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Abstract

The hydroformylation of 10-undecenitrilel)( a route towards polyamide-12, has been
studied using Ru-diphosphite catalysts. The reastiproceeded effectively byn situ
combination of chloro precursors such as R(RFh); and RuG(DMSQO), with Biphephos.
High productivities (TON up to 15,000 mol(aldehydedl(Ru)™*) were achieved by carrying
the reactions at low catalyst loading]¢f[Ru] = 20,000), at 120 °C in toluene or acetolatri
under 20 bars CO/MH1:1), with 20 equiv of Biphephos. Ru. Up to 75% chemoselectivity
for the aldehydes and very high regioselectivif@sthe linear aldehydd/b = 99:1) were
reached under such optimized conditions. Loweritagglof Biphephos (down to 2.5 equiv.
vs. Ru) did not affect the chemo- and regioseledgsitut the activity. The Ru-Biphephos
combinations showed a non-optimized hydroformytafi®FR;r of ca. 2-7 min’, that isca.
1-2 order of magnitude lower than that of analogBisbased systems (TQ¥F= ca. 80

min™). These Ru-Biphephos systems are, however, int@pabder the conditions suitable



for selective hydroformylation, to promote isomatian of internal olefins, and hence to

achieve a tandem isomerization-hydroformylatiorcpss.

Keywords. Hydroformylation, Isomerization, Ruthenium, Bipt®s, 10-Undecenenitrile.

1. Introduction

If rhodium is irrefutably the most efficient metal promote olefin hydroformylation, one of
the most widely applied homogeneously-catalyzedgsses in industry], its very high and
volatile price has urged investigation on otheratsep]. In 1977, the relative activities of the
unmodified metal carbonyl complexes in hydroforntigla were suggested as follows: Bh
Co > Ir, Ru> Os > Pt > P& Fe > Ni B]. However, recent reports have shown that thode ol
assumptions should be re-examined; for instaneeachivity ratio of rhodium-to-iridium is in
fact much closer to 1 than the 10,000:1 ratio afiiti predicted 4,5]. Ruthenium may also
offer an interesting compromise between price astivity, as it is currentlyca. 15 and 12
times cheaper than rhodium and iridium, respectij&, and its activity in an oxo process is
generally announced as one of the best (with mjiamong all alternative metals.

The first investigations on Ru-catalyzed hydrofolatipn began as early as in 1965
with Wilkinson’s brief report on hydroformylationf dl-pentene using the mononuclear
zerovalent complex Ru(CefPPh), as catalyst precursor (10020 °C, 100 bar, CO/H=
1:1) [7]. The authors subsequently presented more detarkeslilts for 1-hexene
hydroformylation with the same catalyst system atigbr related mononuclear Ru-phosphine
complexes; at a quite high catalyst loading ([ol¢fRu] = 100), the turnover frequency

(TOF) reached 0.075 niih with a claimed 100% chemoselectivity for the alglies in most

cases, although the linear-to-branched ratio was(lllo = 2.0-2.9) [8]. The Ru(ll) dihydrido



dicarbonyl complex Ru(HJCO),(PPh). was proposed as the principal active species.
Rus(CO), proved to be a modest precursor (24% conv.) utiderstudied conditions but
increased conversion was obtained upon additidnezfuiv. ¢s. Ru) of PPk (88% conv.) or,
even better, P(OPh)95% conv.); however, those systems were all Bds/e than the
mononuclear complexes. Meanwhile, Schulz and Eseltsalso reported hydroformylation of
propylene with Rg(CO),, to afford 94% of conversion, but the final mixtuwentained less
than 25% of aldehydes]|

Examples of 1-hexene hydroformylation conductedrirethanol-water (80:20) mixture
using water-soluble complexes of the type K[Ru(EBHIACI] were reported in 1988¢]. At
a high catalyst loading ([olefin)/[Ru] = 140; 13€,°50 bar CO/K 1:1), these led to full
conversion of the olefin (overall TOF = 0.2 miinand exclusive formation of linear
heptanal.

