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Abstract

The formylation of 3-methoxypropylamine it hydrogen and “supercriticalcarbon dioxide ove Ru-based catalysts was stud-
ied. In this solventless process, carbon dioxide acts as both reactant and solvent. InterestingpQRaiddlified by the phosphine
1,2-bis(diphenylphosphino)ethane (dppe) showed a high formglatitivity at 100% selectivity, comparable to those of the homogeneous
catalysts RuGl(dppe)» and RuCp(PPhy)3. Analysis of the reaction mixture by ICP-OES and structural studies by in situ X-ray absorption
spectroscopy discovered that the presence of the phosphine modifier led to the formation of a homogeneous ruthenium catalyst.
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1. Introduction

A step toward “green” formylation of amines is the use

A further step toward a “green process” is the appli-
cation of heterogeneous catdlyshecause of their intrin-
sic advantages concerning cattl separation, reuse, and
handling. An interesting approach is the immobilization

of carbon dioxide and hydrogen as formylation agents in- of the corresponding homogeneous complexes function-
stead of toxic compounds such as carbon monoxide andgjized by silyl ether groups in an inert silica matrix, as

phosgengl1-5]. This approach provides the opportunity to

shown previously for RuGK3 (X = PhpP(CH,)2Si(OEt),

use supercritical carbon dioxide acting as both C1-building Me,P(CH,),Si(OEtk) [8,17], and RuCi(dppp) (dppp =

block and solvent (solvent-free proceq§r-9]. A vari-
ety of ruthenium complexes have been reporfed,11]

to be active and selective for such formylation reactions,
including RuCh(PMe3)4 in the formylation of hydrogen
with carbon dioxide to formic acifi7], and RuC}(PPh)s,
Ruz(CO)12 [12], and RuCi(dpped [13] in the formylation

of dimethylamine, propylamingl4], and morpholing15].
Among these ruthenium-based complexes, R(dppe)
was found to be superior with respect to activity and sta-
bility [13,14,16]
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PhP(CHy)3PPh) [18]. However, the preparation of these
Ru-silica hybrid gels is rather demanding, and more eas-
ily accessible heterogeneous catalysts would be desirable.
A simpler approach could be the modification of a supported
Ru catalyst with a suitable phosphine, which is the focus
of this study. The modification of metal catalysts by ad-
sorbed auxiliaries (modifiers) has been successfully applied
to improve the catalytic properties of a variety of metals, as
covered in a recent reviefl9]. A related example is the
use of phosphine modifiers in il oxidation reactions on
Pt/alumina catalyst§20]. This prompted us to apply this
strategy for formylation with a 5 wt% Ru/AD3 catalyst
modified with a phosphine (dppe or PPhWe show that
these catalysts exhibit good activity in the formylation of
3-methoxypropylamine at 100% selectivity. Extensive in situ
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EXAFS studies using a specially designed high-pressure cella HP-5 capillary column (30 it 0.32 mmx 0.25 pum) and
revealed that the observed catalytic behavior has to be at-a flame ionization detector (FID). Product identification was
tributed to a highly active homogeneous Ru complex formed achieved with a gas chromatograph (HP-6890) coupled to a
from the Ru/alumina catalyst during reaction. mass spectrometer (HP-5973) after separation of the com-
ponents from the reaction mixtiby vacuum distillation. In
a parametric study the temperature and the amounts of cata-
2. Experimental lyst, mpa, hydrogen, and carbon dioxide were varied to find
the optimal reaction conditions.
2.1. Catalyst materials
2.3. Characterization of in situ formed homogeneous

The 5 wt% Ru/AbOs catalyst (9001, escat 44, powder, complex by ICP-OES
prereduced) was used as reegl from Engelhard. Note that
the ruthenium catalyst was partially oxidized, but we denote
it as Ru/AbOs. The 5 wt% Ru/A$O3 catalyst was modified
with dppe in two different ways. On the one hand, dppe was
added before the reaction by reflux in THF for 2 h and dried
under high vacuum; on the other hand, it was simply added
during the reaction (Sectidh2).

