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Abstract. Copper(I) carboxylates of type [(nBu3P)mCuO2CR] (m �

1: 3a, R � Me; 3b, R � CF3; 3c, R � Ph; 3d, R � CH�CHPh.
m � 2: 4a, R � Me; 4b, R � CF3; 4c, R � Ph; 4d, R � CH�

CHPh. m � 3: 8a, R � Me; 8b, R � CF3; 8c, R � CH2Ph; 8d,
R � (CH2OCH2)3H; 8e, R � cC4H7O) are accessible by following
synthesis methodologies: the reaction of [CuO2CR] (1a, R � Me;
1b, R � CF3; 1c, R � Ph; 1d, R � CH�CHPh) with m equivalents
of nBu3P (2) (m � 1, 2, 3), or treatment of [(nBu3P)mCuCl] (5a,
m � 1; 5b, m � 2) with [KO2CCF3] (6). A more straightforward
synthesis method for 8a � 8e is the electrolysis of copper in pres-
ence of HO2CR (7a, R � Me; 7b, R � CF3; 7c, R � CH2Ph; 7d,
R � (CH2OCH2)3H; 7e, R � cC4H7O) and 2, respectively. This
method allows to prepare the appropriate copper(I) carboxylate
complexes in virtually quantitative yield, analytically pure form,
and on an industrial scale.

Introduction

Copper is widely applied as interconnect material in Ultra-
Large Scale Integrated (ULSI) microprocessors, due to its
low resistivity (bulk value: 1.7 μΩ cm) compared to afore
used aluminium (bulk resistivity: 2.7 μΩ cm) [1, 2]. Further-
more, Cu exhibits high thermal conductivity and superior
electromigration resistance, which is up to four orders of
magnitude higher than for Al as well as increased resistance
to stress-induced voiding in comparison to Al or W. How-
ever, with decreasing feature size, physical vapor deposition
techniques are becoming more and more problematic with
respect to film conformality and step-coverage in nanoscale
trenches. Chemical Vapor Deposition (CVD) represents an
alternative, due to its ability to form continuous films of
equal thickness also on complex surfaces. However, for the
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IR spectroscopic studies reveal that the carboxylic units in 4, 5, and
8 bind in a unidentate, chelating or μ-bridging fashion to copper(I)
depending on m and R.
The thermal properties of 4, 6, and 8 were determined by TG and
DSC studies. Based on TG-MS experiments a conceivable mecha-
nism for the thermally induced decomposition of these species is
presented.
Hot-wall Chemical Vapor Deposition experiments (CVD) with pre-
cursor 4b showed that copper could be deposited at 480 °C onto a
TiN-coated oxidized silicon substrate. The copper films were
characterized by SEM and EDX studies. Pure layers were obtained
with copper particles of size 200 � 780 nm.

Keywords: Copper; Carboxylates; Tri-n-butylphosphane; Electroly-
sis; CVD; TG; DSC; SEM; EDX

CVD of copper appropriate precursors are required [3�8].
CVD precursors should be volatile, low molecular

weighted, easy to handle in the deposition experiments, and
available in high yield and straightforward reactions.
Among them, Lewis-base copper(I) β-diketonates (for
example, β-diketonate � 2,4-pentanedionate (acac),
dipivaloylmethanate, 1,1,1-trifluoro-2,4-pentanedionate,
1,1,1,5,5,5-hexafluoro-2,4-pentanedionate (hfac),···) have
been intensively studied as CVD precursors, since they
possess, when compared with the corresponding copper(II)
systems, a higher vapor pressure and a lower deposition
temperature [7]. As ancillary Lewis-base ligands in metal-
organic complexes [LmCu(β-diketonate)] (m � 1, 2) [9],
phosphanes, phosphites [10], alkenes [1] or alkynes can be
used [2]. Meanwhile, copper(I) β-diketonates are commer-
cially available, e. g. (η2-H2C�CHSiMe3)Cu(hfac) (Cupra-
Select®) [11a,b] and (MHY)Cu(hfac) (Gigacopper®)
(MHY � 2-methyl-1-hexene-3-yne) [11c], respectively,
which makes this class of metal precursors still the most
important in industrial applications. These precursors de-
posit copper either by direct reduction with hydrogen or by
a thermally induced disproportionation. Within the latter
reactions the β-diketonate ligand is removed in form of
[Cu(β-diketonate)2] and the desorption of neutral Lewis-
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base ligands L into the gas-phase [7]. However, the decisive
disadvantage of CuI β-diketonate precursors is that, due to
disproportionation, half of the copper starting material is
lost by formation of a CuII β-diketonate. In addition, the
latter species may contaminate the CVD equipment during
the deposition process, especially in commercial large scale
production CVD reactors, which results in higher costs. For
this reason, the development of a new generation of cop-
per(I) precursors is indispensable.

One possible approach to solve the problems stated above
is given by applying copper(I) carboxylates as conceivable
CVD precursors [12]. Copper(I) carboxylates of type [Cu-
O2CR] (R � single-bonded organic rest) are accessible in
fairly good yield and can be applied as, for example, cata-
lytically active components in organic and organometallic
synthesis [13�15]. Surprisingly, the family of Lewis-base
copper(I) carboxylates have only been little studied up to
now [16�18]. While [AgO2CR] and [LmAgO2CR] metal-
organic complexes (L � 2-electron donor ligand) have lately
been introduced as suitable CVD precursors [19, 20], only
little is known about copper(I) complexes [20].

Here we describe different synthesis methodologies in-
cluding electrolysis, the characterization and the use of
[(nBu3P)mCuO2CR] complexes (m � 1, 2, 3; R � Me, CF3,
Ph, CH2Ph, CH�CHPh, cC4H7O, (CH2OCH2)3H) as pre-
cursors in the successful chemical vapor deposition of cop-
per onto TiN-coated oxidized silicon substrates.

Results and Discussion

Synthesis

The preparation of the tri-n-butyl-phosphane copper(I)
carboxylates [(nBu3P)mCuO2CR] (m � 1: 3a, R � Me; 3b,
R � CF3; 3c, R � Ph; 3d, R � CH�CHPh. m � 2: 4a,
R � Me; 4b, R � CF3; 4c, R � Ph; 4d, R � CH�CHPh)
(Table 1) succeeds by treatment of [CuO2CR] (1a, R � Me;
1b, R � CF3; 1c, R � Ph; 1d, R � CH�CHPh) with nBu3P
(2) in a 1:1 or 1:2 composition in dichloromethane as sol-
vent at 0 °C (Equation (1)). Metal-organic complexes
4a�4d are also available, when 3a�3d are reacted with a
further equivalent of 2 under similar conditions (Exper-
imental Part). A further possibility to prepare the trifluo-
roacetate copper systems 3b and 4b is given by combining
the copper(I) salts [(nBu3P)mCuCl] (5a, m � 1; 5b, m � 2)
with equimolar amounts of [KCO2CF3] (6) in diethyl ether
at �20 °C or in a “one-pot” synthesis by the consecutive
reaction of [CuCl] with 2 and 6 (Experimental Part).

After appropriate work-up, complexes 3a�3d and 4a�4d
can be isolated in high yield as colorless liquids which are
stable under inert gas atmosphere for months at room
temperature. On exposure to air they decompose during
minutes (3) or hours (4) to form greenish paramagnetic
products, which could, however, not be unequivocally
characterized.
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Table 1 Synthesis of complexes 3a�3d and 4a�4d.a)

Compd. m R Yield / % b)

3a 1 Me 83
3b 1 CF3 83
3c 1 Ph 79
3d 1 CH�CHPh 82

4a 2 Me 79
4b 2 CF3 84
4c 2 Ph 83
4d 2 CH�CHPh 76

a) Reaction of 1a � 1d with 2 in the molar ratios of 1:1 and 1:2, respectively.
b) Based on 1.

Complexes 3a�3d, where only one nBu3P Lewis-base
ligand is coordinated to copper(I), are less stable, when
compared with 4a�4d featuring two datively-bonded nBu3P
ligands. This can be explained by the higher electron density
at copper and the degree of aggregation.

The disadvantage of the synthesis procedures for 3 and 4
(vide supra) is either the scaling-up or the purification be-
cause some products may contain traces of chloride which
is detrimental to their use as CVD precursors in microtech-
nology. Another adversarial aspect is the use of copper(I)
carboxylates with no or one coordinated phosphane, since
these compounds show the tendency to decompose on pro-
longed storage. Therefore, we developed an improved elec-
trolytic synthesis methodology to prepare copper(I) car-
boxylates with three coordinated phosphane molecules. For
the electrochemical synthesis of the latter molecules we used
an electrolysis cell with copper being the anode and cath-
ode, respectively, and acetonitrile as solvent. In presence of
triethylamine the conductivity is increased by formation of
the respective ammonia salt. The addition of an extra elec-
trolyte is not required in any case, since tri-n-butylphos-
phane and the appropriate carboxylic acids are sufficiently
conductive in solution. The electrochemical oxidation of
copper was carried out at 40 °C, the initial voltage was
1.5 � 6.0 V depending on the respective carboxylic acids
7a�7e (7a, R � Me; 7b, R � CF3; 7c, R � CH2Ph; 7d,
R � (CH2O CH2)3H 7e, R � cC4H7O) (Experimental Part).
Electrolysis was carried out until insignificant deposition of
dendritical copper on the cathode (4 � 6 h). The formation
of hydrogen, as consequence of the cathodic reduction of
H�, was visually observed. After appropriate work-up,
complexes [(nBu3P)3CuO2CR] (8a, R � Me; 8b, R � CF3;
8c, R � CH2Ph; 8d, R � (CH2OCH2)3H; 8e, R � cC4H7O)
could be isolated as colorless liquids. These preparative
studies show that a convenient and hence, straightforward
synthesis route to a variety of mono-copper(I) species
exists. Since no further reaction products are formed, com-
plexes 8a�8e were isolated in virtually quantitative yield
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and analytically pure. Additionally this synthesis method
allows the preparation of 8a�8e on an industrial scale. In
contrast, the synthesis of 8a�8e by the method described in
Equation (2) only gives minor amounts of the appropriate
phosphane copper(I) carboxylate complexes (Experimental
Part). Nevertheless, the electrolytic procedure privileges the
formation of tris-nBu3P copper(I) systems.

Complexes 3a�3d, 4a�4d, and 8a�8e gave satisfactory
elemental analyses and were characterized by FT-IR and
1H-, 13C{1H}- and 31P{1H}-NMR spectroscopy (Exper-
imental Part).

Carboxylate ions RCO2
� can bind to transition metals in

a monodentate [21], chelating [22, 23], or μ-bridging [24,
25] fashion, whereby a relationship between the relevant
bonding motifs of the carboxylic ligands and the carbon-
oxygen stretching frequencies exists, allowing to determine
the coordination number at the metal atom [26�28]. Mono-
dentate bonded R(O)CO� carboxylate groups increase the
separation Δν (Δν � νasym�νsym) of the corresponding νCO2

frequencies relative to the values of the free carboxylate ion,
usually taken from the respective sodium or potassium salts
[29]. Typical Δν values for sodium and potassium trifluo-
roacetate are 223 and 241 cm�1 [30, 31]. The νCO absorp-
tions for complexes 3a�3d, 4a�4d, and 8a�8e are summar-
ized in Table 2.

Table 2 Δν values of the νCO vibrations of complexes 3a�3d,
4a�4d, and 8a�8e.

Compd. νasym / cm�1 νsym / cm�1 Δν / cm�1

3a 1594 1460 134
3b 1672 1461 211
3c 1705 1600 105
3d 1639 1553 86

4a 1594 1460 134
4b 1682 1464 218
4c 1708 1654 54
4d 1640 1555 85

8a 1575 1464 111
8b 1691 1464 227
8c 1577 1463 114
8d 1607 1463 144
8e 1608 1463 145

As it can be seen from Table 2, the Δν values for 3b, 4b
and 8b are 211, 218 and 227 cm�1 and point to mono-
dentate bonded CO2CF3 entities [33]. A similar structural
motif is found for isostructural silver(I) carboxylates [34].
All other complexes show Δν values between 50�145 cm�1

portending to chelate-bonded or μ-bridged copper(I)
carboxylate units. For example, the separations found for
3a and 4a suggest a μ-bridging acetate [32].

www.zaac.wiley-vch.de © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Z. Anorg. Allg. Chem. 2008, 2226�22342228

The 1H NMR spectra of 3, 4, and 8 show well-
resolved resonance signals for the organic groups R and n-
Bu and are consistent with the empirical formula
[(nBu3P)mCuO2CR] (m � 1, 2, 3; R � Me, CF3, Ph, CH2Ph,
CH�CHPh, (CH2OCH2)3H, cC4H7O) (Experimental Part).

In the 13C{1H} NMR spectra of 3, 4 and 8 for the car-
boxylic building block a very characteristic resonance signal
is found between 160�180 ppm, in a region in which no
other resonance signals appear. In comparison with free
carboxylic acids an up-field shift by 1�3 ppm is observed
for 3c and 4c [34]. However, for 4d the CO2 carbon atom is
shifted to lower field (173.3 ppm), when compared with the
corresponding free acid PhCH�CHCO2H (172.8 ppm).

In the 31P{1H} NMR spectra of all newly synthesized
metal-organic complexes relatively broad signals are ob-
served between �20.1 to �13.8 (3a�3d), �25.0 to �17.6
(4a�4d), and �26.2 to �22.9 ppm (8a�8e). These signals
are down-field shifted in contrast to non-coordinated nBu3P
(�32.3 ppm) which is typical in copper(I) phosphane chem-
istry [23, 39]. The difference in the chemical shifts of 3, 4
and 8 relates to the number of Lewis-base ligands coordin-
ating to copper(I). In all 31P{1H} NMR spectra broad lines
are observed, explainable by the quadrupolar effect of cop-
per (63Cu and 65Cu isotopes). Exchange processes involving
either the nBu3P ligands or the carboxylate units could be
another reason [37].

TG-, DSC- and TG-MS-Studies

The thermal stability of metal-organic 3a�3d, 4a�4d, and
8a�8d were investigated by ThermoGravimetry (TG) and
Differential Scanning Calorimetry (DSC) under an atmos-
pheric pressure of N2 to show if these species may be suit-
able precursors for chemical vapor deposition (CVD)
experiments. These studies allow to optimize the tempera-
ture at which the appropriate copper(I) complex should be
maintained during the CVD experiments without decompo-
sition. All copper carboxylates decompose in a two-step
process (exception of 3b, 3d, and 8c which decompose in
three steps) of which the first decomposition takes place
between 95�360 °C, while the second step is observed in
the temperature range of 205�500 °C depending on the na-
ture of the CO2R group. Metal-organic 3a shows the lowest
decomposition temperature (95 °C), while complex 4b with
170 °C possesses the highest initial temperature. Exemplary,
the TG trace of 4b is shown in Figure 1.

Thermogravimetric studies of [(nBu3P)2CuO2CCF3] (4b)
give evidence for a thermal decomposition process that
starts at about 170 °C and has a maximal rate at 250 °C
(Figure 1). The weight loss of the 1st decomposition interval
(170�360 °C) is 77.4 % corresponding to the loss of CO2

and elimination of the nBu3P ligands. Further heating to
450 °C induces a weight loss of 12 %. This can be inter-
preted as the elimination of fluorine-carbon fragments. The
final thermogravimetric residue at 500 °C is 10.2 %, which
almost confirms the theoretically calculated value for the
formation of elemental copper (10.9 %). Similar obser-
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Figure 1 TG and DTG (Derivative ThermoGravimetry) traces of
complex 4b (N2, heating rate 8 K/min).

vations were made for all other copper(I) carboxylate com-
plexes (Table 3, Experimental Part).

As expected, complexes 3a�3d appear to be less volatile
than 4a�4d and 8a�8e, since the latter complexes possess
one or even two more nBu3P Lewis-base ligands at cop-
per(I) resulting in lower aggregated species. For example, it
could be shown by single X-ray structure determination
that [((F3CCH2O)3P)CuO2CCF3]4 with only one phosphite
coordinated to copper is tetrameric showing a distorted cu-
bane-like Cu4O4 structure, [((F3CCH2O)3P)2CuO2CCF3]2
with two Lewis-base ligands is dimeric with μ-bridging
carboxylic units, while [((F3CCH2O)3P)3CuO2CCF3] is
mononuclear.

In addition, TG-MS experiments were enforced to obtain
first information on the decomposition mechanism of me-
tal-organic 3, 4, and 8 and hence, to learn more about the
volatility and stability of these precursors. Exemplarily,
complex 4b was studied by TG-MS and the result is shown
in Figure 2. At 240 °C a fragment with m/z � 44 could be
detected which corresponds to the elimination of carbon
dioxide. Fragments characteristic for P� (m/z � 31), C3H7

�

Table 3 TG and DSC data for complexes 3a�3d, 4a�4d, and 8a�8e.

Compd. TG DSC
T1 (Δm1) a) / °C T2 (Δm2) a) / °C T3 (Δm3) a) / °C Residueb) / % ΔH1

c) / J g�1 ΔH2
c) / J g�1 ΔH3

c) / J g�1

3a 95-204 (46.3) 204-300 (45.3) 8.5 28.8 �61.8 �12.9
3b 167-287 (47.6) 287-310 (24.4) 310-570 (14.0) 14.1 �120.4 42.2 �107.9
3c 140-280 (49.3) 280-495 (33.8) 16.1 5.3 162.6 �8.8
3d 100-242 (53.8) 242-300 (16.4) 300-500 (13.6) 16.2 15.3 144.1 �60.9

4a 100-216 (58.3) 216-300 (33.1) 8.1 45.6 �101.4 �6.7
4b 170-360 (77.4) 360-450 (12.3) 10.2 �168.9 �10.1 �47.0
4c 150-300 (85.7) 300-500 (5.2) 8.9 3.3 182.6 �2.9
4d 143-300 (82.1) 300-500 (5.0) 12.9 5.01 175.84 73.76

8a 62-204 (48.6) 204-217 (14.3) 217-253 (28.3) 8.5 58.6 overlapping processes
8b 96-199 (18.2) 199-262 (51.1) 262-370 (21.9) 8.7 �81.8
8c 90-214 (38.5) 214-321 (51.4) 10.1 �146.0 �63.5
8d 80-209 (35.6) 209-279 (54.7) 279-405 (1.8) 7.9 �178.0 �178.3
8e 80-197 (23.1) 197-325 (69.3) 7.6 11.1 �65.7 108.3

a) T1, T2, T3 � Temperature range for the 1st, 2nd and 3rd decomposition step; Δm1, Δm2, Δm3 � weight loss for the 1st, 2nd and 3rd step in %. b) Remaining
residue at 500 °C in % based on charged complex. c) ΔH1, ΔH2, ΔH3 � enthalpy of the 1st, 2nd and 3rd decomposition step.
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Figure 2 TG-MS curves of 4b (heating rate 8 K/min, Ar
atmosphere, gas flow 75 sccm).

