-phenyl-1-propyne and diphenyl-

acetylene with Et3GeH and nBu3GeH proceeded to give the

corresponding trans-addition products in quantitative yields

(entries 10–13). 4-Octyne and dimethylacetylene-dicarboxylate

also could be converted into the desired product in moderate

yields (entries 14–17). This is, to the best of our knowledge, the

first example of trans-addition for the hydrogermylation of the

alkyne having the ester group(s) catalyzed by a transition-metal

complex. Gevorgyan and Schwier reported that Lewis acid

catalyzed hydrogermylation reactions exhibit trans-addition for

simple alkynes. However, cis-addition products are obtained by

using propiolate as an alkyne with the ester group in these

reactions.6

The molecular structure of 1b was determined using single

crystal X-ray diffraction (Fig. 1).z The CQC bond apparently

possesses a Z configuration. The CQC bond distance for 1b

(1.339(4), 1.335(4) Å) is longer than that for a typical vinyllic

C(sp2)QC(sp2) bond (1.299 Å)12 and the CQC distance found in

C2H4 (1.3142(3) Å).13 However, this is quite similar to that

previously reported [(Z)-b-styrylgermatrane (1.336(4) Å)].3j

A proposed catalytic cycle is shown in Scheme 1. A methyl

migration in the precursor forms acyl complex CpFe(CO)-

{C(QO)Me}, which reacts with R1
3GeH to give CpFe(CO)(H)-

{C(QO)Me}(GeR1
3). Reductive elimination of acetoaldehyde

produces CpFe(CO)(GeR1
3) (A). The generation of MeCHO

was confirmed by the 1H NMR spectrum. The alkyne coordinates

to the iron center of A in an Z2-fashion (A - B). This species B

undergoes an insertion of the coordinated acetylene into the

Fe–Ge bond (B- C). Then, vinyl isomerization13 (C- E) takes

place through intermediate D or D0. A similar isomerization

mechanism has been reported for hydrosilylation of alkynes.14

Oxidative addition of R1
3GeH toward the Fe center gives F. The

subsequent reductive elimination of the vinyl and the hydride

ligands from F yields the corresponding hydrogermylated product

and an intermediate A to complete the catalytic cycle. Although

the iron complex A is a very important intermediate in the

catalytic cycle, the complex is too reactive to be isolated due to

a 16e species. A 16e germyl complex A has a possibility to react

with R1
3GeH present in solution to give a bis(germyl)-

hydridoiron(IV) complex, CpFe(CO)(H)(GeR1
3)2, through Ge–H

oxidative addition. Previously, Akita and co-workers reported

that thermal reactions of an alkyl iron complex CpFe(CO)2-

(CH2CH2Ph) with R3EH (E = Si, Sn) afford hydridoiron(IV)

complexes having two group 14 element ligands, CpFe(CO)(H)-

(ER3)2.
15 Therefore, our next efforts were focused on the

isolation of a bis(germyl)hydridoiron complex, and we succeeded

in isolating bis(germyl)hydridoiron(IV) complex CpFe(CO)(H)-

(GeR3)2 (R = Et: 2, Ph: 3) in the reaction of R3GeH with

CpFe(CO)2(Me) in the 2 : 1 molar ratio at 60 1C for 12 h (eqn (1)).

ð1Þ
The molecular structures of 2 and 3 were determined by single

crystal X-ray diffraction studies.z Two independent molecules

crystallized in the unsymmetric unit. The ORTEP drawing of a

Fe1 molecule is shown in Fig. 2. The Fe center has a typical four-

legged piano-stool structure possessing two germyl ligands. The

Fe–Ge bond distances (2.4135(6)–2.4237(7) Å for 2 and

2.4102(13)–2.4275(13) Å for 3) are comparable with previously

reported analogous complexes, CpFe(CO)(H)(EEt3)(E
0Et3)

Fig. 1 ORTEP drawing of a Ge1 molecule of 1b with 50% thermal

ellipsoidal plots. Hydrogen atoms except vinyl protons were omitted

for simplicity.

Scheme 1 Proposed catalytic cycle.

Fig. 2 ORTEP drawings of Fe1 molecules of (a) 2 and (b) 3 with

50% thermal ellipsoidal plots. Hydrogen atoms except hydrido ligand

were omitted for simplicity.
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(E = E0 = Si,16a and E = Ge, E0 = Si, Sn),16b CpFe(CO)(H)-

(SnPh3)2.
15a To the best of our knowledge, this is the first report of

the X-ray structure of a mononuclear iron complex having two

germyl ligands.

We checked the catalytic activity of this bis(germyl)hydrido

ð2Þ

complex 2. Reaction of Et3GeH with phenylacetylene in the

presence of 10 mol% of 2 at 70 1C yielded the desired

(Z)-vinylgermane 1a in 83% yield (eqn (2)). It is considered

that complex 2 can readily create the active species

CpFe(CO)(GeEt3) A
0 by the reductive elimination of Et3GeH

in solution (eqn (3)).16b These results show that the

bis(germyl)hydridoiron(IV) complex 2 is the catalyst precursor

in our system. Stoichiometric reaction of 2 with phenylacetylene

was monitored by the 1H NMR spectra, but no signal

attributable to an intermediate was observed, though the

signals due to 1a were observed.

ð3Þ

Next, we investigated the hydrogermylation under the similar

conditions in entry 1 in Table 1 in the presence of TEMPO

(2,2,6,6-tetramethylpiperidine-1-oxyl) as a radical scavenger

because trans-selective radical hydrogermylation of alkynes

with hydrogermane has been reported.5 The mixture of phenyl-

acetylene (1.00 mmol, 106 mL), triethylgermane (1.10 mmol,

188 L), TEMPO (0.10 mmol, 16 mg), and CpFe(CO)2(Me)

(7 mol%, 0.07 mmol, 13 mg) was stirred at 80 1C for 18 h in a

nitrogen atmosphere. After workup, (Z)-triethyl(2-phenyl-

ethenyl)germane 1a was isolated in 80% yield based on

phenylacetylene. The same results were obtained when the

reaction took place without TEMPO. These results suggest

that our reaction mechanism is not a radical process but an

iron-catalyzed process.

In summary, we found effectively trans-selective hydro-

germylation of alkynes catalyzed by an iron methyl complex.

This catalytic system is applicable not only for terminal

alkynes but also for internal alkynes and an alkyne having

the ester groups as well. The consideration of the catalytic

reaction pathway suggests that a germyliron complex is an

intermediate.
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