The homogeneous Rufftippe) catalyst was synthe-
sized according to the method of Mason et[alL]. A sus-
pension of 1.00 g Ru@(PPhy)3 in 20 ml of acetone was
mixed with 0.85 g dppe under an Ar atmosphere and fast o
stirring. A yellow precipitate was observed after 2 min ~ The extended X-ray absorption fine structure (EXAFS)
and separated with a suction filter after 10 min of stir- and X-ray absorption near-edge structure (XANES) ex-
ring at room temperature. The yellow powder produced was Periments were mainly performed at the beamline X1,
washed with acetone and methanol and dried in vacuum,HASYLAB, at DESY in Hamburg, Germany. The stor-
and its structure was confirmed wiffH- and 3!P-NMR age ring typically operates at 4.45 GeV with a ring cur-
and elemental analysis [calculated (%) fayB4sCloPsRu rent between 80 and 120 mA. A Si(311) double-crystal
(968.8 gmol): C 64.47, H 4.99, P 12.79, Cl 7.32, Ru monochromator was used, and higher harmonics were ef-
10.43; found: C 64.30, H 5.19, P 12.94]. Ru(EIPh)s fectively removed by detuning of the crystals to 70% of
(tris(triphenylphosphine)ruthenium(il)dichloride; Fluka, pu- the maximum intensity. Three ionization chambers filled
rum) was used as received after structural ana|ysi§|—b.y with Ar were used to record the intenSity of the incident
and 31P-NMR and elemental anais [Ca|cu|ated (%) for and the transmitted X-rayS. The Samples were located be-
Cs4Ha5CloPsRu (958.8 gmol): C 67.64, H 4.73, P 9.69, CI  tween the first and second ionization chambers, and a refer-
7.39, Ru 10.54; found: C 67.36, H 4.84, P 9.72, Cl 7.56].  ence sample (Ruglpellet) was placed between the second

and third ionization chambers. Some additional experiments
2.2. Catalytic formylation of 3-methoxypropylamine were performed at the Swiss—Norwegian beamline (SNBL)
at the European Synchrotron Radiation Facility (ESRF) in

The catalytic studies were performed in a 500-ml high- Grenoble, France. At SNBL, a Si(111) crystal was used as
pressure stainless-steel autoclave (Medimex No. 128) witha channel-cut monochromator and a double-bounce gold-
temperature control, a rupture disk, and a dosing systemcoated mirror system for rejéon of higher harmonics. The
for gaseg22]. The chemicals 3-methoxypropylamine (mpa) three ionization chambers were filled with AraNor Kr
(Fluka, >99%) and 1,2-bis(diphenylphosphino)ethane in different combinationsio Ar, 7t 30% Kr and 70% M,
(dppe) (Fluka, 98%) were used as received; liquid carbon Iret 30% Kr and 70% N). At both beamlines (X1 and
dioxide (4.5) and hydrogen gas (5.0) were supplied by Pan- SNBL), EXAFS spectra were taken under stationary con-
gas. ditions in the step-scanning mode around the Ru K-edge

In a typical procedure, mpa, dppe, and Rud were (22.117 keV) between 21,900 and 22,800 eV, with a BuCl
poured into the reactor before it was closed and flushed with pellet as a reference. Fast QEXAFS scans were recorded in
hydrogen. The reactor was filled with hydrogen<{ 60 bar). the continuous scanning mode, usually between 22,065 and
After the reactor was heated to 100, the hydrogen pres- 22,665 eV (0.15&V). The raw data were energy calibrated
sure was adjusted to 80 bar, and 100 g of carbon dioxide was(Ru K-edge energy of the Rugbpellet: 22,120 eV[23],
added. This resulted in a total pressure of about 200 bar. Thefirst inflection point), background corrected, and normalized
stirring rate was fixed at 300 nii. After a certain reac-  with WINXAS 3.0 software[24]. Fourier transformation for
tion time, the reactor was cooled down and depressurizedEXAFS data was applied to thé-weighted functions in the
through the outlet valve. The reaction mixture was ana- intervalk = 3—12.5 A~ for the EXAFS data and were fitted
lyzed with a gas chromatograph (HP-6890) equipped with in R-space. Typically deviations for the coordination num-

After reaction, selected samples were filtrated and cen-
trifuged to quantify the ruthenium and phosphorus content
of the liquid phase with inductively coupled plasma atomic
emission spectroscopy (performed at ALAB AG in Urdorf,
Switzerland).

2.4. Exsitu and in situ X-ray absorption spectroscopy
studies
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ber were withind-0.5, and those for the distance were within ment (addition of hydrogen and carbon dioxide and heating
+0.02 A. to 100°C) was performed, but as without dppe.

To identify the structure of the ruthenium complexes (Safety noteThe experiments described in this paper in-
formed, the product solution was investigated by EXAFS on volve the use of high pressure and require equipment with
liquid samples after reaction as well. For this purpose a spe-an appropriate pressure rating.)
cial stainless-steel EXAF8ell was used for transmission
experiments. Because of the low concentration of Ru in the
product mixture (50—100 ppm), a long path length of 4 cm 3. Results
was chosen, with a cross section of 6 nynll mm. The
volume of the cell was 2 ml, and exchangeable Kapton win- 3.1. Modification of Ru/AlD3 with dppe and its
dows were used on both sides of the cell. The cell can be performance in the formylation of mpa
filled from the top, and a 1 mm 10 mm beam was focused
to the middle of the spectroscopic cell with anz, 6-table Table 1gives an overview of the catalytic results obtained
(Newport). After calibration with a sample of known absorp- during formylation under different reaction conditions. The
tion stepu - d, the concentration of the solution could also be dppe-modified Ru/AlO3 catalyst system showed good cat-
determined independently of the ICP-OES measurements. alytic performance, whereas runs without either catalyst or

For spectroscopic studiasder reaction conditions, in  dppe (runs 1-3) were unsuccessfihighly active catalyst
addition, an in situ batch reactor was designed that allows was thus formed by modification of the Rup@l; surface
investigation of the volume at two locations. In this way with dppe in a molar dppe:Ru ratio of 1:1. The addition
the solid catalyst sample at the bottom and the liquid phaseof dppe before the catalytic reaction under reflux in THF
10 mm above the bottom could be probed. The in situ cell (premodification) or its addition directly during the reaction
can be used up to a pressure of 250 bar and a temperaturéself led to similar catalytiqperformance. Therefore most
of 200°C and equipped with a burst plate (250 bar), a mag- of the experiments were carried out without premodifica-
netic stirrer, a thermocouple, and an in/ouf5]. For the tion. Table 1provides some information about the influence
experiments, 100 mg of 5%-Ru/#D3 was loaded into the  of parameters like temperature, the amount of carbon diox-
batch reactor cell, 3.0 ml of mpa was added, and the reac-ide, the initial partial pressure of hydrogen, and the amounts
tor was closed. After cell aliinment, normal EXAFS spectra  of Ru/Al,Os and dppe on the conversion. The increase in
of the solid catalyst and the solution were taken at room temperature led to a higher reaction rate (runs 4-6), as ex-
temperature, while the solution was stirred with a magnetic pected. The conversion was also influenced by the amount
stirrer. Then hydrogen (purity 5.0) was added to a pressureof carbon dioxide added (runs 5, 7, 8), which resulted in
of 70 bar, and 4 g of liquid C®was introduced with the help  the best conversion of 48% with 100 g of carbon diox-
of a CQ; compressor (NWA PM-101) and a Rheonik mass ide (run 8). Previous studies of the formylation of various
flow controller (RHMO015). While changes in the solid mate- amineg14,15]under similar conditions showed that the re-
rial were monitored by QEXAFS, the mixture was heated to action mixture is made up of two distinguishable phases:
120°C. Then the reaction mixture was cooled to room tem- A dense liquid-like phase containing mainly the amine, the
perature. After the addition of 50 mg of dppe, the same treat- product formamide and watemd on top a “supercritical”

Table 1
Catalytic formylation of 3-methoxypropylamine (mpaith carbon dioxide and hydrogeusing dppe-modified Ru/AD3 as catalyst
Run Amount of dppe (umol) Amount of Cg) Ho initial pressure (bar) TemperatureQ) Time (h) Conversion (%)
1b 0 100 80 100 3 0
2 0 100 80 100 3 0
3P 50 100 80 100 3 0
4 50 25 80 80 3 18
5 50 25 80 100 3 24
6 50 25 80 120 3 35
7 50 50 80 100 3 23
8 50 100 80 100 3 48
9 50 25 40 100 3 15
10 50 25 140 100 3 38
11 50 25 180 100 3 39
12 14 100 80 100 20 16
13 25 100 80 100 20 a7
14 37 100 80 100 20 67
15 50 100 80 100 20 82
16 100 100 80 100 20 63

& Conditions, if not otherwise stated: 100 mmol mpa, 50 umol Ru.
b 0 pmol Ru.
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Fig. 2. XAFS spectra of (1) Ru/AD3, compared to (2) dppe-modified
Ru/Al, O3 before reaction (pretreatesith dppe and amine under reflux),
and (3) dppe-modified Ru/AD3 after reaction.

Fig. 1. Comparison of the activity in 3-methoxypropylamine formylation
of the homogeneous complexes Rp@pped, RuCh(PPhs)3 with dppe-
modified Ru/ApOs3. Reaction conditions: 100 mmol mpa, 0.050 mmol Ru,
100 g CQ, 80 bar H initial partial pressure, 3 h and 10C.

Table 2
Test series of the formylation of 3-methoxypropylamine with dppe-
more gas-like phase containing mainly hydrogen and the modified Ru/AbO3 to check the possibility of the formation of a homo-

carbon dioxide (note that the term “supercritical” is exactly geneous catalydt

defined only for pure substand@®]). Increasing the hydro-  Run  Catalytic system Time (h)  Conversion (%)
gen initial pressure resulted in higher conversioreb(e 1 17 Dppe-modified Ru/AlO3 3 48
runs 5, 9-11). At a hydrogen pressure of 40 bar, 15% con-18 Filtered reaction mixture of run 17 20 78
version was reached within 3 h, whereas at 180 bar, 39%19  Dppe-modified Ru/AlO3 20 82

conversion was achieved. The amount of dppe added influ- 2 Conditions: 200 mmol mpa, 50 umol Ru om&l3, 50 pmol dppe, 100 g
enced the reaction as weligble 1 runs 12—16). Conversion COy, 80 bar Hpat 100°C. A_fter 3 h (run ;7), the solid_catalyst was removed
increased with the addition of dppe up to 82%: the P:RU ra- a_nd the reaction was continued in the filtered reaction mlxture. The conver-
tio (mol/L Ru per moJL P) in this optimal case was 2:1. erc:;;fiec;uﬁ?,ghz(gu: (rlfrz rgls equal to the one observed with the catalyst
When dppe was added in a P:Ru ratio of 4:1, the conversion b catalyst was filtered off after 3 h.
decreased to 63%.

For comparison, related homogeneous ruthenium cata- . o .
lysts were tested in the formylation reaction; results are A clear decrease in the whiteline at 22.12 eV is apparent
shown inFig. 1 The homogeneous complexes Ry@ppe) aftgr step (3), vyh|ch reveals th{:\t ruthenium was reduced
and RuCH(PPhy)s showed a turnover frequency of 425 and during the regctlon. No change in the EXAFS spectra was
235 1L, respectively, at 100% selectivity. Dppe-modified observed during modification of the Ruf@3 catalysts by

Ru/Al,O3 showed a conversion of 48% under the same reac- '¢atment with amine and dppe beforehand. In the EXAFS
tion conditions. This conversion is higher than that observed "¢9'°N (Fourier-transformed data, not sh-own) a clear change
with the homogeneous catalyst RuEPh)s but lower than in the Ru—O_and the Ru—Ru backscattering was found. How-
that observed with Ru@{dppe}. The higher activity of ever, ruthe_nlum was not complgtely reduc_ed.

RuCh(dppe) compared with RuG(PPH)3 is in line with To elucidate the role of possible corrosion of the Ru con-

earlier studieg14], where RuCi(dppe) has been found to stituent and the formation of active ruthenium complexes in
be most active ' solution under reaction conditions in the presence of dppe,

we performed suitable tests that allowed us to distinguish be-
tween heterogeneous and homogeneous catgB/gjsThe
reaction was stopped after a certain time, the solid catalyst
was filtered off, and we checked it to determine whether
Fig. 2 shows the ex situ X-ray absorption spectra of the the reaction could be continued in the filtered reaction mix-

3.2. Identification of the catalytically active species

solid catalyst under different conditions: ture (Table 2. Note that almost the same conversion was
observed irrespective of whether the Ry®@4 catalyst was
(1) Ru/AlO3 untreated, filtered off after 3 h or was present during the whole reaction
(2) Ru/AlO3 treated with dppe and amine before the reac- time. This implies that during the first 3 h of the reaction,
tion, and a highly active Ru-based homogeneous catalyst must have

(3) dppe-modified Ru/AlO3 after the reaction. been formed.
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Table 3
Solubility of the in situ formed catalyst from Ru/#D3 and dppe in the liquid phase, compared to R(iPPh)3 and RuCh(dpped
Run Catalyst Reaction d&ta Dissolved in reaction mixture

Time (h) Conversion (%) TOENhY) Ru (ppm) P (ppm) P/Ru (mol/mol)
20 dppe-modified Ru/Al03 3 48 3147 506 251 162
21 dppe-modified Ru/AlO3 20 82 559 664 256 126
22 dppe-modified Ru/Al03 20 78 585 606 294 158
23° Blank test 3 0 0 ®0 218 118
24 dppe 3 0 0 189 268 463
25 RuCh(PPh)3 3 36 315 385 375 3
26 RuCh(dppe) 3 64 425 133 173 2
27 RuCh(dpped 20 91 91 252 319 4

& Conditions: 50 pmol Ru, 100 mmol mpa, 100 g £®0 bar K partial pressure, 100C.
b TOF based on Ru dissolved in reaction mixture.

¢ 0 mol Ru, 0 mol dppe.

d 0 mol Ru, 50 umol dppe.

In addition, the ruthenium and phosphorus contents in the designed batch reactor cell was used that allowed in situ
liquid phase of the samples were measured by ICP-OES;EXAFS measurements both at the bottom (solid phase) and
Table 3gives an overview. The ruthenium concentration in in the middle (liquid)of the batch reactd25]. In the first
the liquid reaction mixture was about 50 ppm (50 fkg, step the catalyst in the presence of mpa, hydrogen, and car-
mass based) after 3 h (run 20) under standard reaction conbon dioxide was investigated; the results are showridn3.
ditions, as described above. The results show that after 20 hFig. 3a shows the treatment of the catalyst in the reaction
66 ppm (0.689 mmgL) ruthenium was dissolved in the lig-  mixture without dppeFig. 3b depicts the spectra taken dur-
uid phase (run 21), compared with 60 ppm (0.631 mtipl ing the reaction in the presence of dppe.
if the catalyst was filtered off after 3 h (run 22). The ruthe- With increasing temperature and in the absence of dppe
nium concentrations were corroborated by X-ray absorption (Fig. 3a), Ru was reduced, indicated by the decrease in the
spectroscopy (edge jump at the Ru K-edge). Application of whiteline at 22.12 keV. The structural changes in ruthenium
UV-vis spectroscopy was biased by the very low Ru con- were limited to the solid phase, and no Ru species were ob-
centration, which was at the detection limit of the technique. served in the liquid phase.

Note that the Ru concentration in the liquid phase was very  After a reaction time of 4.5 h (without dppe), the concen-
similar, irrespective of whether the reaction was stopped af- tration of ruthenium in the liquid phase was still negligible.
ter 3 h, and whether the Ru/#D3 catalyst was removed or ~ Only after an increase in the stirring ratéd. 4, spectrum 2)
was present in the reactor for 20 h. The background con-was some Ru visible in the X-ray absorption spectrum. Some
centrations of ruthenium and phosphorus were significantly part of the catalyst was probably suspended in the upper part
lower during blank runsTable 3 runs 23, 24), and no con-  of the cell, and thus a small edge jump was observed. Note
version was observed. If we relate TOF to the amount of that the XANES scans around the Ru K-edge were taken
ruthenium dissolved in the liquid phase, a very high rate only directly around the edge (spectra 2 and 3), and the ab-
of 3148 hrl is estimated based onrathenium concentra-  sorption step was related to the maximum intensity observed
tion of 51 ppm in the reaction mixture. For comparison, the at the end of the experimerfif. 4, spectrum 4, absorption

Ru concentration of the homogeneous catalyst R{gppe) edge of 1.0).
was also determined. After a reaction time of 3 h, 133 ppm  Hence, during this first step no catalyst was dissolved
Ru (corresponding to 1.386 mmdl) (run 26) was found, in the liquid-like amine-rich phase. However, as soon as

which increased to 252 ppm (2.577 mmioin run 27) after dppe was added, an abrupt increase in the Ru concentration
20 h, reflecting the time dependence of the solubility of the and a further increase during heating were obserkay 4,
catalyst in the amine-rich liquid-like phase. And in case of traces 3 and 4). During this step hardly any changes in the
the homogeneous catalyst Ry(RPhs)3, a concentration of  solid Ru catalystFig. 3b) could be observed. Thus the in
385 ppm Ru and 375 ppm P (according to a P/Ru ratio of 3) situ formation of the active species in the liquid-like amine-
was detected (run 25). Note that the concentration of Ru wasrich phase could be observed as soon as dppe was added
very small but sufficient to catyze the formylation of mpa.  (Fig. 4 and can be related to the tendency of this ligand to
corrode the ruthenium and form Ru complexes. This behav-
3.3. Spectroscopic study of the in situ formation of the ior was also supported by the observation that no catalytic
homogeneous Ru catalyst activity was observed in the absence of dppe, and no sig-
nificant amount of Ru was found in the liquid solution with
To understand the formation of the homogeneous cata-ICP-OES {able 3. Note, furthermore, that the in situ spec-
lyst, the changes in the solid Ru/&s catalyst and in the  trum after the reactionFig. 4, spectrum 4) and the ex situ
liquid phase were investigated. For this purpose, a specially spectrum after the reactiofi@. 4, trace 5) are similar. Dur-
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reaction at 40C as reference and with dppe at F@D after (2) 150 min,

(3) 160 min, (4) 250 min. Conditions: 10 ml batch reactor cell, 3 ml mpa, Fig. 5. X-ray absorption near-edge structure at the Ru K-edge of

70 bar h, total pressure 120 bar, rest §O RuCh(dppe), liquid product mixture (dted black line), dppe-modified
Ru/Al>03, liquid product mixture (solid black line), Ruglidppe), solid

ing C00|ing and depressurizing no remarkable Change Wascomplex (dotted gray line) and RufPPh)3, liquid product mixture (solid
gray line). Reference spectrum: solid Rp@ippe).

detected.
3.4. Structural identification of the homogeneous Ru son, with the homogeneous catalyst Ry(@ppe) in liquid
complex phase and as a solid (see corresponding catalytic results in

Table J). For structural identification RugPPh)3 in the

To gain information about the structure of the active liquid reaction mixture was also investigated. The analyti-
species formed in situ, ex situ XANES and EXAFS spec- cal results indicate that the structure of the catalyst formed
tra were recorded. Because oétlow concentration of 50—  in situ from Ru/AbOs and dppe is similar to the structure of
100 ppm in the reaction mixture, a liquid cell with a 4-cm RuChk(dppe) under reaction conditions, whereas the struc-
path length was constructed. The cell was open on top toture of the solid RuGl(dppe} seems to be different, proba-
eliminate possible gas bubbles in the highly viscous product bly as a consequence of thefacement of the chloride by
mixture, and Kapton foils were used as X-ray transparent hydrogen and by the amine undeaction conditions. Note
windows on both sides of the liquid cell to keep the liquid in that a change in the XANES region is also due to the change
the beam. in multiple scattering paths that also influence the near-edge

Fig. 5 shows the XANES region of the dppe-modified structure[28,29] From the variation of the XANES region
Ru/Al,O3 catalyst in the liquid product mixture in compari- of RuCh(PPhy)s it can also be inferred that the structure
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Fig. 6. Comparison of the Fourier transformed EXAFS spectra
(k1 weighted) at the Ru K-edge of Rugtippe) in reaction mixture from
reaction with mpa (dotted black line), dppe-modified Rgf@4 in reaction
mixture (solid black line), RuGldppe), solid phase (dotted gray line) and
RuCh(PPh)3, in reaction mixture (solid gray line).

of the catalyst formed in situ from Ru/#D3; and dppe is
more similar to the structure of Rugftlppe) than to that of
RuCk(PPHh)s. Only a slight shift in the Ru K-edge is found,

indicating that the oxidation states of the two complexes are .

similar[23].

Fig. 6 shows the corresponding Fourier transformed g_

kl-weighted extended X-ray absorption fine structure
(EXAFS) spectra. Similar to the near-edge spectra, signif-
icant differences of the as-prepared solid catalysts RuCl
(PPhy)3 and RuC4(dppe} and the corresponding Ru com-
plexes after reaction (liquid product mixture) are evident.
The backscattering is lower for both Ru—CIl and Ru-P, and
the peak is shifted to loweR values (spectra not cor-
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Fig. 7. Fourier-transformed anidt-weighted Ru K-edge EXAFS spectra
(k1 x(k)) of (a) dppe-modified Ru/AlO3 (20 h) and (b) RuGi(dppe)
after reaction: radial distribution function together with the imaginary

rected for the phase shift). The spectra of the catalystspart—measured data (solid line), fitted data (dotted line).

exhibit backscattering peakat 1.8 and 2.5 A for all cata-
lysts. Whereas Rug{dppe} in reaction mixture and dppe-
modified Ru/AbO3z show similar backscattering from the
nearest-neighbor atoms, the solid Rx(@ppe) exhibits a
large peak at 1.8 A and only a very small one at 2.5 A. The
corresponding spectrum of Ru@PPh)3 is quite different
(Fig. 6).

The Fourier-transformed spectra were fitted with Ru—Cl
and Ru—P shells calculated with FEFF §30]; the results
are listed inTable 4 Some of the experimental and fitted
data are compared Iig. 7. The structural data obtained for
the solid RuCl(PPh)3 (entry 1 of Table 4 are in good ac-
cordance with the literatuif81]. For the solid homogeneous
catalyst, three different Ru—P bond lengths, 2.23, 2.37, and
2.41 A, were reported. Only two Ru—P distances (2.23 and
2.38 A, Table 4 could be distinguished with EXAFS. Only
one Ru—Cl bond length was detected at 2.44 A by EXAFS,
which shows the limitation of our method. While the typical
uncertainty is estimated to be0.02 A for the distance and
aboutt0.5 for the coordination number, the superposition of
two shells of the same backscatterer with similar distances

in particular could not be resolved sufficiently. The results
from the EXAFS spectra of solid Rugtippe) show that
the different structure is appropriately reflected. Both Ru-P
and Ru—Cl distances are found. The bond length of Ru—Cl
(2.42 A) in the solid RuGdppe) calculated from the EX-
AFS fit is in the same range (2.436 A) as that published in
the literaturg32]. Furthermore, we found only one averaged
Ru—P bond, instead of the two different Ru—P bonds (2.389
and 2.369 A) reported.

Significant structural changevere detected for the com-
plexes formed during the formylation reaction of mpa. Af-
ter the use of RuG(PPh)3 in the reaction, a Ru—P bond
length of 2.22 A and an additional contribution that could be
fitted with a Ru—Ru distance at 2.93 A were found, corre-
sponding to the two peaks observedHig. 6. This shows
that there are only slight changes in the Ru—P neighbors
in the liquid (after reaction) or solid phase, but the Ru—Cl
coordination changes. All bond lengths of the complexes
RuCk(dppm) [33], RuChk(dppe} [32], RuChk(dppp) [34],
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Table 4
Structural data extracted from EXAFS spectra dfedent ruthenium phosphine complexes as solid irliquid phase. Ru-concentration in the lidyphase
~ 50-100 ppm)N: coordination numberR: distance of the corresponding neighbm;z: Debye—-Waller factor

Catalyst Ru-P Ru—Cl Residdal
N R (R) Ac? (R2) N R (R) Ac? (R2)
RUCh(PPhy)32 1.0 223 00025 23 244 00027 14
2.0 238 00025
RuCh(dppe)?@ 4 229 00013 2 242 00006 20
RUCh(PPhy)3P 41 222 00044 2 293 00060 72
RuCh(dppe)P 36 232 00063 - - - xn
Dppe-modified Ru/AOzP:¢ 33 235 00060 - - - 2

2 Solid catalyst.

b Liquid solution measured after reaction with mpa.

¢ Additional shell: Ru-N or Ru-ON = 0.8, R =2.07 A, Ac? = 0.006.
d Quiality of the fit according to Ref24].

RuBrClI(dppe)} [35], and RuCIH(dppppPFs [36] reported carbon dioxide and hydrogen. The catalyst shows good ac-
in the literature are between 2.340 and 2.441 A; dependingtivity and 100% selectivity comparable to the performance
on the ligand used, the Ru—Cl bond length changes from of the homogeneous ruthenium-based phosphine complexes
2.407 to 2.436 A. In the liquid phase the bond length of RuCh((PCHg)3)4 and RuCh(dppe). The study indicates
Ru—P in RuCl(dppe}, 2.32 A, is in the expected range (the that the formylation of amines with hydrogen and carbon
decrease may result from additional oxygen/nitrogen neigh- dioxide can be extended to amines containing an ether group.
bors in the complex), but no Ru—Cl bond is indicated in the The reaction rates for mpa in terms of the TOF are
spectra. Thus a change in the structure of R(dppe} in comparable to or better than those achieved with other
the liquid phase is observed during the reaction. There areprimary amines, such as propylamine in the presence of
two feasible explanations for this observation: The Cl atoms RuCh((PCHg)3)4 with 52 h~1[11]. Turnover frequencies of
could have been replaced by hydrogen to form a hydrido secondary amines like diethylamine are between 44(3]

complex[37-39] or a partial amino (or hydroxo-) complex  and 360,000t [13], depending on the catalyst used and the
was formed with hydrogen and mpa present in the liquid eyperimental conditions.

phase. Moreover, this may be due to similar Ru—P and Ru—=Cl  c4rh0n dioxide acts as both reactant and solven i€0
distances in the complexes formed. However, the Ru—P dis-p, present as a single “supercritical” phase, but exists in

tance is usually shorter than the Ru—Cl distance (see refer-,, o phases, an amine-rich Gphase with H dissolved and
ences above an[ﬂQ,41]). Note also that the catalyst was a COy/H, phase[14]. The volume of the amine-rich GO
investigated after air exposure. Moreover, the EXAFS analy- @hase with dissolved Hincreases with increasing carbon

SE')S( A'\SFIS'm'tEd because tsheveral SPeCes may be present, an ioxide in the system. Higher partial pressure of hydrogen
averages over tese Species. affects the dissolved amount of;,Hh the amine-rich C@

The reaction mixture containing dppe-modified Rud¢ . . : o :
exhibited a Ru—P bond length of 2.35 A. This shows that— phasg gnd results, comblned W't.h thg higher density, in a bet
ter mixing of reactants in the amine-rich @phase and thus

as already concluded from the near-edge region and the,. . :
. finally in better conversion and TOF.

Fourier-transformed EXAFS spectra—a homogeneous Ru- - . g

dppe-based catalyst forms. No Ru-Cl is observed, as ex- Interestingly, it was'found that dppefmodn‘led Rudgb

pected. The structure of this catalyst formed in situ seemsShOWed good catalytic performgnce in the formation of

to resemble that of the observed Ru@bpe) in the liquid 3-methoxypropylformamide, similar to those of the homo-

phase, but amino and oxygen neighbors were also found ind€Neous catalysts Ruilppe} and RuC}(PPIy)s. This be-

the first shell of the dppe-modified Ru#D3 system. The havior could be traced to the formathn of active free Ru

EXAFS fit of the spectrum improved significantly when complexes as a result of the mteracﬁon of the. supported

nitrogen/oxygen neighbors (the two atoms have similar RU particles with the strongly complexing phosphine (dppe).

backscattering amplitudes, inasmuch as they are neighborsTh'S mteracthn leads to some corrosion qf the Ru'partlcles.

in the periodic table) were also used. The formation of such ~ The formation of a soluble complex during reaction could

a complex is reasonable because the catalyst is dissolved i?€ Proved in different ways. On the one hand, X-ray ab-
the amine-rich phase during the reaction. sorption spectroscopy and ICP-OES showed the presence

of dissolved Ru in the product mixture. On the other hand,
the reaction could be continued if the solid material was fil-
4. Discussion tered off after a certain reaction tim&aple 2. Only a small
fraction of the ruthenium is dissolved, resulting in a concen-
Ru/Al,O3 modified by dppe was found to be highly active tration of 50-100 ppm in the product mixture. This shows
for the formylation of 3-methoxypropylamine (mpa), with that the homogeneous Ru-based catalyst formed is highly
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active (TOF based on the amount of dissolved Ru is about  Structural analysis of the Ru complex formed by EXAFS
3100 hrt, Table 3 run 20). spectroscopy indicates that a Ru(dpp@)catalyst is formed
The formation of the ruthenium complex, which is act- that may contain either additional hydrido- or amino/hydro-
ing as homogeneous catalyst, could be monitored in situ by xo-ligands. The formation of a hydrido complex was previ-
X-ray absorption spectroscopy. In principle, there are only a ously indicated in other studi¢87—-39,51] and the mecha-
few techniques, such as EXAFS spectroscopy, UV-vis spec-nism for the Ru-catalyzed formylation of amines proposed
troscopy, NMR spectroscopy, and infrared spectroscopy, thatby Jessop et a[11] can be further confirmed. Based on
make such studies possiblé2—-46] Because of the low this, we can assume that a hydrido complex is probably
concentration of the homogeneous catalyst, structural stud-formed from Ru/A}Os and dppe in the liquid phase un-
ies using UV-vis were not successful. The concentration der reaction conditions. CQOis activated by insertion into
of the target species was also too low for NMR and IR the metal-hydrogen bonding of the hydrido complex. In the
spectroscopy. Because of the good penetration of X-rayspresence of mpa, the complegacts further to form the
at 20 keV, EXAFS studies in the transmission mode were product 3-methoxypropylformamide, and water is formed
possible. X-ray absorption spectroscopy has the advantageas a by-product.
that the concentration and the structure of the Ru species The present study shows that modification of supported
can be determined elementesgjfically and under reaction  transition—metal catalysts with a phosphine may corrode the
conditions. Such studies are rare under such rigorous con-metal and result in free metal phosphine complexes, which
ditions (150 bar, 120C) as applied here and have only may disguise the intrinsic catalytic properties of the mod-
recently been reported for soljd7] and homogeneous cat- ified supported metal catalyst. Similar behavior has been
alysts [48,49] Here we found that the X-ray absorption observed when another phosphine, triphenylphosphine, was
technique, combined with an appropriate high pressure cell,applied. Thus it seems to be of paramount importance to test
allowed monitoring of the solid catalyst at the bottom and for this possibility when supported metal catalysts are ap-
identification of the in situ formed complex in the liquid plied together with phosphines.
phase in the upper part of the reactor at the same time.
During reaction, the ruthenium constituent in the solid
catalyst is reduced. However, ruthenium can only be found 5. Conclusions
in the liquid phase if dppe is added to the system. This indi-
cates corrosion of the ruthenium particles in the presence of Modification of Ru/AbO3z by the addition of a phos-
hydrogen and dppe. It is probably the structure of the dppe phine (dppe) has been shown to result in homogeneous
ligand and thus the possibility of forming a highly stable Ru catalysts that are highlgctive in the formylation of
chelate complex that amelidesthe corrosion of the Ruand methoxypropylamine with carbon dioxide and hydrogen.
thus the in situ formation of the Ru complex I. The catalytically active species were not the phosphine-
Such anin situ formation of a homogeneous catalyst from modified ruthenium particles, but a homogeneous chlorine-
a supported metal catalyst has rarely been reported. Koh-free Ru-dppe complex that formed under reaction condi-
ler et al. recently reported on the in situ formation of a tions. The presence of dppe led to dissolution (corrosion)
Pd catalyst in Heck reactiorf80]. Moreover, in this case  of ruthenium and probably to the formation of a highly ac-
ligands/reactants in the stion led to the formation of an  tive homogeneous Ru(dpp), complex, which was even
active homogeneous catalyst. This example underlines thesufficiently active to achieve high conversion at very small
necessity for appropriate in situ spectroscopic tools to judge concentrations (50 ppm Ru in the reaction mixture).
between homogeneous complexes and surface modification X-ray absorption spectroscopy proved to be a valuable
on metal particles as active species for catalysis. technique for identifying the role of solid and liquid Ru
The amount of dissolved ruthenium in the liquid phase species in the catalytic reaction. The formation of the ho-
was quantified by ICP-OES and corroborated by XAS. The mogeneous catalyst could benitored under reaction con-
concentration of ruthenium was very low, in the range of ditions, and the structural identification of the homogeneous
50-100 ppm, and no redeposition like that in RE0] Ru-dppe complex could be achieved, even down to a con-
was observed. The TOF (3147} related to the dissolved  centration of less than 100 ppm in the product mixture.
ruthenium species turns out to be significantly higher than
the TOF (324 h') based on the total amount of ruthe-
nium present in the reactor. Vdan conclude that the ruthe-  Acknowledgments
nium species formed in situ has a higher intrinsic activity
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