(m/z � 43), Me2C�CH2
� (m/z � 56) and C3H9P� (m/z �

76) have also been detected at this temperature. These ions
result from the ionization of the nBu3P ligand. Further-
more, CF3

� (m/z � 69) is found in the dynamic mass spec-
tra as characteristic ion. Resulting from CF3

�, which ap-
pears in high intensity, also CF2

� ions (m/z � 50) of lower
intensity were generated.

Based on these data a possible mechanism for the ther-
mal decomposition of complexes 3, 4 and 8 is proposed
(Scheme 1).

Scheme 1 Proposed thermally induced decomposition mechanism
for complexes 3, 4 and 8 (m � 1, 2, 3; R � singly-bonded organic
ligand as outlined in Table 1).

The decomposition of complexes 3, 4, and 8 corresponds
to the thermolysis of similar phosphane silver(I) car-
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boxylates [12, 19]. For example, [(nBu3P)2AgO2CC6F5]
undergoes a consecutive decomposition, producing
[(nBu3P)2AgC6F5] by decarboxylation at first. Elimination
of nBu3P then gives [AgC6F5], which produces elemental
silver and fluorine-containing organics by homolytical
cleavage of the silver-carbon bond [38]. Likewise, it is also
possible that the appropriate copper complexes 3, 4, and 8
may also eliminate nBu3P at first, followed by decarb-
oxylation of the remaining copper carboxylate [CuO2CR].
Nevertheless, it is difficult to decide which route is more
favored in copper carboxylate chemistry since the loss of
CO2 and nBu3P appears simultaneously (Figure 3). How-
ever, we favor route (ii) (Scheme 1) because this pattern
takes also place in the thermally induced decomposition of
heterobimetallic organometallic π-tweezers of type [(η5-
C5H4SiMe3)2Ti(μ-σ,π-C�CSiMe3)]CuO2CR (R � organic
rest) [12].

Besides TG analyses (vide supra) also DSC studies were
carried out with 3, 4, and 8 to determine the change of
entropy during thermolysis. The endothermic and/or exo-
thermic processes of these complexes are summarized in
Table 3. DSC plots of selected samples are presented in Fig-
ure 3.

Figure 3 DSC traces of 3a, 4a, and 4b (heating rate 8 K/min, N2

atmosphere).

Most of the synthesized complexes show endothermic
and exothermic peaks. For example, complex 4b possesses
endothermic and overlapping exothermic signals between
225 and 385 °C. These data suggest that this compound in-
deed undergoes a stepwise decomposition (i. e., loss of CO2,
nBu3P and R) (vide supra) (Table 3).

Chemical Vapor Deposition

On the basis of the thermal properties obtained from TG
and DSC studies we chose complex 4b as potential CVD
copper precursor. This complex is more stable than the
other ones and exhibits a higher vapor pressure, due to the
non-existence of hydrogen bonds.

The CVD experiments were conducted with 4b using a
horizontal CVD hot-wall reactor without any addition of a
reducing agent. In a typical deposition experiment, copper
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metal was deposited onto a TiN-coated oxidized silicon
substrate at 480 °C during a process time of 120 min. The
precursor temperature was maintained at 120 °C with a
nitrogen flow of 44 sccm. The total pressure was kept at
7.0 � 10�2 mbar with nitrogen as carrier gas. The film de-
posited is copper colored. In the precursor flow direction,
the color appears lighter with increasing distance from the
gas inlet, related to lower film thickness. In this region the
precursor concentration was lower. The surface mor-
phology of the copper film was examined by scanning elec-
tron microscopy (SEM). An image is depicted in Figure 4.
The film was formed at 480 °C is partly rough, coarse-
grained and not completely continuous. Rather the deposit
consists of loose clusters which tend to coalesce.

Figure 4 Surface SEM image showing the morphology of the
copper film obtained from 4b on a TiN-coated oxidized silicon sub-
strate at 480 °C and a total gas pressure of 7.0 � 10�2 mbar.

Two kinds of copper grains are visible: small grains of
about 200 nm size, the nucleation layer, which are evenly
formed and are in the state of coalescence, and large, irregu-
larly shaped copper grains of size 780 nm which are situated
on the nucleation layer. The larger grains may be the result
of a agglomeration process of copper particles at this tem-
perature. There may be several reasons for this change,
which are not longer comprehensible, e.g. a low carrier gas
flow or temperature variation. Another reason for the for-
mation of the larger particles rather than a continuous film
may be the strong tendency of agglomeration at elevated
temperatures which is known for copper on substrates such
as refractory metals and their nitrides [39, 40].

The copper clusters were additionally studied by energy-
dispersive X-ray spectroscopy (EDX) (Figure 5). Besides a
clear Cu signal, only a minor Si peak resulting from the
substrate was detected. No impurities were found within the
detection limits of this method.

The result of this deposition experiment shows that 4b
is a promising candidate for further CVD processes of Cu
nanoclusters or Cu films.
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Figure 5 EDX spectrum of the copper clusters obtained from 4b
(Ts � 480 °C, ptotal � 7.0 � 10�2 mbar; carrier gas N2; flow
rate � 44 sccm).

Conclusion

A series of tri-n-butyl phosphane copper(I) carboxylates
has been synthesized by three different synthesis method-
ologies, including complexation, metathesis, and electroly-
sis. It appeared that the latter method is straightforward
and allows to prepare the respective metal-organic com-
plexes in a “one-pot” synthesis procedure on an industrial
scale, whereby the molecules are formed in analytically
pure form. The thermodynamics of selected samples was
studied by TGA, DSC, TG/DTG and TG-MS. Based on
these investigations a decomposition mechanism is pro-
posed including decarboxylation-elimination-homolytical
coupling. In first deposition experiments complex
[(nBu3P)2CuO2CCF3] was used as CVD precursor to grow
copper layers on TiN-coated oxidized silicon substrates at
480 °C deposition temperature, carrier gas flow 44 sccm,
and a total pressure of 7.0 � 10�2 mbar, respectively. The
film that was formed is partly rough and coarse-grained.
The EDX results showed that the obtained layer composed
of pure copper within the detection limit of EDX.

Experimental Section

Materials and Methods

Complexes 5a and 5b [7, 9], and the copper carboxylates 1a�1d
[41] were prepared by published procedures. All other chemicals
were purchased by commercial providers and were used as received.

