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Complex [PdCLL,|, where L is a camphor hydrazone ligand, (1R,45)-1,7,7-trimethyl-3-(2,2-
dimethylhydrazone)-bicyclo[2.2.1]heptane-2,3-dione, efficiently promotes Markovnikov
hydration of ethynylferrocene to acetylferrocene in aqueous methanol at room temperature.
1-Ferrocenylprop-1-yne and simple organic alkynes such as 1-octyne or ethynylbenzenes are
not affected or polymerize under the reaction conditions.
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Studies into interactions between transition metal complexes and alkynes
are of utmost importance as they provide a basis for a subsequent synthetic
utilization of transition metal-mediated reactions of alkynes as reactive hy-
drocarbon substrates'. In this regard, transition metal-catalyzed hydrations
of alkynes are no exception providing an access to synthetically extremely
versatile carbonyl compounds. In addition, the metal-catalyzed hydration
reactions represent convenient practical alternatives to conventional reac-
tions that are typically performed under the action of toxic and hazardous
reagents or under harsh reaction conditions?3.

We have recently demonstrated that palladium(Il) complexes with
camphor-derived ligands promote [2+2+2]-cyclotrimerization of internal al-
kynes* and cyclization reactions of pentynols®. This and other our recent
studies on transition metal-catalyzed cyclotrimerization reactions of
ethynylferrocenes® prompted us to extend our previous work and examine
the reactivity of Pd(I) complexes possessing camphor-based ligands’ (com-
pounds 1 and 2 in Chart 1) toward ethynylferrocene and 1-ferrocenyl-
prop-1-yne as possible sources of the redox-active ferrocenyl moiety?®.
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CHART 1

RESULTS

The initial reaction tests were rather disappointing since the reaction of
complex 1 (25 mole %) with ethynylferrocene in dry dichloromethane led
to a partial decomposition of the palladium(II) complex to palladium black
and free camphor hydrazone ligand, and to a formation of FcC(Cl)=CH,
(Fc = ferrocenyl) and some intractable polymeric products. When complex
2 was reacted similarly with FcC=CH, the alkyne was recovered unchanged.
Complexes 1 and 2 also did not appreciably react with FcC=CCH; under
similar conditions.

The situation changed upon changing the reaction solvent to “dry”
methanol (distilled from a solution of sodium methoxide). In this solvent,
ethynylferrocene was converted to acetylferrocene (Scheme 1; R = Fc) upon
reacting with complex 1 (25 mole %) within 20 h. Similarly to previous
cases, the complex partly decomposed during the reaction, yielding palla-
dium black and the camphorhydrazone ligand, which contaminated the
soluble reaction product (acetylferrocene). The reaction with
camphorimine complex 2 in methanol proceeded similarly to afford a mix-
ture acetylferrocene (98%) as the hydration product, and FcC(Cl)=CH,
(2%), which apparently results, by addition of HCl formed by solvolytic
equilibria, in the reaction mixture (Scheme 2). In addition to unreacted 2

HoO/[Pd] //O
R—C=C—H ———— > F\’—C\
CHs

SCHEME 1
General scheme of the hydration reaction. R and [Pd] source are specified in the text

Cl
HCI/Pd
R—C=C—H % R—C/

SCHEME 2
Side-reaction resulting in the formation of the 1-chlorovinyl derivatives. R and [Pd] source are
specified in the text
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and some palladium black, the insoluble part of the reaction mixture con-
tained some unidentified polymeric material in this case.

In view of its practical usefulness, we focused on the hydration reaction
and tried to optimize reaction conditions using complex 1 as the pre-
catalyst (Table I). It was found that acetylferrocene is obtained in a 70%
isolated yield from a reaction with 25 mole % catalyst in “dry” methanol.
Lowering the amount of catalyst expectedly reduced the amount of the
hydration product (46% with 5 mole % of Pd). However, when the amount
of water in the reaction medium was purposely increased, the yield of
acetylferrocene increased to 55% isolated yield for a 1:99 (v/v) and to 74%
tor a 10:90 (v/v) water-methanol mixture at 5 mole % metal loading.