Surprisingly, ruthenium-catalyzed hydroformylatiarith the ligands most often used
nowadays in combination with rhodiumeg. diphosphines and diphosphites, was not reported
until recently. It is only in 2012 that Nozaki amdworkers reported on combinations of
{RuCp(acac)}p with Xantphos or Bisbi diphosphines, or the A4ANPhbsphite (Figure 1)
[11]. The latter diphosphite ligand allowed reachingreased chemo- (up to 66% aldehydes)
and regioselectivitiesl/b up to 79) in the hydroformylation of 1-decene (1WD, 20 bar
CO/H, 1:1); the side-products were essentially isomdrigaternal) olefins (19%) and a
slight amount of the hydrogenation product (1.5%je catalyst loading was, however, quite

high ([olefin]/[diphosphite]/[Ru] = 40:2:1) and orgl TOFs were about 0.025 min

Domino hydroformylation-hydrogenation reactions,eted up with the corresponding
alcohols instead of the aldehydes, were also dpedloBesides examples relying on rhodium

complexes to achieve hydroformylation and ruthenicomplexes for the hydrogenation



reaction [1112], Beller and coworkers developed the first suchniohm reaction with the same
ruthenium catalyst. Using B{CO);, or Ru(methylallyl}(COD) as precursor, combined with
1 equiv. ¢s. Ru)of a 2-phosphino-substituted imidazole ligand, gdlefin]/[Ru] ratio of 167,
130 °C and 60 bar CO/H1:5), they achieved full conversion of 1-octeoggrall TOF =
0.13 min?) to provide 87% of alcohol/p = 10), along with 9% of octane and less than 1% of
the intermediate aldehydes[14].

In previous studies, we reported the use of Rh-8yblos {5] and Ir-Biphephos [5c]
catalyst systems for the tandem isomerization-Hypdnoylation [16,17] of the unsaturated
fatty nitrile 10-undecenitrile1) (Scheme 1), as a route toward biosourced polyarhiti
Those systems performed at very high substratedflyst ratio (20,006100,000) and
yielded the desired linear aldehyd (ith high chemo- and regioselectivities up to 986l
99%, respectively. However, significant amountsioflesired isomerization productlsi(t-

x) along with minute amounts of the hydrogenatiomdpct @) were formed, which
eventually plague both conversions and selects/ftoe the desired linear aldehydes (Scheme
1). Preliminary experiments showed that potentiadtgresting results could be also reached
with ruthenium catalysts, although the activitiesrevapparently much lower [5c]. Herein we
report full details on the isomerization-hydrofodatjon of 10-undecenitrile with such
ruthenium-based systems. A variety of precursors lagands, as well as regular reaction
parameters (solvent, temperature, syngas pressulestrate concentration), have been

screened.

2. Experimental Section

2.1. General features



All reactions involving Ru-phosphine catalysts weerformed under an inert atmosphere
(argon) using standard Schlenk techniques. Sol\golisene, THF, etc.) were purified over
alumina columns using a MBraun system. R(EPh)s, RuCh(p-cymene) and R(CO)
were generously provided by Umicore Co and storethé glove box. RugIDMSOQO), was
synthesized according to the literature procedisk.Biphephos and A4N3 diphosphite
ligands were purchased from Strem Chemicals and WGéspectively, and used as received
(stored in the glove box). 10-Undecenenitrile (¢glly 94% pure, contains 6% of 9-
undecenitrile 1-int-0) and other internal isomerd-{nt-x), as determined by NMR) was
supplied by Arkema; it was first eluted throughhars alumina column and vacuum-distilled
(Kugelrohr distillation) at 125 °C under 0.03 mm Hdor to use!H and**C NMR spectra
were recorded on Bruker AC-300 and AM-400 specttense’H and *C chemical shifts
were determined using residual signals of the detge solvents and were calibrates

SiMey.

2.2. General Procedure for Hydroformylation Reaction

In a typical experiment, the ruthenium precursoCR(PPh)s, as a 1.0 g.I* toluene
solution (0.72 mL, 0.7mmol) was added on Biphephos (11.8 mg, 1tfbl) in a Schlenk
flask. 10-undecenitrile (2.479 g, 15.0 mmol) in tesired solvent (toluene or acetonitrile, 15
mL) was added onto the resulting mixture. The sotutvas transferred under argon into a 90
mL stainless-steel autoclave under argon, equippdta magnetic stir bar cross. The reactor
was sealed, charged with CQ/Ht the desired pressure at room temperatureedct{i@00
rpm) and then heated with silicon oil set at theirel temperature. During the reaction,
aliquots were sampled at regular time intervalmtmitor the conversion and selectivities by
NMR. After the appropriate reaction time, the reaavas cooled to room temperature and

vented to atmospheric pressure. The solution wasyzed by NMR (after evaporation of



solvent). The conversion dfinto 1-int-x and2-5, as reported in Tables 1-5, was calculated
taking into account the quantity of internal isom@rint-x) initially present in the substrate:
Conv(d) = ([2]: + [3]¢ + [4]¢ + [B]t + [1-int-X]; — [1-int-X]o) / [1]o. The reported TOF values are
overall values calculated from the conversion &dlteeaction time: TOF = conv x 20,0000 /
time.

The NMR characteristics for 10-undecenenitrilg {ts internal isomersl{int-x), the
hydroformylation products2(and3) and the hydrogenation produef) (have been reported
previously [5¢15]. Typical’H NMR signals for the linear alcohdb)(were observed &t =

3.62 (t,J = 6 Hz, 3H, HO®I,CH,-) ppm.

3. Resultsand Discussion

First hydroformylation experiments were performeédoav catalyst loading {f]o/[Ru]
= 20,000; initiall/1-int-x ratio = 94:6) using different chloro Ru(ll) (Ru(PPh), RuCh(p-
cymene), RuG(DMSO),) and Cl-free Ru(0) (R(CO)») precursors in combination with
Biphephos, diphosphite A4N3 or triphenylphosphikar the sake of comparison, the
experimental conditions used were those optimizedhie hydroformylation ofl using

Rh(acac)(CQOy)Biphephos [15].

3.1. Preliminary Notes

It is here important to point out that the chenemioselectivities remained constant over
time, and no obvious change in the kinetic reginas woted, indicating the stability of all
these catalytic systems over the reaction courbe ihdicates, in particular, that these Ru
catalyst systems were not affected by the HCI sglédrom the chloro precursors, which is in
contrast with the highly sensitive Rh-based systefiso, all the experiments reported in the

forthcoming tables were at least duplicated, shgwangood reproducibility. One necessary



condition is required to achieve such reprodudipilihat is the use of freshly prepared:.(

no older than one week) stock solutions of the Raeyarsor, stored in the dark. Because of the
low catalyst loading, such stock solutions weredeeeto introduce accurately small amounts
of the Ru precursor. These stock solutions areeptyf clear (RuG{PPh)s: orange,
RuCL(DMSO),: yellow); yet, we observed that over days-weeksynuexposure to light,
some of these solutions can turn blackish, sugggstine formation of metal
colloids/nanoparticles; in those cases, we obsethiatithe chemoselectivity for aldehydes
can dramatically drop from 75% down to 60% (maimyfavor of hydrogenation and also
isomerization products), while the regioselectiviétightly dropped from 99.0:1.0 down to
98.5:1.5. We also noted that old, still clear sohs to the naked eye can lead to decreased

selectivities.

3.2. Catalyst Precursor

Significant differences in terms of activity wereted among the four precursors investigated.
Representative results are summarized in Tableth BuCh(PPh)s; and RuGi(DMSO), led

to the higher activities with, respectively, im@ort and full conversion of the substrate under
the chosen conditions (TQF= 5 and 6 mif, entries 1 and 4, respectively). On the other
hand, the chemoselectivity for aldehydes was vamlar for all systems. This selectivity is
quite comparable to that obtained with the Rh-Bptus catalytic system [15], so as the
regioselectivity 2/3; |/b up to ca. 120); only the system based on Riffrcymene) was
somewhat less regioselective. The close similarftyhe regioselectivity achieved with CI-
containing and Cl-free (R(CO).2) precursors is noteworthyifle supra). The 1-int-0/1-int-x

(x > 0) ratio indicates the isomerization abilitytbk system: the lower this ratio, the more
important the isomerization of the double bounddeshe carbon chain. In fact, those Ru

systems proved moderately isomerizing, since mbgtam led essentially to 9-undecenitrile



with quite minor amounts of more internal isomeksconsequence of this low isomerizing
ability is that, even upon long exposure (75 herafull conversion ofl, the amount of
internal isomersl-int-x did not decrease significantly. The final amouhthgdrogenated
product @) is similar in Ru systems as in the Rh ores 2-5%). Noteworthy, in contrast to
Rh-based catalysts but in line with Ru systemsJ4i0small amounts (<0.5 mol%) of alcohol
products $)19 can be observed. Further experiments were conduged) the two most
efficient precursorg,e., RUCh(PPh); and RuGi(DMSOQO),.

3.3. Solvent

The dependence of the performance of the KB€h)s- and RuCL(DMSO)-Biphephos
systems on the solvent nature was evaluated witlerie, acetonitrile, DMF, diglyme and
1,2-dichloroethane (DCE). The results are summariaelable 2. The trends observed with
RuChL(PPh); are identical to those with RuWDMSO),. Hence, acetonitrile, DMF and
toluene featured similar results in terms of coew®r of 1 and chemoselectivity for
aldehydes. Nevertheless, if the regioselectivitg wa good as the one obtained with toluene
for acetonitrile, DMF induced a slightly more impont amount of branched aldehyde. On the
other hand, both 1,2-dichloroethane and diglymetéetbw substrate conversion and also a
slightly lower regioselectivity. There is no appareorrelation between the solvent polarity
and the catalytic performance. Hence, this screeallowed us to highlight two couples of
efficient precursors -RuCL(PPh); and RuC}(DMSO)-~ and solventdoluene and
acetonitrile.

3.4. Ligands

The A4N3 ligand (Figure 1) used by Nozakial. [11] and triphenylphosphite, a simple
monophosphite ligand, were evaluated in compansih Biphephos, in combination with
RuChL(PPh)s (similar results were obtained upon using R(IOMSO),) under the same

reactions conditions than the standard experimgrgsented above; the amounts of ligands



were adjusted to match the same phosphorus-to-megial Unsurprisingly, the P(OPR)
based system exhibited a lower activity and chefeoseity and a much poorer
regioselectivity i/b = 4.5) as compared to the two other systems baselphosphite ligands.
The A4N3 ligand exhibited a slightly lower activi(fOF = 3-5 min™) and also a slightly
decreased regioselectivity than the equivalent Rind&phos system. The same trend was also
observed in the case of Rh-based catalysts in qus\studies carried in our lako]. On the
other hand, very poor performances were observéddZtiang’s tetraphosphinei].22

3.5. [Ligand]/[Ru] ratio

In our standard conditions, a ligand-to-Ru ratio26fis used. In the case of Rh-Biphephos
catalysis, this condition proved to be necessanprevent catalyst decay and decreased
activities and selectivities, assumed to arise ftbenformation of rhodium aggregates [15].
With ruthenium, the amount of ligand introduced nmay need to be necessary as high as in
the case of rhodium to prevent such phenomenons,Téxperiments at [Biphephos]/[Ru]
ratios in the range-20 were carried out; the results are summarizéichlsie 4. Experiments
conducted without Biphephos ligand proved to béficient to perform hydroformylation of
undecenitrile in 88 h; at the end of these expamnigiea black suspension was recovered,
suggesting the formation of ruthenium aggregatesmBtion of these aggregates was
prevented by stabilization of the metal center witte diphosphite ligand. In these
experiments, no impact was observed regarding ¢lextsvities,i.e., thel/b ratio and %HF
did not change significantly when the [Biphephd®lf was modified, indicating that the
same active species is at work in all cases. Howev@oticeable increase in the catalytic
activity was noted when the [Biphephos]/[Ru] ratncreased. Although this may appear
counterintuitive at first sight, this observaticencbe rationalized by taking into account that,

at such a high substrate-to-catalyst ratio (20,068¢ess ligand induces larger amounts of



active species, possibly by counter-balancing caitiyee coordination of the substrate to the
metal precursor.

3.6. Temperature, Pressures

Considering the moderate activity of the Ru-bagelesns, experiments performed at higher
temperatures with the RufPPh)s/Biphephos system were first envisioned. The
compositions profiles and selectivities obtained4 °C, instead of 120 °C, are presented in
Figure 2 and Table 5. As expected, an increaskeofjlobal reaction rate was observed at 140
°C. However, the isomerization process was muchenfavored at this temperature, as
compared to 120 °C; the amount of internal olefimsreased from 22% to 40% and the
selectivity in hydroformylation products concomitigrdropped from 76% down to 58%. The
significantly larger amount of internals olefin@timigrated at least twicé-{nt-x; x =0/1" =
88:12) underscores the importance of the isoméoizairocess. The relative pseudo zeroth-
order ratee3’ of hydroformylationvs. isomerization, as determined from the initiakegatn
Figure 2 and expressed kag/kis,, decreased from 4.6 at 120 °C down to 1.4 at TtQhis
corresponds to a difference in activation enerdiggo — Eanr Of ca. 8 kd.mol". It is
noteworthy that even at the latter high temperatcwaversion of the internal isomelrsnt-x

to aldehydes did not proceed at a noticeable rage (Figure 2); this evidences the
impossibility, at least with the present catalygitems, to achieve a tandem isomerization-
hydroformylation process [17]. Yet, the increas@emperature from 120 to 140 °C only had
a minimal impact on thd/b ratio and, more surprisingly, on the chemoselégtiyin
particular, larger amounts of alcohols may havenkadicipated since this is a consecutive,

more energy-demanding process).

Modification of the total and relative pressuresiksly to influence the formation of active
species and/or lead to different catalytic spe@asd, eventually affect activities and

selectivities 24]. Representative results of such variations inRb€L(PPh)s/Biphephos



system are presented in Table 6. When the totglasypressure was varied in the range
10-40 bars, at a constant 1:1 CQ#tdtio, the reactions proceeded with just slightdgreased
activity (from 5.6-6.1 min* down to 3.5 mift) and quite similar selectivities (entries 25, 26
and 29). A much more significant decrease of thalytic activity was observed at 90 bars,
where the TOF dropped down to 0.6 Mirmeanwhile, the amount of branched aldehyde was
doubled while the chemoselectivity remained cortggamiry 30). The same trends were
observed upon changing the CQA#dtio to 3:1 at a total pressure of 20 bars (e28y
Obviously, excess CO is detrimental. On the otlaedhwhen the CO/Hatio was set at 1:3,
the activity somehow decreased but most noticedidychemoselectivity for aldehydes
dramatically decreased; in particular, larger ant®woih alcohol$ were formed, a non-
unexpected result (entry 27).

3.6. Recycling

Attempts to recycle the catalyst and eventuallyrmap on the catalytic productivity were
conducted. We used the same procedure as the eitiwgly evaluated for the analogous Rh-
Biphephos system [15a]: the vacuum distillatiorthed crude reaction mixture can be readily
achieved, allowing complete elimination of toluemdvent, and recovery of analytically pure
aldehydes (along with residual internal olefinsd asf a solid residue that contains the
catalyst/ligand. To prevent deteriorated perfornearthe solid residue was concentrated and
recovered under an inert atmosphere. Representa8uéis obtained using this procedure are
gathered in Table 7; the runs were conducted aveg time period (124190 h) to achieve
high conversions. The results evidence that effeaecycling can be achieved, maintaining a
good chemo- and regioselectivity in favor of theelr aldehyde over at least three runs; the
overall TON thus reached 55,000. The addition abeel charge of fresh Biphephos in the
recycling runs does not appear essential (compame2r and run 3).Yet, a *’P NMR
monitoring of the reaction mixture was also perfednindicating that the Biphephos ligand
slowly degrades under the reaction conditions {eeeSupporting Information, Figure S1);

similar observations were made with the Rh-Biphepteatalyst system [15a].



4. Conclusions

Combination of Ru(ll) metallic precursors with Bgghos affords a selective catalytic system
for the hydroformylation of 10-undecenitrile. Thelectivity data: 75% of hydroformylation
andl/b ratio up to 99:1, compare favorably with the vgood performance of the rhodium-
and iridium-based catalysts we previously repoftegil5]. Formation of the hydrogenated
olefin and of the alcohols resulting from the retttut of the desired aldehydes can be
prevented by an adequate choice of the temperahad€O/H pressures. These good chemo-
and regio-selectivities are balanced with the loaeivity (non-optimized hydroformylation
TOR4 of 2-7 min?), which are decreased bg. 1-2 orders of magnitude (and not 5 orders as
initially anticipated) in comparison with equivateRh-Biphephos systems (T@F= ca. 80
min™), although the lower prices of rutheniuea(15 times cheaper than Rh and Ir) must
also be taken into account. This reduced activity mbt hamper to achieve very high
productivities (effective TurnOver Numbers for digdes, TON, up to 15,000 for batch
experiments and up to 55,000 upon recycling). Atition of these ruthenium systems is
their incapacity, under the conditions suitable $etective hydroformylation, to promote
isomerization of internal olefins, and hence to ieoh a tandem isomerization-
hydroformylation process as the Rh-Biphephos systeamenable to; we assume that this
reflects the lower isomerizing ability of putatiRu-hydride species generated in these
systems as compared to the corresponding Rh-hydpeéeies in the Rh-based systems. Also,
these ruthenium-based systems seem to be mordileetisan the rhodium ones, as important
isomerization or loss of regioselectivity can occoore easily if freshness of the catalyst

precursors is not perfectly controlled.

Supporting Information Available

*1p{*H} NMR monitoring of reaction media.
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Figure caption

Figure 1. Diphosphine and diphosphite ligands used for mithva-catalyzed
hydroformylation

Figure 2: Distribution of substrate and produc# (1, B 1-int-x, A 2+3) as a function of
time at 120 °C and 140 °C in the hydroformylatiofi ®0-undecenitrile by the
RuCL(PPh)s/Biphephos system.

Scheme 1. Aldehydes and side-products arising from the higdroylation-isomerization of

10-undecenitrileX)

Table caption

Table 1. Variation of precursor in Ru-catalyzed hydroforatidn of 10-undecenitril.

Entry Ruprecursor Time 1 inlt:x l-int-x 2+3  2/3 4 5 Colnv. HF TOF'

] [%]° [%]° x=01" [%]° (/b)° [%]° [%]° [%]° [%]° [min™]

RuChL(PPh); 48 10 22 982 63 99.1:.09 4 0.3 89 76 6

RuChk(p-cymene 48 55 15 9911 27 098.5:15 0.4 42 69

1

2 3 3
3 [Ru(COD)CH, 48 62 13 nd 23 99.1:09 2 traces 34 72 2
4 RuCLDMSO), 48 0 24 928 71 989111 5 05 100 75 7
5 2 3

Ru;(CO),2 64 45 16 9911 36 99.2:0.8 0 51 75

[{l Reaction conditions:1]y/[1-int-X]o (94:6) = 5.0 mmol, T]¢/[Ru] = 20,000, [Biphephos]/[Ru] = 20, toluene (5
mL), CO/H, = 1:1, Ry= 20 bar,T = 120 °C."”! Distribution (mol-%) of remainind, internal alkened-int-x
(residual or formed during the reactios0/1" refers to the positioning of the internal C=C boxé 0 being 9-
undecenitrile and = 1+ referring to 8-, 7-, ...undecenitriles; pleasér to Scheme 1), aldehyd2sand 3,
hydrogenated produd; and alcohol$ resulting from aldehydes reduction, as determimetH NMR analyses.

[l Regioselectivity as determined by the linear-tadzhed aldehyde rati6! Conversion ofl into 1-int-x and
2-5, calculated taking into account the quantityleht-x initially present in the substrate: Conv 2]([+ [3]; +

[4] + [5]; + [1-int-x], — [1-int-x]o) / [1]o. ® Chemoselectivity as determined by the percentage of
hydroformylation among all other competitive prasess? Overall TOF determined from the conversionlof
over the whole reaction time.

Table 2: Solvent comparison in the Ru-catalyzed hydrofoatigh of 10-undecenitril.



Entry  Ru precursor  solvent time 1 lintx l-int-x 243 2/3 4 5 Colnv. HF TOFf

%" [%° x=01" [%]°  (0)° [%]° [%]° [%]" [%]° [min™]

6 RuCL(PPh); toluene 48 10 22 98:2 63 99.1:.09 4 0.3 89 76 6
7 RuChL(PPh)3 CH,CN 48 10 22 97:3 64 99.2.08 4 0.3 89 7 6
8 RuChL(PPh)3 DMF 50 22 19 97:3 56 98.7:1.3 3 0 76 80 5
9 RuCL(PPh); diglyme 44 41 20 99:1 37 98812 2 0 55 72 4
10 RuCL(PPh); DCE 48 77 14 96:4 4 98.0:20 4 traces 16 36 1

11  RuCKL(DMSO), toluene 48 0 24 92:8 71 989111 5 05 100 75 7
12 RuChL(DMSO), CHCN 48 1 25 93:7 70 99.1:.09 4 0 99 76 7

13 RuCkL(DMSO), DMF a7 5 31 94:6 60 98.6:14 4 0 95 68 7

14 RuChL(DMSO), digyme 48 70 11 nd 16 97525 3 nd 25 68 2

[ See Table 1.

Table 3: Ligand comparison in the Ru-catalyzed hydroforrigtaof 10-undecenitrilé.

Entry Ligand Time 1 1-int-x l-int-x 2+3 2/3 4 5 Coan- HE TOEf

] [%]° [%]° x=0/1" [%]° (/b)° [%]° [%]° [%]° [%]° [min]

15 Biphephos 48 10 22 97:3 64 99.1.09 4 0.3 68 76 5
16 A4N3 66 30 20 97:3 49 98.7:1.3 1 traces 88 76 4
17 P(OPhy 68 70 15 nd 15 81.9:118.1 1 traces 25 63 1

& Metallic precursor: RuG(PPh); + 20 equiv. of ligand, except P(ORMO equiv.; otherwise, see Table 1.
Table 4: Influence of the ligand-to-metal ratio in the hyfinonylation of 10-undecenitrile by

the RuC}(PPh)s/Biphephos systerh.

Conv.

Entry [L}J/[Ru] Time 1 l-int-x l-int-x 2+3 2/3 4 5 1 HF  TOF'
] %" [%]° x=01" [%]° (/b)°  [%]° [%]° [%]° [%]° [min™]
18 0 88 92 7 99:1 0 - 0.4 0 1 0 -

19 2.4 90 59 12 97:3 27 99.1:.0.9
20 6.0 53 49 17 99:1 32 98.8:1.2
21 10.5 73 40 22 97:3 35 99.1.09
22 20 48 10 22 97:3 64 99.1.09

0 37 79 1.4
0.3 47 71 2.9
0 57 66 2.6
0.3 88 76 6.1

A W NN

[l See Table 1.
Table 5: Influence of temperature in the hydroformylatiof 10-undecenitrile by the

RuCh(PPh)s/Biphephos systerh.



Conv.

Entry Temp Time 1 lintx lintx 2+3 2/3 4 5 1 HF  TOF'
Cl [ [e° (%] x=01" [%]°  (/b)°  [%]° [%]° [%]" [%]° [min]
23 120 48 10 22 97:3 64 99.1:.09 4 0.3 68 76 5
24 140 63 1 40 88:12 54 98.7:1.3 5 0.3 99 58 119

[ See Table 1 for experimental conditions excepffol! TOF value calculated at its maximal slope.

Table 6: Influence of total and relative pressures inhlgdroformylation of 10-undecenitrile

by the RuCJ(PPh)s/Biphephos systerh.

Conv.

Entry Py CO/M, Time 1  1l-intx l-intx 2+3 2/3 4 5 1 HF  TOF®

bar] rato [h] [%]° [%]° x=0/1" [%]° (/)" [%]° [%]° [%]° [%]® (min)
25 10 11 63 24 23 97:3 50 99.3:0.7 3 1.1 74 72 3.9
26 20 11 48 10 22 97:3 64 99.1:09 4 0.3 89 76 6.1
27 20 1:3 55 58 18 9911 14 98.9:11.1 5 5.7 38 40 2.3
28 20 31 65 71 13 9911 13 98.8:11.2 1 1.6 24 60 1.2
29 40 11 46 43 15 982 39 98.9:1.1 2 0.6 54 77 3.9
30 90 11 71 81 8 98:2 10 97.9:21 1 0.0 13 78 0.6
&l See Table 1 except for the P value.
Table 7: Recycling of th&kRuChL(PPh)s-Biphephos system over 3 runs in the
hydroformylation of 10-undecenenitrife.

Run Biphephos  time 1 Lintx 243 23 4 5 Colr“" HF  TOF'

[h] [° " [%°  (b)° (%] [%]° [%]"  [%]° [min]

1 - 190 14 31 45 98812 5 5 84 57 16

2 +20equi¥ 150 6 28 62 99307 3 1 94 71 22

3 - 124 3 27 64 989111 5 1 9 72 27

[ See Table 1% 20 equiv of Biphephos (vs. Ru) were added to thiel sesidue before starting th&"2un.
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