All reactions were carried out under an atmosphere of purified ni-
trogen (O2 traces: copper oxide catalyst, BASF AG, Ludwigshafen;
H2O: molecular sieve 4 Å, Aldrich Company) using standard
Schlenk techniques. The electrolysis reactions where carried out un-
der Ar atmosphere (4.6; AirLiquide) in a heatable one-pot cell, with
copper (>99.9 %) as anode and cathode material. Dichloromethane
was purified by distillation from P2O5; diethyl ether was purified
by distillation from sodium/benzophenone ketyl; n-pentane was
purified by distillation from calcium hydride. Infrared spectra were
recorded on a Perkin Elmer FT-IR spectrometer (Spectrum 1000).
1H NMR spectra were recorded on a Bruker Avance 250 spec-
trometer operating at 250.130 MHz in the Fourier transform mode;
13C{1H} NMR spectra were recorded at 62.895 MHz. Chemical
shifts are reported in δ units (parts per million) downfield from
tetramethylsilane (δ � 0.0 ppm) with the solvent as the reference
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signal (1H NMR, CDCl3 δ � 7.26; 13C{1H} NMR, CDCl3 δ �

77.55). 31P{1H} NMR spectra were recorded at 101.255 MHz in
CDCl3 with P(OMe)3 as external standard (δ � 139.0, rel. to
H3PO4 (85 %) with δ � 0.0). Thermogravimetric studies were car-
ried out with the Perkin Elmer System Pyris TGA 6 with a constant
heating rate of 8 K min�1 under N2 (1.0 sccm). TG-MS studies
were carried out with a Netzsch STA 429 equipment with an orifice
coupling system and a Quadrup 01 MS analysis system of Balzers
QMA 400. DSC experiments were carried out with the Perkin
Elmer System Pyris DSC 6 with a constant heating rate of 8 K
min�1 under N2 (1.0 sccm). The CVD experiments were carried out
in a horizontal quartz tube hot-wall CVD reactor with 40 mm in
diameter. Heating was achieved by a resistively heated tube oven
(HORST company). The temperature was set by a temperature
controller HAT 520 (HORST company) and was calibrated with a
thermocouple type GTH 1150 digital thermometer. The precursor
was placed in a glass container in direct contact with the reactor
quartz tube. The precursor container was heated with a heating
band for evaporation of the precursor. The precursor vapor was
transported to the reactor tube by N2 carrier gas. The carrier gas
flow was regulated using a MKS type 247 mass flow controller
which was connected to the apparatus by a section of flexible stain-
less steel tubing. The pressure control system consists of an
Edwards Active Gauge Controller, a cooling trap, and a turbomole-
cular pump with a backing pump. The trap prevents the reactor
effluents from entering the vacuum pump. SEM micrographs were
recorded on a SEM instrument type DSM 982, Gemini from LEO
company. EDX analysis was preformed on the EDX system
EDWIN (Röntec company) attached to the SEM. Microanalyses
were performed by the Institute of Organic Chemistry, University
of Heidelberg and partly by the Institute of Organic and Inorganic
Chemistry, Chemnitz University of Technology.

Synthesis of [CuO2CCH3] (1a) [41]

Acetic acid (0.6 g, 10.0 mmol) was added in a single portion to
[CuCl] (0.99 g, 10.0 mmol) suspended in 40 mL of dichloromethane
at 25 °C. After 10 min of stirring, 1.0 g of NEt3 (1.39 mL,
10.0 mmol) dissolved in 5 mL of dichloromethane, was added. Dur-
ing 5 h of stirring at 25 °C, [CuO2CCH3] (1a) precipitated as a col-
orless solid. The reaction mixture was filtered and the colorless
residue was washed with 10 mL of dichloromethane and then dried
in oil-pump vacuum. Yield: 0.77 g (6.3 mmol, 63 % based on
[CuCl]).

Synthesis of [(nBu3P)CuO2CCH3] (3a)

To a suspension of 1a (1.23 g, 10.0 mmol) in 40 mL of diethyl ether,
nBu3P (2) (2.02 g, 10.0 mmol) dissolved in 20 mL of diethyl ether
was added dropwise at �20 °C. After 1 h of stirring at this tempera-
ture, the reaction solution was filtered through a pad of Celite.
Evaporation of all volatiles from the filtrate in oil-pump vacuum
afforded a colorless liquid. Yield of 3a: 2.69 g (8.27 mmol, 83 %
based on 1a). Elemental analysis: Calcd. for C14H30CuO2P (324.91)
C, 51.75; H, 9.31. Found: C, 51.32; H, 9.29 %.

IR (NaCl): ν [cm�1] 1594 (s) (CO, asym.), 1460 (s) (CO, sym.). 1H NMR
(CDCl3): 1.03 (t, JHH � 7.0 Hz, 9 H, (CH2)3CH3), 1.51 (m, 18 H,
(CH2)3CH3) δ 1.59 (s, 3 H, CH3CO2). 13C{1H} NMR (C6D6): δ 175.8
(CH3CO2), 23.9 (CH3CO2), 26.85 (CH2CH2CH2CH3, JPC � 4.8 Hz), 25.5
(CH2CH2CH2CH3, JPC � 6.2 Hz), 24.8 (CH2CH2CH2CH3, JPC � 11.5 Hz),
13.8 (CH2CH2CH2CH3). 31P{1H} NMR (CDCl3): δ �20.1.
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Synthesis of [(nBu3P)CuO2CCF3] (3b)

Complex 3b was accessible by the reaction of [(nBu3P)CuCl] (5a)
(3.01 g, 10.0 mmol) dissolved in 40 mL of diethyl ether with
[CF3CO2K] (6) (1.52 g, 10.0 mmol) suspended in 30 mL of diethyl
ether at �20 °C. After 4 hours of stirring at this temperature, all
volatiles were removed in oil-pump vacuum and to the remaining
liquid 100 mL of n-pentane were added. Filtration through a pad
of Celite and evaporation of the solvent from the filtrate in oil-
pump vacuum gave a colorless liquid. Yield: 3.16 g (8.35 mmol,
83 % based on 5a). Elemental analysis: Calcd. for C14H27CuF3O2P
(378.88) C, 44.43; H, 7.20. Found: C, 44.32; H, 7.26 %.

IR (NaCl): ν [cm�1] 1672 (s) (CO, asym.), 1461 (vs) (CO, sym.), 1412 (m),
1199 (vs) (CF3). 1H NMR (CDCl3): δ 1.32 (m, 18 H, (CH2)3CH3), 0.95 (t,
JHH � 7.4 Hz, 9 H, (CH2)3CH3). 13C{1H} NMR (CDCl3): δ 14.1
(CH2CH2CH2CH3), 25.0 (CH2CH2CH2CH3, JPC � 13.0 Hz), 25.4
(CH2CH2CH2CH3, JPC � 17.0 Hz), 27.4 (CH2CH2CH2CH3, JPC � 4.3 Hz),
118.1 (CF3CO2, JCF � 289 Hz), 161.4 (CF3CO2, JCF � 25.9 Hz). 31P{1H}
NMR (CDCl3): δ �18.4.

Synthesis of [(nBu3P)CuO2CPh] (3c)

[CuO2CPh] (1c) was synthesized similar to the preparation of 1a
(see above). In this respect, benzoic acid (1.22 g, 10.0 mmol) was
reacted with [CuCl] (0.99 g, 10.0 mmol) in presence of NEt3 (1.01 g,
1.39 mL, 10.0 mmol). After appropriate work-up, colorless [Cu-
O2CPh] (1c) was obtained in 1.13 g yield (61 % based on [CuCl]).
2.02 g (10.0 mmol) of 2 were dissolved in 20 mL of diethyl ether
and this solution was added dropwise to the suspension of [Cu-
O2CPh] (1c) (1.85 g, 10.0 mmol) in 40 mL of diethyl ether at
�20 °C. The reaction mixture was stirred for 2 hours at this tem-
perature. Filtration through a pad of Celite and evaporation of the
solvent from the filtrate in oil-pump vacuum gave colorless, liquid
3c. Yield: 3.06 g (7.8 mmol, 79 % based on 2). Elemental analysis:
Calcd. for C19H32CuO2P (386.98) C, 58.97; H, 8.33. Found: C,
58.76; H, 7.97 %.

IR (NaCl): ν [cm�1] 1705 (s) (CO, asym.), 1600 (s) (CO, sym.). 1H NMR
(CDCl3): δ 0.83 (t, 9 H, JHH � 7.1 Hz, (CH2)3CH3), 1.2�1.5 (m, 18 H,
(CH2)3CH3), 7.3 (m, 3 H, C6H5), 8.0 (m, 2 H, C6H5). 13C{1H} NMR
(CDCl3): δ 14.0 (CH2CH2CH2CH3), 24.7 (CH2CH2CH2CH3, JPC �
13.0 Hz), 25.0 (CH2CH2CH2CH3, JPC � 20.2 Hz), 27.4 (CH2CH2CH2CH3,
JPC � 2.8 Hz), 128.1 (Ph), 130.1 (Ph), 131.5 (Ph), 135.0 (Ph), 171.8 (CO2Ph).
31P{1H} NMR (CDCl3): δ �14.8.

Synthesis of [(nBu3P)CuO2CCH�CHPh] (3d)

Cinnamic acid (1.48 g, 10 mmol) was reacted with [CuCl] (0.99 g,
10.0 mmol) in a similar manner as described above. After appropri-
ate work-up, yellow [CuO2CCH�CHPh] (1d) could be isolated in
1.84 g yield (87 % based on [CuCl]). nBu3P (2) (2.02 g, 10.0 mmol)
was dissolved in 20 mL of diethyl ether and then added dropwise
to a suspension of 1d (1.84 g, 8.73 mmol) in 30 mL diethyl ether
at �20 °C. After stirring the reaction mixture for 3 hours at this
temperature, it was filtered through a pad of Celite and all volatiles
were removed in oil-pump vacuum to give a colorless liquid. Yield:
3.39 g (8.2 mmol, 82 % based on 1a). Elemental analysis: Calcd.
for C21H34CuO2P (413.02) C, 61.07; H. 8.30. Found: C, 60.78; H,
7.97 %.

IR (NaCl): ν [cm�1] 1670 (m) (νC�C), 1639 (s) (CO, asym.), 1553 (vs) (CO,
sym.). 1H NMR (CDCl3): δ 0.84 (t, JHH � 6.9 Hz, 9 H, (CH2)3CH3), 1.4 (m,
18 H, (CH2)3CH3), 6.45 (d, 1 H, CH, JHH � 12.0 Hz), 7.2�7.4 (m, 5 H,
Ph), 7.50 (d, 1 H, CH, JHH � 12.0 Hz). 13C{1H} NMR (CDCl3): δ 14.1
(CH2CH2CH2CH3), 24.8 (CH2CH2CH2CH3, JPC � 12.5 Hz), 25.1
(CH2CH2CH2CH3, JPC � 15.4 Hz), 27.2 (CH2CH2CH2CH3, JPC � 2.9 Hz),
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126.8 (�CH), 127.9 (Ph), 128.9 (Ph), 129.2 (Ph), 136.4 (Ph), 141.1 (�CH),
171.8 (CO2). 31P{1H} NMR (CDCl3): δ �13.8.

Synthesis of [(nBu3P)2CuO2CCH3] (4a)
nBu3P (2) (4.04 g, 20.0 mmol) dissolved in 40 mL of diethyl ether
was added dropwise to [CuO2CCH3] (1a) (1.23 g, 10.0 mmol) sus-
pended in 40 mL of diethyl ether at �20 °C. After 2 hours of stir-
ring, all volatiles were removed in oil-pump vacuum to leave a col-
orless liquid. Yield: 4.16 g (7.9 mmol, 79 % based on 1a). Elemental
analysis: Calcd. for C26H57CuP2O2 (527.23) C, 59.23; H, 10.90.
Found: C, 59.59; H, 10.85 %.

IR (NaCl): ν [cm�1] 1594 (s) (CO, asym.), 1460 (s) (CO, sym.). 1H NMR
(CDCl3): δ 0.59 (t, JHH � 4.3 Hz, 18 H, (CH2)3CH3), 1.10 (m, 36 H,
(CH2)3CH3), 1.13 (s, 3 H, CO2CH3). 13C{1H} NMR (CDCl3): δ 13.8
(CH2CH2CH2CH3), 24.1 (CO2CH3), 24.8 (CH2CH2CH2CH3, JPC �
11.1 Hz), 26.0 (CH2CH2CH2CH3), 27.2 (CH2CH2CH2CH3, JPC � 6.8 Hz),
175.4 (CO2CH3). 31P{1H} NMR (CDCl3): δ �25.0.

Synthesis of [(nBu3P)2CuO2CCF3] (4b)

Complex 4b was synthesized in the same manner as 3b. In this
respect, [(nBu3P)2CuCl] (5b) (5.03 g, 10.0 mmol) was reacted with
6 (1.52 g, 10.0 mmol). After appropriate work-up, complex 4b was
obtained as a colorless liquid. Yield: 4.88 g (8.4 mmol, 84 % based
on 5b). Elemental analysis: Calcd. for C26H54CuF3O2P2 (581.20)
C, 53.77; H, 9.38. Found: C, 53.76; H, 9.21 %.

IR (NaCl): ν [cm�1] 1682 (s) (CO, asym.), 1464 (vs) (CO, sym.). 1H NMR
(CDCl3): δ 1.39 [m, 36 H, (CH2)3CH3], 0.82 [t, JHH � 6.9 Hz, 18 H,
(CH2)3CH3]. 13C{1H} NMR (CDCl3): δ 13.9 (CH2CH2CH2CH3), 24.8
(CH2CH2CH2CH3), 27.3 (CH2CH2CH2CH3), 117.2 (CF3, JCF � 308 Hz),
161.5 (CO, JCF � 35.0 Hz). 31P{1H} NMR (CDCl3): δ �17.6.

Synthesis of [(nBu3P)2CuO2CPh] (4c)

Complex 4c was synthesized similarly to the procedure used for the
synthesis of 3c. In this respect, 2 (4.04 g, 20.0 mmol) was reacted
with 1c (1.85 g, 10.0 mmol). After appropriate work-up, complex
4c was isolated as a colorless liquid. Yield: 4.89 g (8.3 mmol, 83 %
based on 1c). Elemental analysis: Calcd. for C31H59CuO2P2

(589.30): C, 63.18; H, 10.09. Found: C, 62.78; H, 9.88 %.

IR (NaCl): ν [cm�1] 1708 (s) (CO, asym.), 1654 (s) (CO, sym.). 1H NMR
(CDCl3): δ 1.1�1.4 [m, 36 H, (CH2)3CH3], 7.2 (m, 3 H, C6H5), 0.68 [t, 18 H,
JHH � 4.2 Hz, 7.9 (m, 2 H, C6H5), (CH2)3CH3]. 13C{1H} NMR (CDCl3):
δ 14.0 (CH2CH2CH2CH3), 24.7 (CH2CH2CH2CH3, JPC � 13.1 Hz), 25.0
(CH2CH2CH2CH3, JPC � 20.4 Hz), 27.3 (CH2CH2CH2CH3), 128.0 (Ph),
129.9 (Ph), 131.2 (Ph), 135.4(Ph), 171.9 (CO2). 31P{1H} NMR (CDCl3): δ
�18.5.

Synthesis of [(nBu3P)2CuO2CCH�CHPh] (4d)

Complex 4d was accessible in an analogous way as 3d. Therefore,
nBu3P (2) (4.04 g, 20.0 mmol) was reacted with 1d (2.11 g,
10.0 mmol). After appropriate work-up, complex 4d could be iso-
lated as a colorless liquid. Yield: 4.67 g (7.6 mmol, 76 % based on
1d). Elemental analysis: Calcd. for C33H61CuP2O2 (615.34) C,
64.41; H. 9.99. Found: C, 63.92; H, 9.70 %.

IR (NaCl): ν [cm�1] 1640 (m) (CO, asym.), 1579 (s) (νC�C), 1555 (vs) (CO,
sym.). 1H NMR (CDCl3): δ 0.89 [t, 18 H, JHH � 6.8 Hz, (CH2)3CH3], 1.5
[m, 36 H, (CH2)3CH3], 7.3�7.4 (m, 5 H, Ph), 6.82 (d, 1 H, CH, JHH �
15.8 Hz), 7.47 (d, 1 H, CH, JHH � 15.8 Hz). 13C{1H} NMR (CDCl3): δ 14.2
(CH2CH2CH2CH3), 25.0 (CH2CH2CH2CH3, JCP � 12.3 Hz), 25.4
(CH2CH2CH2CH3, JCP � 12.8 Hz), 27.4 (CH2CH2CH2CH3, JCP � 3.5 Hz),
126.6 (�CH), 127.7 (Ph), 128.5 (Ph), 128.8 (Ph), 137.2(Ph), 138.4 (�CH),
173.3 (CO2). 31P{1H} NMR (C6D6): δ �19.4.
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Synthesis of [(nBu3P)3CuO2CCH3] (8a)

Complex 8a was prepared by electrolysis. 274 mg (2.74 mmol,
0.16 mL) of acetic acid (7a), 2.05 mL (8.22 mmol) of 2, and
0.38 mL (2.74 mmol) of triethylamine were dissolved in 60 mL of
acetonitrile in a electrolysis cell equipped with copper electrodes.
The reaction was preformed with a cell potential of 4.5 V at 40 °C
over a period of 30 min and was continued with 3 V for 5.5 hours.
Afterwards, the colorless solution was transferred to a 250 mL
Schlenk tube and all volatiles were evaporated in oil-pump vacuum.
Complex 8a was isolated as an colorless oil. Yield: 1.90 g
(2.60 mmol, 95 % based on 7a). Elemental analysis: Calcd. for
C38H84CuO2P3 (729.55) C, 62.56; H. 11.61. Found: C, 62.44; H,
11.83 %.

IR (NaCl): ν [cm�1] 1575 (CO, asym.), 1464 (CO, sym.). 1H NMR (CDCl3):
δ 0.91 (t, 3JHH � 7.1 Hz, 27 H, P(CH2)3CH3), 1.30 � 1.52 (m, 54 H,
P(CH2)3CH3), 2.00 (s, 3 H, C(O)CH3). 13C{1H} NMR (CDCl3): δ 14.0
(P(CH2)3CH3), 24.3 (C(O)CH3), 24.7 (d, JCP � 12 Hz, P(CH2)2CH2CH3),
26.0 (PCH2CH2CH2CH3), 27.7 (d, JCP � 8 Hz, PCH2(CH2)2CH3), 176.1
(CO). 31P{1H}-NMR [δ]: �26.2 (bs).

Synthesis of [(nBu3P)3CuO2CCF3] (8b)

Compound 8b was synthesized by the appropriate method de-
scribed above. As starting materials were used 290 mg (2.55 mmol,
0.19 mL) of trifluoroacetic acid (7b) and 1.91 mL (7.74 mmol) of
2. The reaction was performed with a cell potential of 2.0 V at
40 °C over a period of 2.5 hours. Complex 8b was isolated as an
colorless oil. Yield: 1.95 g (2.49 mmol, 98 % based on 7b). Elemen-
tal analysis: Calcd. for C38H81CuF3O2P3 (783.51) C, 58.25; H.
10.42. Found: C, 58.45; H, 11.12 %.

IR (NaCl): ν [cm�1] 1691 (CO, asym.), 1464 (CO, sym.). 1H NMR (CDCl3):
δ 0.70 (t, 3JHH � 7.2 Hz, 27 H, P(CH2)3CH3), 1.05 � 1.42 (m, 54 H,
P(CH2)3CH3). 13C{1H} NMR (CDCl3): δ 14.1 (P(CH2)3CH3), 25.1 (d, JCP �
12 Hz, P(CH2)2CH2CH3), 25.5 (d, JCP � 9 Hz, PCH2CH2CH2CH3), 27.2
(PCH2(CH2)2CH3), 117.2 (q, 1JCF � 292.4 Hz, CF3), 161.5 (q, 2JCF �
35.0 Hz, CO). 31P{1H}-NMR [δ]: �22.9 (bs).

Synthesis of [(nBu3P)3CuO2CCH2Ph] (8c)

Complex 8c was prepared as described for 8a: 339 mg (2.49 mmol)
of phenylacetic acid (7c), 1.86 mL (7.48 mmol) of 2, and 0.35 mL
(2.49 mmol) of triethylamine were reacted. The cell potential was
4.0 V at 40 °C over a period of 4.5 hours. Complex 8c was isolated
as a colorless oil. Yield: 1.95 g (2.42 mmol, 97 % based on 7c). El-
emental analysis: Calcd. for C44H88CuO2P3 � NEt3 (906.83) C,
66.22; H, 11.45; N, 1.55. Found: C, 66.44; H, 11.83; N, 1.35 %.

IR (NaCl): ν [cm�1] 1577 (CO, asym.), 1463 (CO, sym.). 1H NMR (CDCl3):
δ 0.89 (t, 3JHH � 6.6 Hz, 27 H, P(CH2)3CH3), 1.00 (t, 9 H, NEt3), 1.23 �
1.45 (m, 54 H, P(CH2)3CH3), 2.50 (q, 6 H, NEt3), 3.57 (s, 2 H, CH2Ph), 7.08
� 7.36 (m, 5 H, Ph). 13C{1H} NMR (CDCl3): δ 11.6 (NEt3), 14.0
(P(CH2)3CH3), 24.8 (d, JCP � 12 Hz, P(CH2)2CH2CH3), 25.7 (d, JCP �
4 Hz, PCH2CH2CH2CH3), 27.3 (d, JCP � 7 Hz, PCH2(CH2)2CH3), 44.2
(CH2Ph), 46.3 (NEt3), 125.7 (pC/Ph), 128.0 (C/Ph), 129.6 (C/Ph), 138.2 (iC/
Ph), 176.1 (CO). 31P{1H}-NMR [δ]: �26.2 (bs).

Synthesis of [(nBu3P)3CuO2C(CH2OCH2)3H] (8d)

Complex 8d was synthesized as described above. 0.63 mL
(3.53 mmol) of 7d, 0.50 mL (3.53 mmol) of triethylamine, and
2.65 mL (10.6 mmol) of 2 were dissolved in 60 mL of acetonitrile.
The reaction was performed with a cell potential of 4.0 V at 40 °C
over a period of 1 h and then with 2.0 V for 4 hours. When a depo-
sition of crystalline or black copper at the cathode was observed,
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the reaction was finished. Afterwards, the colorless solution was
transferred to a 250 mL Schlenk tube and all volatile materials were
removed in oil-pump vacuum. Complex 8d was obtained as a pale
yellow oil. Yield: 2.94 g (3.47 mmol, 98 % based on 7d). Elemental
analysis: Calcd. for C43H94CuO5P3 (847.67) C, 60.93; H. 11.18.
Found: C, 60.97; H, 11.70 %.

IR (NaCl): ν [cm�1] 1607 (CO, asym.), 1463 (CO, sym.). 1H NMR (CDCl3):
δ 0.88 (t, JHH � 6.8 Hz, 27 H, P(CH2)3CH3), 1.20 � 1.65 (m, 56 H,
P(CH2)3CH3), 3.34 (s, 3 H, OCH3), 3.44 � 3.75 (m, 8 H, (OCH2CH2)2), 4.01
(s, 2 H, O2CCH2). 13C{1H} NMR (CDCl3): δ 14.2 (P(CH2)3CH3), 25.0 (d,
JPC � 12 Hz, CH2CH2CH2CH3), 26.1 (s, CH2CH2CH2CH3), 27.7 (d, JPC �
6 Hz, CH2CH2CH2CH3), 59.3 (OCH3), 70.5 ((OCH2CH2)2), 70.6
((OCH2CH2)2), 70.8 ((OCH2CH2)2), 71.0 ((OCH2CH2)2), 72.3 (O2CCH2),
174.2 (CO). 31P{1H}-NMR [δ]: �25.6 (bs).

Synthesis of [(nBu3P)3CuO2CcC4H7O] (8e)

Complex 8e was prepared by the same method as described for the
synthesis of 8a, whereby 0.61 mL (6.4 mmol) of tetrahydrofuran-2-
carboxylic acid (7e), and 4.80 mL (19.2 mmol) of 2 were dissolved
in 60 mL of acetonitrile. Reaction conditions: potential 4.0 V, reac-
tion time 5 hours, temperature 40 °C. After appropriate work up,
complex 8e was obtained as a pale greenish oil. Yield: 4.54 g
(5.83 mmol, 91 % based on 7e). Elemental analysis: Calcd. for
C41H88CuO3P3 (785.60) C, 62.68; H. 11.29. Found: C, 63.05; H,
11.34 %.

IR (NaCl): ν [cm�1] 1608 (CO, asym.), 1463 (CO, sym.). 1H-NMR [δ]:
0.87�0.99 (m, 27 H, P(CH2)3CH3), 1.35�1.42 (m, 54 H, P(CH2)3CH3),
1.81�2.05 (m, 2 H, OCH2CH2CH2), 2.19�2.31 (m, 2 H, CH2CH2CHCO2),
3.80�4.11 (m, 2 H, OCH2CH2), 4.39 (dd, 3JHH � 6.0 Hz (trans), 3JHH �
8.2 Hz (cis), 1 H, CH2CHCO2). 13C{1H}-NMR [δ]: 13.9 (P(CH2)3CH3), 24.8
(d, JPC � 12 Hz, P(CH2CH2CH2CH3), 25.8 (PCH2CH2CH2CH3),
26.7 (PCH2CH2CH2CH3), 27.5 (Cβ�/C4H7O), 30.7 (Cβ/C4H7O), 68.9
(Cα�/C4H7O), 78.3 (Cα/C4H7O), 177.6 (CO2). 31P{1H}-NMR [δ]: �25.1 (bs).
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