TABLE I
Summary of initial reaction tests in methanol

Product - Isolated yields, %

Catalyst 1 Recovered
mole % FcC=CH, %
FcCOCH, FcC(Cl)=CH,,

254 70 7 0
104 60 4
54 46 4 22
14 20 1 65
sb 55 5 18
5¢ 74 5 6

4 Reaction in “dry” methanol. b Reaction in MeOH-H,0 99:1 (v/v). ¢ Reaction in MeOH-H,O
90:10 (v/v).

Next, we decided to include more alkyne substrates in testing (Table II).
Rather surprisingly, the catalytic system studied failed to promote hydra-
tion of simple organic alkynes such as 1-octyne, ethynylbenzene and its
derivatives substituted at the benzene ring. In order to determine whether
ethynylferrocene is required during a kind of a pre-catalytic activation step,
we performed two additional reactions with 1:1 mixtures of ethynyl-
ferrocene and a simple alkyne (Table II). Even in these cases, only ethynyl-
terrocene underwent hydration. The reaction of an equimolar mixture of
PhC=CH and FcC=CH with complex 1 (5 mole %) in 90% methanol yielded
a mixture of acetylferrocene, liberated camphorhydrazone ligand and traces
of FcC(Cl)=CH,, while ethynylbenzene was completely converted to a poly-
meric material. Similar reaction with a 1:1 mixture of CH;(CH,)s;C=CH and
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FcC=CH produced a mixture of acetylferrocene, free camphorhydrazone
ligand, FcC(Cl)=CH, (traces) and unreacted 1-octyne.

TaBLE IT
Attempted reactions with other terminal alkynes”

b

R in RC=CH Composition of the reaction mixture

Ph ligand, polymer and trace of RAc

4-CF;C4H, ligand and polymer

4-CH;0C4H, ligand, unreacted alkyne and trace of RAc

CH3(CH,)q ligand, unreacted alkyne and trace of RAc

Fc and Ph ligand, FcAc, trace of FcC(Cl)=CH, and polymer from PhC=CH
Fc and CH3(CH,)s ligand, FcAc, trace of FcC(Cl)=CH, and unreacted alkyne

@ Reactions with 5 mole % of complex 1 in 90% methanol (v/v). ¥’ Results of NMR analysis.
Trace 1-2%.

DISCUSSION AND CONCLUSION

Palladium(Il) complex 1 efficiently promotes hydration of ethynylferrocene
in wet methanol. Although the hydration reaction competes with polymer-
ization of the starting alkyne and is accompanied by a decomposition of
the catalyst, it still mainly produces acetylferrocene as a Markovnikov addi-
tion product. It is noted that traces of water that are notoriously present in
methanol distilled from sodium methoxide® are sufficient for the hydration
reaction to proceed efficiently. However, the best results are obtained in
intentionally prepared water-methanol mixtures. Changing the solvent to
dichloromethane as a hydrophobic solvent or the use of complex 2 (in
methanol) assists the formation of FcC(Cl)=CH, as an unwanted product of
HCI addition, albeit still in trace amounts. 1-Ferrocenylprop-1-yne remains
unaffected by complex 1 in either of the tested solvents. Simple aliphatic
and aromatic terminal alkynes do not react with complex 1 or are polymer-
ized, which makes this complex a selective and efficient catalyst for selec-
tive hydration of ethynylferrocene.

The observed reactivity pattern is tentatively attributed to a hitherto un-
known cooperative effect established between the terminal alkyne (FcC=CH)
and the camphor ligand, which assists coordinative activation of the unsat-
urated substrate. The higher acidic character of ethynylferrocene compared
to other alkynes may promote the labilization of the hydrazone ligand in 1
during a specific metal-alkyne interaction and may thus facilitate generation
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of a vacant site available for coordination-induced activation of the alkyne.
In the absence of alkyne proton (e.g., in 1-ferrocenylprop-1-yne), such acti-
vation is obviously impossible and the hydration reaction does not pro-
ceed. However, the basic character of camphorimine ligands in 1 and 2 may
also play a substantial role as it was already demonstrated for cyclo-
isomerization reactions of alkynols®. A pronounced synergistic influence of
a basic N-donor group was noted also in hydration reactions of alkynes
catalyzed by Ru-complexes with pyridylphosphine ligands and related do-
nors!?, It remains unclear why H,O or MeOH do not promote camphor-
imine labilization as conventional proton sources. In the absence of the
alkyne, the solution of complex 1 in wet methanol remains unchanged
even after standing for long periods.

EXPERIMENTAL

Materials and Methods

All reactions were performed in the air in sealed reaction vessels. Complexes 17 and 2,
ethynylferrocene!! and 1-ferrocenylprop-1-yne'? were prepared by the literature methods.
Dichloromethane was dried over CaCl, and distilled under dinitrogen. Methanol was dis-
tilled from a solution of sodium methoxide prepared by dissolving sodium metal in com-
mercial methanol (ca. 1 g/1 ). Solvents for chromatography were used as received (Lach-Ner).

NMR spectra were measured on Varian UNITY Inova 400 or Bruker Avance II* 400 spec-
trometers at 25 °C. Chemical shifts (5, ppm) are given relative to internal SiMe, (*H and
13C). The compounds were identified by comparing their spectra with those of an authentic
sample (acetylferrocene) or with the literature data (FcC(Cl):CH213). GC-MS analysis sup-
ported the formulation.

Screening Experiments

Complex 1 (30 mg, 0.05 mmol) and ethynylferrocene (42 mg, 0.20 mmol) were reacted in
dichloromethane (6 ml) overnight (20 h). The resulting solution was separated from a dark
solid formed and evaporated under reduced pressure. Analysis of the evaporation residue by
'H NMR spectroscopy revealed the presence of liberated camphorhydrazone ligand and
acetylferrocene. The solid contained complex 1 and some polymeric material. When the re-
action was performed in methanol (6 ml), a mixture of free camphorhydrazone ligand and
FcC(Cl)=CH, was obtained as the soluble product. Under identical conditions, analogous re-
actions with complex 2 afforded either unchanged ethynylferrocene (in dichloromethane)
or a mixture of acetyl ferrocene and FcC(Cl)=CH, in ca. 98:2 ratio (in methanol).

Catalytic Tests

Optimization of the reaction conditions. Complex 1 and ethynylferrocene (42 mg,
0.20 mmol) were suspended in methanol (5 ml). The resulting mixture, which immediately
turned dark, was stirred in the dark at room temperature for 20 h and then evaporated
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under reduced pressure. The dark residue was purified by chromatography over silica gel
using hexane-diethyl ether 4:1 (v/v) as the eluent to afford yellow bands (in order of de-
creasing Ry) containing unreacted ethynylferrocene, (1-chlorovinyl)ferrocene and an orange
band of acetylferrocene. Identity and purity of all compounds were confirmed by 'H NMR
spectra. The results are summarized in Table I.

Screening of alkyne substrates. Complex 1 (6 mg, 0.01 mmol, 5 mole %) and alkyne
(0.2 mmol or 2 x 0.1 mmol in the case of alkyne mixtures) were mixed with aqueous
methanol (MeOH-H,O 90:10 (v/v), 5 ml). The dark mixture was stirred at room temperature
in the dark for 20 h and then evaporated under reduced pressure. The residue was analyzed
by 'H NMR spectroscopy. The results are presented in Table II.

This work is a part of the long-term research projects of the Faculty of Science, Charles University
in Prague that are supported by the Ministry of Education, Youth and Sports of the Czech Republic
(project LCO6070 and MSM0021620857).
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