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a b s t r a c t 

A systematic study of the phosphine additives influence on the activity of a ruthenium catalyst in re- 

ductive amination without an external hydrogen source was carried out. [CymeneRuCl 2 ] 2 was used as a 

reference catalyst, and a broad set of phosphines including Alk 3 P, Alk 2 ArP, Ar 3 P and X 3 P was screened. 

Three complexes of general formula (Cymene)RuCl 2 PR 3 were isolated in a pure form, and their catalytic 

activity was compared with the in situ generated complexes. Nonhindered triarylphosphines with elec- 

tron acceptor groups were found to be the most perspective activating agents, increasing the activity of 

the catalyst approx. six times, Alk 2 ArP ligands have less noticeable influence, while trialkylphosphines 

strongly deactivate the ruthenium catalyst. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Development of new approaches towards rapid and atom- 

fficient build-up of molecular complexity is a global aim of the 

ynthetic community. [1–9] As catalytic reactions are highly im- 

ortant to solve the titled fundamental task, understanding of the 

actors, influencing the activity of the particular catalyst is a key 

o optimize preparation of desirable compounds. Herein we con- 

ider the influence of phosphine ligands on the activity of the 

uthenium catalysts in the reductive amination without an exter- 

al hydrogen source. This reaction allows a direct preparation of 

econdary and tertiary amines from carbonyl compounds utilizing 

arbon monoxide as a reducing agent. Amines are a crucial class of 

rganic molecules with a great variety of applications in multiple 

elds. [10–16] However, synthesis of secondary and tertiary amines 

till remains challenging. [ 17 –18 ] One of the highly prospective ap- 

roaches towards amines is reductive amination: during 2019 and 

020 three huge reviews considering this reaction were published 

19–21] However, the correct choice of a reducing agent is not so 

traightforward as it seems to be. Classical reductants such as hy- 

rogen or different types of borohydrides are not enough selective 

r efficient for the reductive amination of challenging substrates 

ith high sterical hindrance or reducible functional groups. [22] In 
∗ Corresponding author. 
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his context, development of alternative reducing systems without 

uch disadvantages is highly desirable. 

Carbon monoxide was demonstrated to be a very powerful 

educing agent in organic transformations. Despite the fact that 

O is a toxic gas and one should take necessary safety precau- 

ions working with this reagent (first of all, good ventilation is re- 

uired), it is a highly desirable reagent in organic chemistry. It is 

idely used for nitro group reductions [ 23 , 15 , 24 ] or as an indirect

educing agent working via the water-gas shift reaction (WGSR) 

 25 , 26 , 27 , 28 , 29 ]. Hence, carbon monoxide or its synthetic equiv-

lents could be considered as a good alternative to classical re- 

ucing agents. Such reducing systems achieve high selectivity to- 

ards reducible functional groups [ 30 , 31 ] and high efficiency in 

reparation of sterically hindered substrates [ 32 , 33 ]. They also al- 

ow to solve some special problems like amine methylation [34] or 

asicinone-like alkaloids preparation [35] . 

One of the most popular ligands, used in catalysis, are phos- 

hines. [ 36 , 37 ] To the best of our knowledge there was no sys-

ematic study on the influence of phosphine ligands on the out- 

ome of reductive amination without an external hydrogen source. 

nly single experiments with phosphines were reported. For ex- 

mple, Kolesnikov et al. demonstrated a strong decrease of the 

eaction yield after addition of triphenylphosphine to ruthenium 

hloride-catalyzed reductive amination without an external hydro- 

en source. [38] Later Makarova et al. demonstrated an increase of 

he reaction rate with SPhos if [CymeneRuCl 2 ] 2 was used as a pre- 

atalyst. [39] 

https://doi.org/10.1016/j.jorganchem.2021.121806
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jorganchem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2021.121806&domain=pdf
mailto:chusov@ineos.ac.ru
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Table 1 

Phosphine ligands comparison under the standard conditions. 

Phosphine Yield of 1 a 

No ligand 50% 

Alk 3 P 

PCy 3 2a 40% 

PnBu 3 2b 19% 

Alk 2 PAr 

RuPhos 3a 25% 

XPhos 3b 33% 

BrettPhos 3c 42% 

DavePhos 3d 43% 

tBuXPhos 3e 51% 

SPhos 3f 64% 

CyJohnPhos 3g 83% 

Ar 3 P 

P(2-MeOC 6 H 4 ) 3 4a 32% 

P(2,6-(MeO) 2 C 6 H 3 ) 3 4b 43% 

P(oTol) 3 4c 46% 

P(4-MeOC 6 H 4 ) 3 4d 48% 

PMes 3 4e 66% 

JackiePhos 4f 72% 

PPh 3 4g 96% 

P(pTol) 3 4h 91% 

P(3-MeOC 6 H 4 ) 3 4i 96% 

P(4-FC 6 H 4 ) 3 4j 96% 

P(4-ClC 6 H 4 ) 3 4k 96% 

Bidentate 

XantPhos 5a 56% 

BINAP 5b 47% 

Bis(dicyclohexylphosphinophenyl) ether 5c 52% 

Other ligands 

PCl 3 5d 49% 

PBr 3 5e 71% 

P(OEt) 3 5f 50% 

a Reaction conditions: 0.33 mmol scale, 2 equiv. p- anisidine, 1 equiv. p- 

anisaldehyde, 0.25 mol% [CymeneRuCl 2 ] 2 (0.5 mol% Ru), 0.5 mol% ligand, 300 

μL MeCN, 140 °C, 50 bar CO, 22 h. Yields were determined by GC using an 

external calibration. At least two replicate runs for each ligand were carried 

out. 
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Fig. 1. Trialkylphosphines tested. 

Fig. 2. Dialkylarylphosphines tested. 
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. Results and discussion 

Herein we report a study of the ligand influence on the 

uthenium-catalyzed reductive amination, as this metal is compa- 

ably cheap and known to form stable phosphine complexes. [40] 

CymeneRuCl 2 ] 2 was used as a ruthenium precatalyst. This is a 

table well-defined ruthenium source, often used in organometal- 

ic chemistry. Ruthenium chloride, known to catalyze the titled 

eaction [38] , is much cheaper, however it does not have any 

ell-defined structure, and an amount of crystalline water might 

mpact the formation of the organometallic complexes. [41] . The 

oal of this study is identification of ligand parameters influencing 

he catalytic activity, therefore all other factors interfering the re- 

roducibility and performance of the reaction should be avoided. 

ence [CymeneRuCl 2 ] 2 was chosen as the preferable ruthenium 

ource. 

The ligand impact was compared using the model reaction of p - 

nisidine and p- anisaldehyde ( Table 1 ). Catalyst loading and other 

eaction conditions (temperature, CO pressure, solvent, reaction 

ime, reagents ratio) were chosen to provide 50% yield of 1 without 

ny phosphine additives. Such yield allows catching both activation 

nd deactivation of the catalytic system. 

All available phosphine ligands were divided into few 

lasses according to their structure: trialkylphosphines Alk 3 P 

 (nBu P, Cy P), Dialkylarylphosphines Alk PAr 3 (BrettPhos, 
3 3 2 

2 
uPhos, SPhos, DavePhos, XPhos, tBuXPhos, CyJohnPhos), tri- 

rylphosphines Ar 3 P 4 , bidentate ligands (XantPhos, BINAP, 

is(dicyclohexylphosphinophenyl) ether), and three additional 

hosphine and phosphite ligands P(OEt) 3 , PCl 3 , and PBr 3 to 

chieve a comprehensive study of the sterical and electronical 

arameters influencing the reaction outcome. Structures of these 

igands are provided below ( Figs. 1 , 2 , 3 , 4 ). Initially all ligands

ere compared under the standard conditions ( Table 1 ). 

Here are two factors with a crucial impact on the reaction per- 

ormance: electronic and sterical properties of the ligand. Electron- 

ich ligands with low sterical hindrance form very stable com- 

lexes that do not catalyze the reaction. Ligands with high sterical 

indrance either do not form complexes (in this case, yield of the 

eaction is the same as without ligand) or form stable complexes 

nd block the coordination with substrates (this is the case of ster- 

cally hindered electron-rich ligands). In the intermediate cases, 

hese two factors can compensate each other. These considerations 

re illustrated below. 

Trialkylphosphines ( Fig. 1 ) are very strong ligands, inhibiting 

he activity of the ruthenium catalyst. However, tricyclohexylphos- 

hine 2a decreases the reaction yield only by 1.25 times (40% vs 

0%), while tributylphosphine 2b has a stronger influence reducing 

he reaction rate by 2.5 times (19% vs 50%). Cy 3 P is characterized 

ith a bigger Tolman cone angle then nBu 3 P (170 vs 132) [42] . As

lectronic properties of these ligands are almost the same, nBu 3 P 

orms a much more stable ruthenium complex which catalyzes the 

eaction poorly. Electronic deactivation in the case of Cy 3 P is com- 

ensated by increased sterical hindrance, so the resulting complex 

orks better than the one with nBu 3 P. 

Alk 2 PAr are generally less nucleophilic than Alk 3 P. It is the rea- 

on why in this case ( Fig. 2 ) a balance between electronic and ster-

cal properties should be found. For example, RuPhos 3a led to a 

wo-fold decrease of the reaction yield while SPhos 3f increased it 

.3 times. While electronic properties are almost the same, RuPhos 

as a higher sterical hindrance, which in this case decreases the 

eaction yield. This trend is opposite to the one detected for tri- 
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Fig. 3. Triarylphosphines tested. 

Fig. 4. Bidentate ligands and other ligands. 
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Table 2 

Impact of the most active ligands on the reaction yield at reduced tempera- 

ture. 

Phosphine Yield a 

No ligand 10% 

PPh 3 4g 21% 

P(pTol) 3 4h 24% 

P(3-MeOC 6 H 4 ) 3 4i 27% 

P(4-FC 6 H 4 ) 3 4j 56% 

P(4-ClC 6 H 4 ) 3 4k 63% 

a Reaction conditions: 0.33 mmol scale, 2 equiv. p- anisidine, 1 equiv. p- 

anisaldehyde, 0.25 mol% [CymeneRuCl 2 ] 2 (0.5 mol% Ru), 0.5 mol% ligand, 300 

μL MeCN, 120 °C, 50 bar CO, 22 h. Yields were determined by GC using an 

external calibration. At least two replicate runs for each ligand were carried 

out. 
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lkylphosphines. In the case of Alk 3 P the coordination was too 

trong. Sterical factors used to decrease deactivation of the cata- 

yst. For Alk 2 PAr coordination is not so strong, and the sterical hin- 

rance interferes the target reaction. tBuXPhos 3e seems to have 

ery high sterical hindrance so we suppose that it does not form 

 ruthenium complex and does not influence the catalytic activ- 

ty. To confirm this an NMR experiment was carried out. tBuXPhos 

as added to a solution of [CymeneRuCl 2 ] 2 in CDCl 3 in NMR tube 

ollowed by registration of 1 H, 13 C, and 

31 P NMR spectra after two 

ours. No phosphine complex formation was noted ( Scheme 1 ). 

The most active catalytic system was achieved using CyJohn- 

hos 3g . It has low sterical hindrance with moderate donating 

roperties which indicates that the decrease of the sterical factor 

as a crucial influence on the catalyst activity. 

Ortho-substituted triarylphosphines with methoxy groups ( 4a, 

b ) ( Fig. 3 ) have very high sterical hindrance in combination with
3 
trong donating properties. Strong donation leads to formation of 

trong coordinating bonds while sterical hindrance blocks the coor- 

ination of substrates and inhibits the reaction. Both these ligands 

ore or less deactivate the catalyst. P(oTol) 3 4c is less electron- 

onating ligand with less sterical hindrance, and its impact on 

he reaction yield is negligible. P(4-MeOC 6 H 4 ) 3 4d is a strong do- 

ating ligand with low sterical hindrance. It also has no influ- 

nce on the reaction. The last two cases illustrate the compensa- 

ion of electronic and sterical factors to zero. Combination of elec- 

ronic and sterical properties of P(Mes) 3 4e provides slight activa- 

ion of the catalyst. JackiePhos 4f has strong acceptor groups in its 

tructure thus activating the catalyst. The most perspective results 

ere achieved using m- and p- substituted triarylphosphines with 

lectron-neutral or electron-withdrawing groups. PPh 3 , P(pTol) 3 , 

(3-MeOC 6 H 4 ) 3 , P(4-FC 6 H 4 ) 3 , P(4-ClC 6 H 4 ) 3 provided almost quan-

itative yields. To enable accurate comparison of these ligands we 

et up the reaction at reduced temperature 120 °C ( Table 2 ). PPh 3 

g , P(pTol) 3 4h , and P(3-MeOC 6 H 4 ) 3 4i increased the yield of the

arget molecule two times (with reference to experiment without 

igand). Halogen-substituted phosphines increased it approx. six 

imes. P(4-FC 6 H 4 ) 3 4j provides slightly lower yield of the product 

s mesomeric effect of fluorine is much higher than of chlorine. So 

(4-FC 6 H 4 ) 3 supposed to be a little bit more electron-rich in com- 

arison with P(4-ClC 6 H 4 ) 3 4k . 

To obtain the whole picture of the phosphine ligands influ- 

nce, we tested few bidentate ligands ( Fig. 4 ) and other mon- 

dentate phosphines PCl 3 , PBr 3 , and P(OEt) 3 . The tested bidentate 

hosphines showed almost no influence on the reaction outcome. 

his might indicate a balance of opposite sterical and electronic ef- 

ects in these cases, however to detect any trends more data is re- 

uired. PCl 3 , PBr 3 and P(OEt) 3 demonstrate more countable effects. 

s sterical hindrance for these phosphines is very low, all effects 

ould be assigned to the electronic effects. PBr 3 has a slight ac- 

ivation mode while PCl 3 and P(OEt) 3 do not change the reaction 

ield. This indicates that too strong electron withdrawing groups 

lso deactivate the catalyst. 

In addition, to demonstrate the correctness of the assump- 

ion that ruthenium phosphine complexes form in situ , three well- 

efined complexes of general formula CymeneRuCl 2 PR 3 were syn- 

hesized and their catalytic activities were compared with activ- 

ties of the in situ generated complexes. P(4-ClC 6 H 4 ) 3 providing 

ighest activation, the most available PPh 3 providing moderate ac- 

ivation, and inactive P(OEt) 3 were applied. The latter did not af- 

ect the yield of 1 , so an attempt to obtain a well-defined complex 

ith P(OEt) allows to distinguish either no complex formation oc- 
3 
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Fig. 5. General view of compound CymeneRuCl 2 P(4-ClC 6 H 4 ) 3 (6c) in representa- 

tion of atoms via thermal ellipsoids (p = 50%). Selected bond lengths ( ̊A): Ru(1)-Cl(1) 

2.4130(8), Ru(1)-Cl(2) 2.4141(8), Ru(1)-P(1) 2.3614(9), Ru(1)-C(1) 2.230(3), Ru(1)- 

C(2) 2.201(3), Ru(1)-C(3) 2.188(3), Ru(1)-C(4) 2.231(3), Ru(1)-C(5) 2.237(3), Ru(1)- 

C(6) 2.242(3). 

Scheme 1. NMR experiment demonstrating that tBuXPhos does not form any com- 

plex with ruthenium. 

Scheme 2. Synthesis of CymeneRuPR 3 Cl 2 complexes. Isolated yields. 
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Table 3 

Comparison of the well-defined complexes vs 

in situ generated. 

Catalyst Yield a 

PPh 3 + [CymeneRuCl 2 ] 2 96% 

CymeneRuCl 2 PPh 3 6a 94% 

P(OEt) 3 + [CymeneRuCl 2 ] 2 50% 

CymeneRuCl 2 P(OEt) 3 6b 49% 

P(4-ClC 6 H 4 ) 3 + [CymeneRuCl 2 ] 2 96% 

CymeneRuCl 2 P(4-ClC 6 H 4 ) 3 6c 96% 

a Reaction conditions: 0.33 mmol scale, 2 

equiv. p- anisidine, 1 equiv. p- anisaldehyde, 

0.25 mol% [CymeneRuCl 2 ] 2 or 0.5 mol% ruthe- 

nium complex, 0.5 mol% ligand (if required), 

300 μL MeCN, 140 °C, 50 bar CO, 22 h. Yields 

were determined by GC using an external cal- 

ibration. At least two replicate runs for each 

ligand were carried out. 

Scheme 3. Substrate scope for the reductive amination. NMR yields with DMF as an 

internal standard. a Second yield value corresponds to the reaction at 120 °C b 160 °C. 
urs is this case or the catalytic activity of CymeneRuCl 2 (POEt) 3 is 

quivalent to that of [CymeneRuCl 2 ] 2 . 

Titled complexes were prepared according to the literature pro- 

ocols ( Scheme 2 ) [ 43 , 44 , 45 ]. All the complexes were character-

zed using NMR, and the structure of CymeneRuCl 2 P(4-ClC 6 H 4 ) 3 
 6c ) was confirmed using X-ray analysis for the first time ( Fig. 5 ).

he results of the catalytic activity comparison are provided in the 

able 3 . One can see that in all cases the activity is the same, so

he comparison provided above is representative. 

Afterwards, the catalyst activation was checked on substrates of 

ifferent types ( Scheme 3 ). Aromatic amines demonstrate at least 

wo-fold activation in reactions with an aromatic aldehyde ( 1 ), 

liphatic ( 7, 8 ) and aromatic ketones ( 10, 11 ). In case of acetophe-

one ( 10 ), activation with phosphine reached 2.9 times, and with 

etralone ( 11 ) only traces of the product were obtained without 
4 
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hosphine. Reaction of aniline with p- methoxybenzaldehyde ( 9) 

ed to the good yields both with and without phosphine at 140 °C, 

owever decreasing the temperature to 120 °C allowed to catch the 

ctivation effect. In the case of reaction between piperidine and 

enzylacetone ( 13 ) the yield was almost the same. Even slight de- 

rease of the yield was noted (84% vs 90%). Similarly no activation 

as detected in the case of morpholine ( 12 ). This trend could be

xplained by the fact that aliphatic amines are much more nucle- 

philic then aromatic ones. So, piperidine and morpholine could 

ramatically change the catalyst structure decreasing the activation 

xtent. 

. Conclusions 

Finally, the first systematic study of the phosphine additives in- 

uence on the catalytic activity of cymene ruthenium chloride in 

he reductive amination without an external hydrogen source was 

rovided. Different phosphines including Alk 3 P, Alk 2 PAr, and Ar 3 P 

ere compared. Generally the most prominent activation is pro- 

ided by triarylphoshines with low sterical hindrance and electron- 

ithdrawing groups in aromatic rings structure. This activation 

as studied on different amines. In the case of aromatic amines 

ield increased at least twice, while in the case of aliphatic amines 

he activation was not so powerful. This might be related to the 

igh nucleophilicity of aliphatic amines. 

. Experimental section 

.1. General information 

Unless otherwise stated, all reagents were purchased from com- 

ercial suppliers and used without further purification. CH 2 Cl 2 
nd CH 3 CN were distilled over calcium hydride. 

1 H, 13 C and 

31 P spectra were recorded in CDCl 3 on Bruker 

vance 300, Bruker Avance 400 and Varian Inova-400 spectrom- 

ters. Chemical shifts are reported in parts per million relative to 

HCl 3 (7.26 and 77.16 ppm for 1 H and 

13 C respectively). Chemical 

hifts δ are reported in ppm relative to the solvents resonance sig- 

al as an internal standard. The following abbreviations were used 

o designate chemical shift multiplicities: s = singlet, d = doublet, 

 = triplet, q = quartet, quint = quintet, sept = septet, dq = dou-

let of quartets, m = multiplet, br s = broad singlet; coupling con- 

tants are given in Hertz (Hz). 

Analytical gas chromatography (GC) was performed using a 

hromatec Crystal 50 0 0.2 Gas Chromatograph fitted with a flame 

onization detector. GC yields were calculated using external cali- 

ration, NMR yields were calculated using DMF as an internal stan- 

ard. More details are provided in SI. 

.2. Synthesis of ruthenium complexes 

.2.1. [(p-cymene)RuCl 2 ] 2 
To a solution of RuCl 3 •4H 2 O (1.65 g, 100 mol%, 5.9 mmol) 

n EtOH (50 mL) in a 250 mL round-bottom Schlenk flask, α- 

hellandrene (5.67 mL, 600 mol%, 35.2 mmol) was added. The re- 

ction mixture was refluxed for 24 h and then cooled to 0 °C. The 

esulting red precipitate was filtered, washed with Et 2 O and dried 

n vacuo to yield a red solid (1.12 g, 62% yield). 
1 H NMR (400 MHz, CDCl 3 ) δ 5.45 (d, J = 5.7 Hz, 2H), 5.31 (d,

 = 5.7 Hz, 2H), 2.88 (sept, J = 6.9 Hz, 1H), 2.13 (s, 3H), 1.25 (d,

 = 6.9 Hz, 6H). 
13 C NMR (101 MHz, CDCl 3 ) δ 101.2, 96.7, 81.3, 80.5, 30.6, 22.2, 

9.0. 

NMR spectra are in agreement with the literature data. [46] 
5 
.2.2. [(p-cymene)Ru(PPh 3 )Cl 2 ] (6a) 

A solution of [(p-cymene)RuCl 2 ] 2 (100 mg, 100 mol%, 0.16 

mol) and PPh 3 (90 mg, 210 mol%, 0.34 mmol) in CH 2 Cl 2 (6 ml)

as stirred at room temperature in Schlenk tube under argon at- 

osphere for 17 h. After this time the solution was reduced in vac- 

um to ~1,5 ml. Hexanes (~8 ml) were added to yield an orange 

recipitate. Then it was filtered through a funnel with fritted disc. 

he solid was washed with hexanes (3 ml 3 times) and dried in 

acuum to yield a red-brown solid (169.6 mg, 91.3% yield). 
1 H NMR (400 MHz, CDCl 3 ) δ 7.87 – 7.73 (m, 6H), 7.42 – 7.28 (m, 

H), 5.18 (d, J = 5.9 Hz, 2H), 4.98 (d, J = 5.9 Hz, 2H), 2.84 (sept,

 = 6.9 Hz, 1H), 1.85 (s, 3H), 1.08 (d, J = 6.9 Hz, 6H). 
13 C NMR (101 MHz, CDCl 3 ) δ 134.4 (d, J = 9.3 Hz), 133.9 (d, 

 = 45.6 Hz), 130.3 (d, J = 2.4 Hz), 128.0 (d, J = 10.0 Hz), 111.2,

6.0, 89.1 (d, J = 3.2 Hz), 87.2 (d, J = 5.5 Hz), 30.3, 21.9, 17.8. 
31 P NMR (162 MHz, CDCl 3 ) δ 24.2. 

NMR spectra are in agreement with the literature data.[ 47 , 48 ] 

.2.3. [(p-cymene)Ru(P(OEt) 3 )Cl 2 ] (6b) 

A solution of [(p-cymene)RuCl 2 ] 2 (50 mg, 100 mol%, 0.08 mmol) 

nd POEt 3 (70 μL, 500 mol%, 0.41 mmol) in CH 2 Cl 2 (5.5 mL) was

tirred at room temperature in a Schlenk tube under argon atmo- 

phere overnight. Then the solvent was evaporated in vacuum to 

ield an oil. Hexanes (~10 ml) were added and the mixture was 

riturated to yield a red precipitate. Then it was filtered through a 

unnel with fritted disc. The precipitate was washed with hexanes 

10 ml 3 times) and dried in vacuum to yield an orange-brown 

olid (35 mg, 45.5% yield). 
1 H NMR (400 MHz, CDCl 3 ) δ 5.49 (d, J = 6.0 Hz, 2H), 5.35 (d,

 = 6.0 Hz, 2H), 4.13 (dq (appears as a quint), J = 6.8 Hz, 6H), 2.89

sept, J = 6.9 Hz, 1H), 2.13 (s, 3H), 1.25 (t, J = 6.8 Hz, 9H), 1.21 (d,

 = 6.9 Hz, 6H). 
13 C NMR (101 MHz, CDCl 3 ) δ 109.0, 100.6, 89.3 (d, J = 6.1 Hz), 

8.8 (d, J = 6.1 Hz), 63.1 (d, J = 6.4 Hz), 30.4, 22.1, 18.4, 16.3 (d,

 = 6.2 Hz). 
31 P NMR (162 MHz, CDCl 3 ) δ 112.3. 

NMR spectra are in agreement with the literature data. [44] 

.2.4. [(p-cymene)Ru(P(p-ClPh) 3 )Cl 2 ] (6c) 

A solution of [(p-cymene)RuCl 2 ] 2 (33 mg, 100 mol%, 0.053 

mol) and P(p-ClPh) 3 (50 mg, 256 mol%, 0.137 mmol) in CH 2 Cl 2 
8 ml) was stirred at room temperature in Schlenk tube under ar- 

on atmosphere for 14 h. Then the solvent was evaporated in vac- 

um to yield an oil. Hexanes (~5 ml) were added and the mixture 

as triturated to yield a white-red precipitate. The precipitate was 

ltered through a funnel with fritted disc. The solid was washed 

ith hexanes (10 mL 3 times) and dried in vacuum to yield a dark- 

range solid (68 mg, 94% yield). Crystals were prepared by diffu- 

ion crystallization in CHCl 3 – hexane system. 
1 H NMR (400 MHz, CDCl 3 ) δ 7.72 (t, J = 9.1 Hz, 6H), 7.35 (d,

 = 8.1 Hz, 6H), 5.24 (d, J = 6.0 Hz, 2H), 4.97 (d, J = 6.0 Hz, 2H),

.88 (sept, J = 7.0 Hz, 1H), 1.86 (s, 3H), 1.14 (d, J = 7.0 Hz, 6H). 
13 C NMR (101 MHz, CDCl 3 ) δ 137.4 (d, J = 3.2 Hz), 135.6 (d, 

 = 10.3 Hz), 131.7 (d, J = 46.3 Hz), 128.7 (d, J = 10.4 Hz), 112.2

d, J = 3.6 Hz), 96.5, 88.9 (d, J = 3.0 Hz), 87.7 (d, J = 5.7 Hz), 30.5,

2.0, 18.1. 
31 P NMR (121 MHz, CDCl 3 ) δ 23.82. 

NMR spectra are in agreement with the literature data. [45] 

.3. General procedure for reductive amination 

Caution: carbon monoxide used as a reagent in this protocol is 

 toxic gas. Corresponding safety precautions should be taken. 

A glass vial in a 10 mL stainless steel autoclave was charged 

ith 0.5 mol% [(p-cymene)RuCl 2 ] 2 , 0.5 mol% of the indicated lig- 

nd, and CH CN. Then, 2 equivalents of amine and 1 equivalent of 
3 
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arbonyl compound were added. The autoclave was sealed, flushed 

hree times with 10 bar of CO, and then charged with 50 bar of CO.

he reactor was placed into a preheated to 140 °C oil bath. After 22 

 of heating, the reactor was cooled to room temperature and de- 

ressurized. Its content was analyzed using NMR or GC, and the 

roduct was isolated using chromatography (column chromatog- 

aphy on silica gel or using flash chromatograph InterChim Puri- 

lash). 

.4. Characterization of the products of the reductive amination 

4-methoxy-N-(4-methoxybenzyl)aniline ( 1 ) 

Synthesized according to the general procedure. 96% yield by 

C. The residue was purified using preparative flash chromato- 

raph InterChim PuriFlash in hexane – ethyl acetate binary system 

gradient 3% to 15% ethyl acetate in hexane for 30 min, R f = 0.30

n 10:1 hexane:ethyl acetate) to afford 68 mg (86%) of the product 

s a white solid. Melting point 89-91 °C is in agreement with the 

iterature data[38] (89-90 °C). 
1 H NMR (300 MHz, CDCl 3 ) δ 7.30 (d, J = 8.4 Hz, 2H), 6.89 (d,

 = 8.4 Hz, 2H), 6.79 (d, J = 8.8 Hz, 2H), 6.62 (d, J = 8.8 Hz, 2H),

.22 (s, 2H), 3.81 (s, 3H), 3.75 (s, 3H). 
13 C NMR (101 MHz, CDCl 3 ) δ 158.9, 152.3, 142.6, 131.8, 128.9, 

15.0, 114.2, 114.1, 55.9, 55.4, 48.8. 

NMR spectra are in agreement with the literature data. [38] 

N-isopropyl-4-methoxyaniline ( 7 ) 

Synthesized according to the general procedure. 97% yield by 

MR with DMF as an internal standard. The residue was purified 

y column chromatography (eluent: hexane:ethyl acetate 10:1 R f 

 0.37) to afford 48 mg (90%) of the product as a yellow oil. 
1 H NMR (300 MHz, CDCl 3 ) δ 6.79 (d, J = 8.8 Hz, 2H), 6.58 (d,

 = 8.8 Hz, 2H), 3.75 (s, 3H), 3.55 (sept, J = 6.1 Hz, 1H), 3.16-3.10

br s, 1H), 1.19 (d, J = 6.1 Hz, 6H). 
13 C NMR (101 MHz, CDCl 3 ) δ 152.0, 141.9, 115.0 (2C), 55.9, 45.3, 

3.2. 

NMR spectra are in agreement with the literature data. [49] 

N-(4-methoxyphenyl)adamantan-2-amine ( 8 ) 

Synthesized according to the general procedure. 92% yield by 

MR with DMF as an internal standard. The residue was puri- 

ed by column chromatography (eluent: hexane:ethyl acetate 6:1 

 f = 0.44) to afford 73 mg (87%) of the product as a grey solid.

elting point 102-103 °C is in agreement with the literature data 

100-102 °C). 
1 H NMR (400 MHz, CDCl 3 ) δ 6.78 (d, J = 8.8 Hz, 2H), 6.59 (d,

 = 8.8 Hz, 2H), 3.75 (s, 3H), 3.48 (s, 1H), 2.14 – 1.69 (m, 13H), 1.59

d, J = 12.8 Hz, 2H). 
13 C NMR (101 MHz, CDCl 3 ) δ 151.8, 141.8, 115.1, 114.7, 57.8, 56.0, 

7.9, 37.6, 31.8, 31.7, 27.7, 27.5. 

NMR spectra are in agreement with the literature data. [38] 

N-(4-methoxybenzyl)aniline ( 9 ) 

Synthesized according to the general procedure except for addi- 

ion of phosphine. 85% yield by NMR with DMF as an internal stan- 

ard. The residue was purified using preparative flash chromato- 

raph InterChim PuriFlash in hexane – ethyl acetate binary system 

gradient 5% to 20% ethyl acetate in hexane for 20 min, Rf = 0.33 in

0:1 hexane:ethyl acetate) to afford 56 mg (80%) of the product as 

 yellowish oil. 
1 H NMR (400 MHz, CDCl 3 ) δ 7.33-7.31 (m, 2H), 7.22-7.19 (m, 

H), 6.92-6.90 (m, 2H), 6.76-6.73 (m, 1H), 6.67-6.65 (m, 2H), 4.27 

s, 2H), 3.97 (br s, 1H), 3.83 (s, 3H). 
13 C NMR (101 MHz, CDCl 3 ) δ 158.9, 148.3, 131.5, 129.4, 128.9, 

17.6, 114.1, 112.9, 55.4, 47.9. 

NMR spectra are in agreement with the literature data. [50] 

4-methoxy-N-(1-phenylethyl)aniline ( 10 ) 

Synthesized according to the general procedure. 69% yield by 

MR with DMF as an internal standard. The residue was purified 
6 
sing preparative flash chromatograph InterChim PuriFlash in hex- 

ne – ethyl acetate binary system (gradient 5% to 10% ethyl acetate 

n hexane for 12 min, R f = 0.25 in 10:1 hexane:ethyl acetate) to af- 

ord 51 mg (69 %) of the product as a yellow oil. 
1 H NMR (300 MHz, CDCl 3 ) δ 7.44 – 7.17 (m, 5H), 6.71 (d, J = 8.8

z, 2H), 6.49 (d, J = 8.8 Hz, 2H), 4.43 (q, J = 6.6 Hz, 1H), 3.71 (s,

H), 1.52 (d, J = 6.6 Hz, 3H). 
13 C NMR (101 MHz, CDCl 3 ) δ 152.0, 145.6, 141.8, 128.7, 126.9, 

26.0, 114.9, 114.7, 55.9, 54.4, 25.3. 

NMR spectra are in agreement with the literature data. [51] 

N-(4-methoxyphenyl)-1,2,3,4-tetrahydronaphthalen-1-amine ( 11 ) 

Synthesized according to the general procedure. 56% yield by 

MR with DMF as an internal standard. The residue was puri- 

ed using preparative flash chromatograph InterChim PuriFlash in 

ichloromethane – hexane – ethyl acetate ternary system (gra- 

ient 30% to 100% dichloromethane in hexane for 8 min then 

o 50% ethylacetate in dichloromethane for 8 min, R f = 0.52 in 

ichloromethane) to afford 42 mg (51 %) of the product as a brown 

il. 
1 H NMR (400 MHz, CDCl 3 ) δ 7.56 – 7.48 (m, 1H), 7.30 – 7.18 

m, 3H), 6.90 (d, J = 8.6 Hz, 2H), 6.73 (d, J = 8.6 Hz, 2H), 4.64 (m,

H), 3.85 (s, 3H), 3.66 (brs, 1H), 3.00 – 2.70 (m, 2H), 2.13 – 1.79 

m, 4H). 
13 C NMR (101 MHz, CDCl 3 ) δ 151.9, 141.8, 138.5, 137.6, 129.3, 

29.0, 127.1, 126.1, 115.1, 114.3, 55.9, 52.0, 29.4, 28.7, 19.4. 

NMR spectra are in agreement with the literature data. [52] 

4-(4-methoxybenzyl)morpholine ( 12 ) 

Synthesized according to the general procedure except for addi- 

ion of phosphine. 50% yield by NMR with DMF as an internal stan- 

ard. The residue was purified by column chromatography (eluent: 

exane:ethyl acetate:triethylamine 4:1:0.05 Rf = 0.17) to afford 33 

g (48%) of the product as a yellow oil. 
1 H NMR (400 MHz, CDCl 3 ) δ 7.29 (d, J = 8.5 Hz, 2H), 6.91 (d,

 = 8.5 Hz, 2H), 3.86 (s, 3H), 3.76 (t, J = 4.6 Hz, 4H), 3.49 (s, 2H),

.48 (t, J = 4.6 Hz, 4H). 
13 C NMR (101 MHz, CDCl 3 ) δ 158.8, 130.4, 129.7, 113.6, 67.0, 

2.9, 55.3, 53.5. 

NMR spectra are in agreement with the literature data. [53] 

1-(4-phenylbutan-2-yl)piperidine ( 13 ) 

Synthesized according to the general procedure except for addi- 

ion of phosphine. 90% yield by NMR with DMF as an internal stan- 

ard. The residue was purified by column chromatography (eluent: 

exane:ethyl acetate:triethylamine 15:1:0.1 R f = 0.31) to afford 52 

g (73%) of the product as a yellow oil. 
1 H NMR (400 MHz, CDCl 3 ) δ 7.34 – 7.14 (m, 5H), 2.73-2.60 (m, 

H), 2.61 – 2.48 (m, 3H), 2.45 – 2.35 (m, 2H), 1.93-1.84 (m, 1H), 

.67 – 1.53 (m, 5H), 1.50 – 1.38 (m, 2H), 1.01 (d, J = 6.5 Hz, 3H). 
13 C NMR (101 MHz, CDCl 3 ) δ 143.1, 128.6, 128.3, 125.6, 59.0, 

9.4, 35.7, 33.4, 26.7, 25.2, 13.9. 

NMR spectra are in agreement with the literature data. [22] 

Crystallographic data: Crystals of 6c (C 28 H 26 Cl 5 PRu, 

 = 671.78) are monoclinic, space group P2 1 /n, at 120 

: a = 9.7252(6), b = 16.3057(10), c = 17.8645(11) Å, 

= 91.7160(10) °, V = 2831.6(3) Å 

3 , Z = 4 (Z’ = 1), d calc = 1.576

cm 

–3 , μ(MoK α) = 10.99 с m 

−1 , F(0 0 0) = 1352. Intensities of

2307 reflections were measured with a Bruker APEX2 DUO CCD 

iffractometer [ λ(MoK α) = 0.71073 Å, ω-scans, 2 θ< 56 °], and 

836 independent reflections [R int = 0.0656] were used in further 

efinement. Using Olex2 [54] , the structure was solved with the 

helXT structure solution program [55] using Intrinsic Phasing and 

efined with the XL refinement package [56] using Least Squares 

inimisation. Positions of hydrogen atoms were calculated, and 

hey were refined in the isotropic approximation within the 

iding model. The refinement converged to wR2 = 0.0896 and 

OF = 1.022 for all the independent reflections (R1 = 0.0364 was 

alculated against F for 5169 observed reflections with I > 2 σ (I)) . 



M. Makarova, O.I. Afanasyev, F. Kliuev et al. Journal of Organometallic Chemistry 941 (2021) 121806 

C

m

D

c

i

A

N

t

o

t

E

S

f

1

R

 

 

[

[

[

[  

[

[

[  

[  

[

[

[

[

[

[

[

[

[

CDC 2070318 contains the supplementary crystallographic infor- 

ation for 6c . mmc1.zip 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgments 

This work was supported by Russian Science Foundation (Grant 

o. 20-73-0 0 010 ). Characterization of compounds using NMR spec- 

roscopy was performed with the financial support from Ministry 

f Science and Higher Education of the Russian Federation using 

he equipment of Center for molecular composition studies of IN- 

OS RAS. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.jorganchem.2021. 

21806 . 

eferences 

[1] M. von Korff, T. Sander, Molecular complexity calculated by fractal dimension, 
Sci. Rep. 9 (2019) 967, doi: 10.1038/s41598- 018- 37253- 8 . 

[2] L. Marin, G. Force, R. Guillot, V. Gandon, E. Schulz, D. Lebœuf, Photooxygena- 
tion of 2-propargylfurans: a path to structurally diverse nitrogen-containing 

5-membered rings, Chem. Commun. 55 (2019) 5443–5446, doi: 10.1039/ 
C9CC01197H . 

[3] O. Méndez-Lucio, J.L. Medina-Franco, The many roles of molecular complexity 

in drug discovery, Drug Discov. Today 22 (2017) 120–126, doi: 10.1016/j.drudis. 
2016.08.009 . 

[4] V.P. Ananikov, L.L. Khemchyan, Y.V. Ivanova, V.I. Bukhtiyarov, A.M. Sorokin, 
I.P. Prosvirin, S.Z. Vatsadze, A.V. Medved’ko, V.N. Nuriev, A.D. Dilman, 

V.V. Levin, I.V. Koptyug, K.V. Kovtunov, V.V Zhivonitko, V.A. Likholobov, 
A .V. Romanenko, P.A . Simonov, V.G. Nenajdenko, O.I. Shmatova, V.M. Muza- 

levskiy, M.S. Nechaev, A.F. Asachenko, O.S. Morozov, P.B. Dzhevakov, S.N. Os- 

ipov, D.V. Vorobyeva, M.A . Topchiy, M.A . Zotova, S.A . Ponomarenko, O.V. Bor- 
shchev, Y.N. Luponosov, A .A . Rempel, A .A . Valeeva, A .Y. Stakheev, O.V. Turova,

I.S. Mashkovsky, S.V. Sysolyatin, V.V. Malykhin, G.A . Bukhtiyarova, A .O. Ter- 
ent’ev, I.B. Krylov, Development of new methods in modern selective organic 

synthesis: preparation of functionalized molecules with atomic precision, Russ. 
Chem. Rev. 83 (2014) 885–985, doi: 10.1070/rcr4471 . 

[5] V. Canale, V. Frisi, X. Bantreil, F. Lamaty, P. Zajdel, Sustainable synthesis of a 

potent and selective 5-HT7 receptor antagonist using a mechanochemical ap- 
proach, J. Org. Chem. 85 (2020) 10958–10965, doi: 10.1021/acs.joc.0c01044 . 

[6] N. Marinus, N. Tahiri, M. Duca, L.M.C.M. Mouthaan, S. Bianca, M. van den 
Noort, B. Poolman, M.D. Witte, A.J. Minnaard, Stereoselective protection-free 

modification of 3-keto-saccharides, Org. Lett. 22 (2020) 5622–5626, doi: 10. 
1021/acs.orglett.0c01986 . 

[7] A. Labattut, S. Abi Fayssal, J. Buendia, I. Abdellah, V. Huc, C. Martini, E. Schulz,

Calixarene-supported Pd–NHC complexes as efficient catalysts for scalable 
Suzuki–Miyaura cross-couplings, React. Chem. Eng. 5 (2020) 1509–1514, doi: 10. 

1039/D0RE00118J . 
[8] J.P. Berndt, Y. Radchenko, J. Becker, C. Logemann, D.R. Bhandari, R. Hrdina, 

P.R. Schreiner, Site-selective nitrenoid insertions utilizing postfunctionalized 
bifunctional rhodium(ii) catalysts, Chem. Sci. 10 (2019) 3324–3329, doi: 10. 

1039/C8SC05733H . 

[9] S. Mkrtchyan, V.O. Iaroshenko, Visible-light-mediated arylation of ortho- 
hydroxyarylenaminones: direct access to isoflavones, Chem. Commun. 56 

(2020) 2606–2609, doi: 10.1039/C9CC09945J . 
[10] O.I. Afanasyev, E.A. Kuchuk, K.M. Muratov, G.L. Denisov, D. Chusov, Symmetrical 

tertiary amines: applications and synthetic approaches, European J. Org. Chem. 
2021 (2021) 543–586, doi: 10.10 02/ejoc.2020 01171 . 

[11] P. Roose, K. Eller, E. Henkes, R. Rossbacher, H. Höke, Aliphatic Amines, Ull- 
mann’s Encycl. Ind. Chem. (2015), doi: 10.10 02/143560 07.a02 _ 0 01.pub2 . 

[12] Y. Shirota, Photo- and electroactive amorphous molecular materials—molecular 

design, syntheses, reactions, properties, and applications, J. Mater. Chem. 15 
(2005) 75–93, doi: 10.1039/B413819H . 

[13] R. Kumar, N.J. Flodén, W.G. Whitehurst, M.J. Gaunt, A general carbonyl alkyla- 
tive amination for tertiary amine synthesis, Nature 581 (2020) 415–420, 

doi: 10.1038/s41586- 020- 2213- 0 . 
7 
[14] J. Hannedouche, E. Schulz, Hydroamination and hydroaminoalkylation of 
alkenes by group 3–5 elements: recent developments and comparison with 

late transition metals, Organometallics 37 (2018) 4313–4326, doi: 10.1021/acs. 
organomet.8b00431 . 

[15] F. Ferretti, D.R. Ramadan, F. Ragaini, Transition metal catalyzed reductive cy- 
clization reactions of nitroarenes and nitroalkenes, ChemCatChem 11 (2019) 

4 450–4 488, doi: 10.1002/cctc.201901065 . 
[16] R. Hrdina, F.M. Metz, M. Larrosa, J.-P. Berndt, Y.Y. Zhygadlo, S. Becker, 

J. Becker, Intramolecular C–H amination reaction provides direct access to 1,2- 

disubstituted diamondoids, European J. Org. Chem. 2015 (2015) 6231–6236, 
doi: 10.1002/ejoc.201500691 . 

[17] T. Schönauer, S.L.J. Thomä, L. Kaiser, M. Zobel, R. