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A Self-Separating Multiphasic System for Catalytic
Hydrogenation of CO, and CO,-Derivatives to Methanol

Thomas Diehl,™ Patrick Lanzerath,® Giancarlo Francio,*® and Walter Leitner*® ®!

Catalytic conversion of CO, and hydrogen to methanol was
achieved in a self-separating multiphasic system comprising the
tailor-made complex [Ru(CO)CIH(MACHO-C;,)] (MACHO-C,, = bis
{2-[bis(4-dodecylphenyl)phosphinolethyl}lamine) in n-decane as
the catalyst phase. Effective catalyst recycling was demon-
strated for the carbonate and the amine-assisted pathway from
CO, to methanol. The polar products MeOH or MeOH/H,O

Introduction

The use of organometallic complexes for hydrogenation of
carbon dioxide (CO,) is a longstanding research field of great
current interest."? Activities in this field are stimulated by the
scientific challenge to selectively hydrogenate the notoriously
unreactive substrate CO, as well as by potential ramifications
for innovative processes at the energy-chemistry nexus.”
Among the possible hydrogenation products accessible from
CO,, methanol is finding particular interest due to its many
possible uses as base chemical, intermediate, or energy carrier.”
Significant progress has been made recently to identify lead
structures of organometallic catalysts for the conversion of CO,
and hydrogen to methanol either directly or via indirect
pathways using isolated or in situ generated organic
intermediates.”® The use of organic carbonates®” and the
amine-assisted formation of formamides® are prominent exam-
ples for the indirect pathways (Scheme 1). While many studies
deal with the search for new catalyst structures and their
mechanistic understanding, comparably few efforts are devoted
to the down-stream integration of effective product isolation
and catalyst recycling.*®®*<® These two aspects are critical for
the implementation of such processes on any scale, however, as
they define the resource and energy efficiency of the overall
process.
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generated from the catalytic reactions spontaneously formed a
separate phase, allowing product isolation and catalyst separa-
tion without the need for any additional solvent. In the amine-
assisted hydrogenation of CO,, the catalyst phase was recycled
over ten subsequent runs, reaching a total turnover number to
MeOH of 19200 with an average selectivity of 96 %.
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: Co
-H,0 P RNTTTH -RoNH

Scheme 1. Indirect pathways for CO, hydrogenation to methanol using
organic carbonates as intermediates (top) or amine-assisted via in situ
formed formamides (bottom) investigated in this study.

Highly polar product phases consisting of methanol or
mixtures of methanol and water are formed inherently during
catalytic CO, hydrogenation. We thus envisaged the possibility
to conduct the catalytic transformation in a nonpolar organic
solvent from which the product phase would self-separate
spontaneously (Figure 1). In this paper, we demonstrate this
concept for the Ru-catalyzed hydrogenation of CO, via organic
carbonates exemplified by dimethyl carbonate (DMC) and via
the amine-assisted pathway using N,N'-dimethylethane-1,2-
diamine (DMEDA).

gas phase gas phase

self-separating
product phase phase

nonpolar catalyst

nonpolar catalyst

phase
* polar product
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Figure 1. Envisaged multiphasic catalytic system with self-separating product
phase for the reactions shown in Scheme 1.
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Scheme 2. Reaction pathway for the synthesis of the tagged ligand MACHO-C,, and the corresponding Ru-MACHO-C,, pre-catalyst.

Results and Discussion

Based on our previous experience with CO, hydrogenation to
formates,”” n-decane was chosen as catalyst phase. Given its
versatility in CO, hydrogenation to methanol and related
reactions, the complex [Ru(CO)CIH(HN(CH,CH,PPh,),)] (Ru-MA-
CHO) was selected as lead structure.®*® The MACHO ligand was
tagged with long alkyl chains to ensure its exclusive partition-
ing into the nonpolar phase under biphasic conditions. The
synthesis of the modified MACHO-C,, ligand and the corre-
sponding complex [Ru(CO)CIH(MACHO-C,,)] (Ru-MACHO-C,,)
used as pre-catalyst is shown in Scheme 2. DMEDA was chosen
because it is one of the best-performing amines for the assisted
hydrogenation of CO, to MeOH as reported in the literature.®®
The detailed procedures are summarized in the Experimental
Section.

Starting from the commercially available 1-bromododecane
(1) and 1,4-dibromobenzene, the compound 1-bromo-4-dode-
cylbenzene (2) was obtained in good yields (76 %) by Kumada
coupling."” The Grignard reagent of 2 was reacted with
dichloro(diethylamino)phosphine followed by the addition of
hydrochloric acid to give chloro-bis(4-dodecylphenyl)phosphine
(3) in high yields (87 %)."" Treating 3 with elemental potassium
gave 4, which was reacted further without isolation. A solution
of bis(2-chloroethyl)amine hydrochloride, deprotonated in situ
with KO'Bu, was added resulting in the desired nonpolar ligand
bis{2-[bis(4-dodecylphenyl)phosphinolethyllamine (MACHO-C,,)
in moderate yields (50%).'? Finally, complexation of the ligand
by phosphine exchange of the known complex
[RU(CO)CIH(PPr;),] led to the tagged pre-catalyst
[Ru(CO)CIH(MACHO-C;,)] (Ru-MACHO-C,,) isolated as dark or-
ange viscous oil in quantitative yield as mixture of syn and anti
isomers."?

The spectroscopic data of the ligand and the new complex
Ru-MACHO-C,, are fully in line with the data of the unmodified

ChemSusChem 2022, 15, 202201250 (2 of 8)

parent compounds, reflecting the slight electron donating
effect of the alkyl substituent in para-position of the aromatic
rings. In the *'P nuclear magnetic resonance (NMR) spectra, the
signal of the tagged MACHO-C,, at —23.0 ppm shows an upfield
shift as compared to the unmodified MACHO at —20.7 ppm.'¥
Also, the comparison of the *'P NMR signals of the syn and anti
isomers of the corresponding Ru-MACHO-C,, and Ru-MACHO
complexes (50.9 and 53.4 ppm vs. 53.7 and 57.0 ppm) show a
consistent upfield shift, while no major differences are displayed
by the characteristic triplets in the hydride region in the
'HNMR spectra (—14.76 and —13.88 ppm vs. —15.01 and
—14.30 ppm)."™

While the untagged Ru-MACHO complex is almost insoluble
in n-decane, the Ru-MACHO-C,, complex was found to be
highly soluble in n-decane. A biphasic mixture was obtained
when an equimolar mixture of MeOH and water was added to a
n-decane solution of Ru-MACHO-C,, with the color of the
complex retained exclusively in the organic phase (Figure 2).

Figure 2. Observed partitioning of the Ru-MACHO-C,, complex (53.90 mg) in
a liquid-liquid biphasic mixture comprising n-decane (top, 2 mL) and an
equimolar mixture of methanol and water (bottom, 1.42 mL/0.63 mL).

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Analysis of the aqueous phase by inductively coupled
plasma mass spectrometry (ICP-MS) revealed a content of
ruthenium of 1.9 ppm and phosphorus of 8.7 ppm, correspond-
ing to less than 0.05 and 0.25%, respectively, of the charged
metal complex. The preferential partition of the Ru-complex in
the organic phase was also reflected by the NMR analysis of the
aqueous phase where no signals in *P and 'H NMR spectra
could be detected (Figures S15-17). The NMR spectra of the
organic phase exhibited only the unperturbed signals of the
pre-catalyst (Figures S12-14). These data confirm the desired
partitioning and the necessary robustness of the pre-catalyst in
the presence of the expected polar product mixtures.

The concept of integrated product separation was tested
first for the hydrogenation of dimethyl carbonate (DMC) to
methanol (Scheme 3). The catalytic experiments were carried
out in a 10 mL high pressure reactor equipped with thick-walled
borosilicate windows for optical monitoring of the phase
behavior. For the catalytic reactions, the Ru-MACHO-C,,
(30 pmol) was dissolved in n-decane (2.5 mL) and activated with
KO'Bu (30 umol) to form the active Ru-amide complex."™ A clear
dark red solution was obtained after addition of DMC (2.7 g,
30 mmol) (Figure 4, left). The reactor was pressurized with H, to
120 bar at room temperature and heated to 140°C. The
progress of the reaction was monitored online through the
pressure changes in the reactor (Figure 3).

The recorded pressure curve shows a rapid pressure drop
right from the beginning. After approximately 4 h, almost no
further pressure decrease was observed corresponding to a

o Ru-MACHO-C;, KOBu
I + 3H, 3 MeOH
\O’C\O/ n-decane,
140 °C

Scheme 3. Liquid-liquid multiphasic hydrogenation of DMC to methanol
using the tailored Ru-MACHO-C,, pre-catalyst.
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Figure 3. Pressure/time profile for the liquid-liquid multiphasic hydrogena-
tion of DMC to methanol using the tailored Ru-MACHO-C,, pre-catalyst.
Reaction conditions: n(Ru) =30 umol, n(DMC) =30 mmol,

n(KO'Bu) =30 pmol, V(n-decane) = 2.5 mL, p(H,) =120 bar, T=140°C,
t=14h.
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Figure 4. Observed reaction solution before (left) and after a typical hydro-
genation experiment using dimethyl carbonate as substrate, where the
spontaneously formed liquid product phase is clearly visible (right).

total pressure loss of approximately 118 bar after 14 h, indicat-
ing practically complete consumption of the initially charged H,
(120 bar) at that stage. The reaction was stopped by cooling the
reactor to room temperature after no further pressure change
was detected. The reaction mixture showed two clearly
separated liquid phases with the yellow color indicative of the
metal complex preferentially in the upper phase (Figure 4,
right). Under these reaction conditions, a conversion of 50%
was obtained for DMC corresponding to a turnover number
(TON) of 404 based on the reduction of the carbon atom of the
carbonyl group to methanol. Of the formed methanol, 85% was
found in the product phase and correspondingly 15% remained
in the catalyst phase. Similarly, the remaining DMC partitioned
between the two phases in a ratio of 77 to 23 %. Therefore, the
reaction was repeated with a lower substrate loading (10 mmol)
and 200 bar hydrogen pressure (RT) under otherwise identical
reaction conditions reaching a conversion of >99% after 24 h
reaction time.

In order to evaluate the same approach for the amine-
assisted pathway for CO, hydrogenation (Scheme 4), the
catalyst solutions were prepared in the same way as described
above. As amine component, DMEDA (10 mmol) was added
forming a clear solution with the catalyst phase (Figure 5, left).
After saturation of the amine with CO, (20 bar, RT, 10 min), the
resulting carbamate salts precipitated from the nonpolar
solvent (Figure 5, middle). The CO, pressure was released and

Ru-MACHO-C5,
KOBu

CO, + Hy + amine formate + formamides + MeOH + H,0
n-decane,

145°C, 48 h

Scheme 4. Liquid-liquid multiphasic hydrogenation of CO, to methanol via
the amine-assisted pathway using the tailored Ru-MACHO-C,, pre-catalyst.

Figure 5. Observed reaction solution for amine-assisted CO, hydrogenation
before reaction (left), after saturation with carbon dioxide (middle), and after
a typical hydrogenation experiment (right).
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exchanged for hydrogen (200 bar, RT) followed by heating the
reaction mixture to 145°C and switching on the stirrer to start
the reaction. The carbamate salt was melting and/or partly
reconverting to the amine at the reaction temperature leading
to a liquid-liquid biphasic system from the beginning. The
progress of the reaction was monitored online by the pressure
change in the reactor (Figure 6), and a two-phase mixture was
again observed once the curve had flattened out.

The phases were readily separated (Figure 5, right) and the
composition of the reaction mixture analyzed by NMR spectro-
scopy with internal standards. The analysis of the product phase
confirmed a high methanol content (6.8 mmol) with only small
amounts of formamides (< 2.5%) and traces of formates present
after 48 h reaction time. DMEDA partitioned between the
product phase (63 %) and the catalyst phase (37 %).

The total amount of methanol corresponds to a TON of
1353 for CO, conversion to MeOH. After a very fast initial
pressure drop within the first hour, the rate of hydrogen
consumption was nearly linear indicating a turnover frequency
(TOF) of 42 h™' before hydrogen consumption leveled off after
around 25 h. The two regimes can be assigned to the fast
hydrogenation to the formate level and the subsequent slow
hydrogenation via formamide to methanol, consuming one and
two equivalents of H, per CO,, respectively, in line with the
relative pressure drops of around 50 and 100 bar (Figure 6).

Next, we compared the self-separating system to a biphasic
n-decane/water system where water is added as additional
solvent from the beginning to act as the product phase.
Interestingly, the second hydrogenation step was significantly
faster in the absence of the water phase (Figure 6, black vs.
green line). When water was present from the beginning, a TOF
of only 23 h™' was observed for the reduction beyond the
formate level. While the overall TON for CO, conversion was

0 1500
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I TON (Methanol)
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pressure drop Ap [bar]

-100
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-150 |
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Figure 6. Pressure/time profiles for the liquid-liquid multiphasic hydro-
genation of CO, to methanol via the amine-assisted pathway using the
tailored Ru-MACHO-C,, pre-catalyst with and without additional water.
Reaction conditions: n(Ru)=5 umol, n(DMEDA) =10 mmol,
n(KOBu)=0.01 mmol, V(n-decane) =2.5 mL, V(H,0) =0.4 mL (if present),
p(CO,) =20 bar for 10 min while stirring for saturation, then vented,
p(H,) =200 bar, T=145°C, t=48 h.
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with 1328 close to the self-separating system, a much lower
selectivity of only around 50% for the full hydrogenation to
methanol was observed leaving large amounts of formamide
present at the end of the reaction.

As the self-separating system led to a high single-pass TON
with high selectivity to methanol and effective product
separation, it was chosen to investigate the robustness of the
catalyst system by repetitive batch recycling of the catalyst
phase (Figure 7).

After 48 h reaction time, the reactor was cooled to room
temperature and the pressure released. Under argon atmos-
phere, the product phase was carefully withdrawn by syringe
leaving the catalyst phase behind. The product phase was
analyzed by NMR spectroscopy and ICP-MS to determine its
composition and potential catalyst leaching. The reactor was
loaded again with DMEDA, and the procedure was repeated.
The amount of methanol isolated from the first run corre-
sponded to a TON of 1200 with only small amounts of
formamide. As observed in the batch reactions, small amounts
of methanol, formamide, and DMEDA remained in the n-decane
phase saturating it with these components for the subsequent
runs. Consequently, the amounts of methanol isolated in the
following runs correspond to a higher TON relative to the
initially charged catalyst loading averaging around 1800 in all
further recycling experiments. In total, the procedure was
repeated over eleven subsequent runs reaching a total TON
(TTON) of 19235 mol methanol per mol ruthenium charged
initially at a constant high average selectivity of 96 % over the
formamide intermediate.

The ICP-MS data indicated a significant leaching of
ruthenium into the aqueous phase in the first two cycles
corresponding to around 20% of the charged catalyst

2500 I TON (Formamides)
I TON (Methanol)

2000

1901
1811

1782 1783

1736 1706

1500

TON

1000

500 -

1 2 3 4 5 6 7 8 9 10 M

Run

Figure 7. Recycling experiments for the amine-assisted CO, hydrogenation
in the self-separating system. Reaction conditions: n(Ru)=5 umol,
n(DMEDA) = 10 mmol (added prior to each run), n(KO'Bu)=0.01 mmol, V(n-
decane) =2.5 mL, p(CO,) =20 bar for 10 min while stirring for saturation,
then vented, p(H,) =200 bar, T=145°C, t =48 h. TONs were determined by
'H NMR spectroscopy using 1,4-dioxane (for product phase) and mesitylene
(for catalyst phase) as internal standard and are given relative to the initial
catalyst loading.
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(Table S1). Leaching was much lower in the following nine
cycles with values between 0.6 and 3.6%. Over the eleven
cycles, a total of 37% of the ruthenium was depleted, but the
system still reached very similar amounts of product throughout
the entire series of experiments. Repeating the series with a
new catalyst batch showed largely identical behavior leading to
a TTON of 15859 albeit at a slighter reduced methanol
selectivity (85%) mainly due to a somewhat higher amount of
remaining formamide product in the initial runs (Table S2). The
robustness of the method was validated by recycling experi-
ments in a different reactor set-up (10 mL, standard high
pressure reactor without windows). At somewhat shorter
reaction time (36 h), a TON,e,q Of 1372 with an average
selectivity of 91% over four cycles confirmed the effective
recycling.

Comparison with the state-of-the-art in the literature shows
that the presented system is among the best-performing
recycling concepts for homogeneously catalyzed hydrogenation
of CO, to methanol."® While some catalytic systems lead to
higher TONs in single batches, the intrinsic separation of the
present system allows for very high total turnover numbers and
hence effective use of the metal and ligand. For example,
Everett and Wass'"” reported a TON of up to 8900. Zhou and
co-workers"® achieved a TON of 9800 in the hydrogenation of
N-formylmorpholine, but only 2100 in the direct CO, hydro-
genation to methanol. A TON of 9900 for amine-assisted CO,
hydrogenation to methanol was obtained by Prakash and co-
workers, also using the Ru-MACHO framework.®¥ The TTON of
19235 achieved in our present work also compares very
favorably to previous attempts for recycling of methanol
catalysts as presented by Leitner, Klankermayer and co-workers
(TTON: 796) and Prakash and co-workers (TTON: 2150%" and
5821,

Conclusion

We demonstrated the possibility to exploit the inherent
formation of very polar product mixtures during hydrogenation
of CO, or its derivatives to methanol for self-separation into
multiphasic catalytic systems. The concept relies on the tagging
of a suitable catalyst lead structure with long alkyl chains for
de-facto immobilization in a nonpolar solvent such as n-decane.
The synthetic route to such ligands is readily accomplished by
incorporating the tagged aryl phosphine building block in full
analogy to the synthesis of the unmodified ligand. The widely
used MACHO-ligand and its Ru-complex were used here to
demonstrate this strategy using the hydrogenation of organic
carbonates and the amine-assisted CO, hydrogenation pathway
as proof-of-principle. The obtained productivity largely sur-
passes that of previous reports for homogeneously catalyzed
CO, hydrogenation to methanol®#-4'6'8 ynderlining the
potential of the approach to exploit inherent product separa-
tion in multiphasic catalyst systems."” Extension to other
processes involving CO, hydrogenation and implementation of
(semi-)continuous-flow operation is currently investigated in
our laboratories.
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Experimental Section

General methods and chemicals

If not otherwise described, all reactions were carried out under
exclusion of air and moisture using Schlenk techniques or by
manipulation in a glovebox (Labmaster SP from the company
MBraun) under argon (4.8, by Air Products) atmosphere. Used
glassware was dried by heating it with a heat gun (630°C) under
vacuum (1x107° mbar) and cycling with argon for at least three
times. Chemicals were purchased from abcr, Acros Organics, Alfa-
Aesar, Sigma  Aldrich and TCl  Chemicals. Dichloro-
(diethylamino)phosphine was used after distillation."'” All other
chemicals were used as received. 1-Bromo-4-dodecylbenzene!”
and [Ru(CO)CIH(P'Pr3),]® were synthesized according to literature
procedures. Solvents for air and moisture sensitive reactions were
deoxygenated by bubbling argon for at least 30 min and stored in
Schlenk bottles over molecular sieves (3 or 4 A). Hydrogen (5.0 by
Air Products) and carbon dioxide (4.5 by Westfalen AG) were used
as received.

Safety advice: High pressure experiments with compressed gases
involve a significant risk and must be performed according to safety
procedures and in conjunction with the use of suitable equipment.

Analytical methods

'H, C, and *'P NMR spectra were recorded at room temperature
using a Bruker Avance Il 300 MHz, Bruker Avance Il 400 MHz, or a
Bruker Ascend 400 MHz spectrometer. Chemical shifts (6 in ppm)
for 'H and "°C spectra are given relative to trimethylsilane and are
referenced to the respective residual solvent signal,?" while *'P
spectra are given relative to H;PO, as external standard. Spin
multiplicities are abbreviated as s (singlet), d (doublet), t (triplet),
q (quartet), m (multiplet), br (broad). ICP-MS measurements were
performed by using water as matrix on an Agilent ICP-MS triple
quadrupole (Modell 8800). Samples were diluted to ensure a Ru
concentration within the calibration (external standard). The lower
detection limit was 1 ppb. CHN elemental analysis was carried out
on an UNICUBE device by Elementar Analysensysteme GmbH. High
resolution mass spectroscopy (HRMS) measurements were carried
out on Thermo Fisher Scientific spectrometers Exactive™ Q
Exactive Plus Orbitrap or on an LTQ FT Ultra, 7T FT-ICR MS.
Attenuated total reflectance infrared (ATR-IR) spectra of the oily
substances were recorded under argon atmosphere using a Bruker
ALPHA FTIR.

Synthesis of chloro-bis(4-dodecylphenyl)phosphine

The synthesis was carried out adapting literature-known
procedures.™ In a 500 mL two-necked Schlenk flask with reflux
condenser, magnesium turnings (3.14 g, 129.09 mmol, 2.0 equiv.)
were suspended in tetrahydrofuran (100 mL). In another Schlenk
tube, 1-bromo-4-dodecylbenzene (21.00 g, 64.58 mmol, 1.0 equiv.)
was dissolved in tetrahydrofuran (15mL) and added to the
suspension. After adding small quantities of iodine as magnesium
activator, the reaction mixture was stirred for 3 h under reflux
conditions and subsequently for 16 h at 60°C. The Grignard
solution was filtered through a frit filled with celite® to remove
excess of magnesium turnings and the yield of the Grignard
reagent was determined via 'H NMR spectroscopy. In a 500 mL two-
necked Schlenk flask with metering funnel, dichloro-
(diethylamino)phosphine (4.942 g, 28.10 mmol, 0.50 equiv.) was
dissolved in THF (30 mL). The Grignard solution was transferred into
the metering funnel via cannula and added dropwise to the
phosphine solution at 0°C. After the addition was complete, the
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reaction mixture was stirred for further 2 h at 0°C. The reaction
solution was warmed to room temperature and the solvent was
removed under reduced pressure (1x10~* mbar). To the residue, n-
pentane (100 mL) was added and after filtration through a frit filled
with celite® a clear, colorless solution was obtained. The solution
was cooled down to 0°C followed by dropwise addition via syringe
pump of a hydrochloride acid solution in diethyl ether (30.66 mL,
2Mm, 61.32 mmol, 1.1 equiv.). Formed salts were filtered off via a
cannula filter and a clear, colorless solution was obtained. The
solvent was removed under reduced pressure (1x107* mbar) and
the desired product was obtained as pale yellow, viscous oil, which
crystallized overnight into a colorless powder (15.6 g, 27.99 mmol,
87%). 'HNMR (400 MHz, chloroform-d, 298 K): 6=0.89 (t, *Jy,=
6.8 Hz, 6H, —CH,—CH,), 1.26 (br. m, 36H, —CH,—CoH,s—CH,), 1.61 (m,
4H, —CH,—CH,—CyoHy1), 262 (t, *Jyu=7.6 Hz, 4H, Ar—CH,—CyHy,),
7.22 (d, 3JH,H:6.8 Hz, 4H, Ar—H), 7.50 ppm (dd, 3JH,H:6.8 Hz, 3JP,H:
7.6 Hz, 4H, Ar—H). *C NMR (101 MHz, chloroform-d, 298 K):  =14.3
(s, —CH,—CH,), 22.9 (s, —CH,), 29.5-29.9 (m, —CH,-), 31.4 (s,
—CHy—CH,—CyoHy1), 32.1 (s, —CH,—), 36.0 (s, Ar—CH,—Cy,H,5), 128.9 (d,
*Jep=7.0 Hz, Ar—C), 132.0 (d, *Jp=24.7 Hz, Ar—C), 1359 (d, Y,=
31.9 Hz, P-C,), 145.8 ppm (s, Ar—C,). *'P{'"H} NMR (162 MHz, chloro-
form-d, 298K): 6=834ppm (s, Ar,—P—Cl). HRMS/ESI (pos):
[C36HsoCIPI*: calculated: 557.40374 m/z. found: 557.40381 m/z.

Synthesis of potassium bis(4-dodecylphenyl)phosphide

The synthesis was carried out adapting a literature procedure.’

Elemental potassium (2.842 g, 72.69 mmol, 5.0 equiv.) was weighed
into a 50 mL centrifuge Schlenk tube. In another Schlenk tube, a
solution of chloro-bis(4-dodecylphenyl)phosphine in 2-meth-
yltetrahydrofuran (30 mL) was prepared and added to the elemen-
tal potassium. The reaction suspension was stirred vigorously at
75°C. At this temperature, the potassium melted, and golden
colored potassium spheres formed. After 2 h, the reaction solution
turned deep red. The reaction progress was monitored via *'P NMR
spectroscopy and after complete reaction, n-pentane (15 mL) was
added to the phosphide solution whereby excess of elemental
potassium sinks to the bottom of the Schlenk tube. After
centrifugation, the supernatant was decanted via syringe into
another Schlenk tube, and the exact volume (33 mL) was noted.
Next, triphenyl phosphine (21.3 mg, 0.081 mmol) as internal
standard was weighed into an NMR tube and an exact volume
(0.5 mL) of phosphide solution was added. Using *'P NMR spectro-
scopy, the concentration (9.097 mmol per 33 mL, 0.276 m) of the
potassium phosphide solution was determined. *'P{'"H} NMR
(162 MHz, potassium  bis(4-dodecylphenyl)phosphide  solution,
DMSO-d; (internal capillary reference tube), 298 K): 6 =—20.3 ppm
(s, Ar,—P—K).

Synthesis of bis{2-[bis(4-dodecylphenyl)phosphinolethyl}-
amine (MACHO-C,,)

The synthesis was carried out adapting a literature procedure.?”’

To a potassium  bis(4-dodecylphenyl)phosphide  2-meth-
yltetrahydrofuran/n-pentane solution as described above (33 mL,
0.276 M, 9.097 mmol), a solution of potassium tert-butoxide
[0.571 g, 5.089 mmol, 1.1 equiv. referred to the necessary amount
of bis(2-chloroethyl)amine hydrochloride] in tetrahydrofuran (5 mL)
was added. Next, bis(2-chloroethyl)amine hydrochloride (0.820 g,
4.594 mmol, 0.505 equiv.) was added as a coarse, crystalline
powder. The reaction mixture was heated to 60 °C and the reaction
progress was monitored using *'P NMR spectroscopy (as unreacted
potassium phosphide cannot be properly quantified in the 3'P NMR
spectrum, one drop of demineralized water was added into the
NMR tube and the amount of unreacted potassium phosphide was
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determined indirectly by integrating the signal of the formed
phosphine, which shows a typical doublet at around —40 ppm).
After complete reaction, the solvent was removed under reduced
pressure (1x 1072 mbar). The residue was dissolved in n-heptane
(30 mL) and the n-heptane phase was extracted with demineralized
water (3x10 mL) and methanol (3x10 mL) and then dried over
MgSO,. The solvent was removed under reduced pressure (1x
107 mbar) and the desired product was obtained as a dark brown,
highly viscous oil (4.1g, 3.66 mmol, 50%). "H NMR (400 MHz,
methylene chloride-d,, 298 K): 6=0.88 (t, *},,=6.8Hz, 12H,
—CH,—CH,), 1.27 (br. m, 72H, —CH,~C,H,s—CH,), 1.58 (m, 8H,
—CH,~CHyCyHy), 2.15 (t, 2Jy=7.6 Hz, 4H, N—-CH,—CH,—P), 2.58 (¢,
*Jun=7.6 Hz, 8H, Ar—CH,~CiHy), 2.66 (dt, *Jyy=7.6 Hz, *Jyyu=
119 Hz, 4H, N-CH,—CH,—P), 7.14 (d, *J,4=7.6Hz, 8H, Ar—H),
730 ppm (dd, *Jy,=6.8Hz, *Jpy=7.6Hz, 8H, Ar—H). *CNMR
(101 MHz, methylene chloride-d,, 298 K): 6=14.1 (s, —CH,—CH,),
22.7 (s, —=CH,), 29.2 (d, "Jep=11.6 Hz, N—CH,—CH,—P), 29.4-29.7 (m,
—CH,y), 313 (s, —CH—CH,C,oHy,), 32.0 (s, —CH,-), 358 (s,
Ar—CH,—CH,s), 464 (d, Ycp=20.9 Hz, N—CH,—CH,—P), 128.6 (d,
*Jep=6.8 Hz, Ar—C), 132.6 (d, *J.,=18.9 Hz, Ar—C), 1352 (d, Jcp=
11.1 Hz, P—C,), 143.5 ppm (s, Ar—C,). *'P{'"H} NMR (162 MHz, meth-
ylene chloride-d,, 298 K): 6 =—23.0 ppm (s, Ar,—P—CH,). HRMS/ESI
(pos):  [CygHq6NP,1':  calculated: 111493600 m/z.  found:
1114.93635 m/z.

Synthesis of [Ru(CO)CIH(MACHO-C,,)]

The synthesis was carried out adapting a literature procedure.” In
a 20 mL Schlenk tube, bis{2-[bis(4-dodecylphenyl)phosphino]ethyl}
amine (2.978 g, 2.671 mmol, 1.0 equiv.) and [Ru(CO)CIH(P'Prs),]
(1.168 g, 2.404 mmol, 0.90 equiv.) were dissolved in toluene
(15 mL). The reaction mixture was heated to 110°C and after 4 h
reaction time a clear, orange solution was obtained. The solvent
was removed under reduced pressure (1x107°mbar) and the
residue was dissolvent in n-heptane (30 mL). The n-heptane phase
was extracted with dimethyl sulfoxide (3x10mL) to remove
residues of ruthenium precursor. The solvent was removed under
reduced pressure (1x10° mbar) and the desired product was
obtained as dark orange viscous oil (3.3 g, 2.60 mmol, 98%).
'H NMR (400 MHz, benzene-d, 298 K): 6 =—14.76 (t, 2JH,p:19.6 Hz,
1H, Ru—H), —13.88 (t, *},p=203 Hz, 1H, Ru—H), 0.92 (m, 12H,
—CH,—CH,), 1.21-1.48 (br. m, 72H, —CH,—CoH,s—CHs), 2.04 (m, 2H,
N—(C,H,~P),), 2.36-2.44 (m, 8H, Ar—CH,—Cy,H,s), 2.51-2.56 (m, 4H,
N—(C,H,—P),), 2.82-2.94 (m, 2H, N—(C,H,~P),), 4.77-4.82 (m, 1H,
N—H), 5.48-5.51 (m, 1H, N-H), 6.96-7.13 (m, 8H, Ar—H), 7.86-
8.21 ppm (m, 8H, Ar—H). *C NMR (101 MHz, benzene-d,, 298 K): 6 =
144 (s, —CH,—CHs), 23.2 (s, —CH,—), 29.8-30.3 (m, —CH,—), 31.6 (s,
—CH,), 31.8 (s, —CH,—), 32.4 (s, N-CH,—CH,—P), 36.1 (s, —CH,—), 36.3
(s, —CH,), 524 (s, N-CH,—~CH,—P), 128.6-128.8 (m, Ar—C), 132.8-
1345 (m, Ar=0), 144.7 ppm (d, Jc,=22.3 Hz, P—C,). *'P{'"H} NMR
(162 MHz, benzene-ds, 298 K): 6 =50.9 (s, Ar,—P—CH,, syn-isomer),
534 ppm (s, Ar,—P—CH,, anti-isomer). Elemental analysis for
C,7H,,6CINOP,Ru: calculated: C 72.24, H 9.92, N 1.09; found: C 71.29,
H 9.71, N 1.17. HRMS/ESI (pos): [C,,H;,sCINOP,Ru]™: calculated:
1278.79739 m/z. found: 1278.79752 m/z. FT-IT (ATR): ¥=1914 cm™'
(s) (CO).

General procedure for phase behavior experiments

Inside a glovebox, [Ru(CO)CIH(MACHO-C;,)] (53.9 mg, 42.1 umol)
was weighed into a 5 mL Schlenk tube and then dissolved in n-
decane (2.0 mL, 1.45 g). Next, an equimolar mixture of methanol
(142 mL, 1.14g, 0.035mmol) and water (0.63mL, 0.63g,
0.035 mmol) was added to the solution and the resulting biphasic
mixture was stirred vigorously for 5 min. Afterwards, both liquid
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phases were carefully separated via syringe and aliquots of both
phases were analyzed by NMR spectroscopy (Figures S12-517) and
ICP-MS.

General procedure for DMC hydrogenation experiments

Inside a glovebox, [Ru(CO)CIH(MACHO-C,,)] and potassium tert-
butoxide were weighed into a 5 mL Schlenk tube. Next, n-decane
(2.5 mL) was added and the mixture was stirred for 1h for
deprotonation and activation of the Ru-precursor (Figure $S18). A
10 mL high pressure reactor with windows (Figure S19) equipped
with a magnetic stirring bar, thermo element, and a digital pressure
transducer was cycled with argon and vacuum (1 x 107> mbar) for at
least three times. Under argon atmosphere, the reactor was loaded
with the prepared deprotonated Ru-MACHO-C;, solution and DMC
and sealed afterwards. The reactor was pressurized with H,, sealed,
and placed onto a stirring plate with heating function. Heating of
the stirring plate and recording of the pressure curve was started.
After reaching 140°C reaction temperature, stirring was started.
After the reaction, the reactor was cooled to room temperature,
vented, and a biphasic reaction mixture was obtained. Both liquid
phases were carefully separated via syringe and the catalyst phase
was diluted with acetone (3.0 mL). Mesitylene (internal standard)
was added to both phases and aliquots of both phases were
analyzed by NMR spectroscopy (Figures S20-S23). When 10 mmol
DMC was used, the methanol amount was insufficient to allow for
an appropriate separation of both liquid phases. Therefore, the
biphasic reaction mixture obtained after the reaction was homo-
genized with acetone (3.0 mL) in the reactor and an aliquot of the
resulting monophasic reaction mixture was analyzed by NMR
spectroscopy.

General procedure for CO, hydrogenation experiments

Inside a glovebox, [Ru(CO)CIH(MACHO-C,,)] (6.4 mg, 5.0 umol) and
potassium tert-butoxide (1.10 mg, 0.01 mmol) were weighed into a
5 mL Schlenk tube. Next, n-decane (2.5 mL) was added and the
mixture was stirred for 1 h for deprotonation and activation of the
Ru-precursor (Figure S18). A 10 mL high pressure reactor with or
without windows (Figures S19 and S24) equipped with a magnetic
stirring bar, thermo element, and a digital pressure transducer was
cycled with argon and vacuum (1x10° mbar) for at least three
times. Under argon atmosphere, the reactor was loaded with the
prepared deprotonated Ru-MACHO-C,, solution and N,N'-dimeth-
ylethane-1,2-diamine (0.882 g, 10.0 mmol, 1.076 mL) and sealed
afterwards. In order to saturate the reaction solution with carbon
dioxide, the reactor was pressurized with carbon dioxide (20 bar) at
room temperature for 10 min while stirring. After 10 min the
overpressure was released, water (0.4 mL) was added (if due), and
the reactor pressurized with H, (200 bar). The reactor was sealed
and placed onto a stirring plate with heating function. Heating of
the stirring plate and recording of the pressure curve was started.
After reaching 145°C reaction temperature, stirring was started.
After 48 h reaction time, the reactor was cooled to room temper-
ature, vented, and a biphasic reaction mixture was obtained. Both
liquid phases were carefully separated via syringe and diluted with
iso-propanol (3.0 mL). Internal standard was added (1,4-dioxane for
product phase, mesitylene for catalyst phase) and aliquots of both
phases were analyzed by NMR spectroscopy (Figures $25-S28).

Catalyst recycling

The first hydrogenation experiment was performed as described
above in a 10 mL high pressure reactor with windows using
[Ru(CO)CIH(MACHO-C,,)] (6.40 mg, 5.0 umol), potassium tert-butox-
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ide (10 umol, 1.1mg), and NN'-dimethylethane-1,2-diamine
(0.882 g, 10.0 mmol, 1.076 mL). After 48 h reaction time the reactor
was cooled to room temperature, vented to around 1 bar, and the
remaining 1 bar was released carefully through the Schlenk line
with overpressure bubbler under argon atmosphere. The product
phase was carefully removed via syringe without removing the
catalyst phase (as the needle should pass through the upper n-
decane catalyst phase to reach the bottom product phase, very
slight cross contamination of the product phase cannot be
excluded) and diluted with Jso-propanol (3.0 mL). 1,4-Dioxane
(internal standard) was added and an aliquot was analyzed by NMR
spectroscopy and ICP-MS. The reactor was loaded again with the
same amount of N,N'-dimethylethane-1,2-diamine, and the proce-
dure was repeated. After the last recycling run, the catalyst phase
was analyzed as well by NMR spectroscopy (Tables S1 and S2).

When working in standard high pressure reactors without windows,
the product and catalyst phase were separated in a syringe in
argon counterflow so that both phases remained under argon
atmosphere for the whole process. The catalyst phase was then
returned to the reactor while the polar phase was removed and
treated as described above (Table S3).
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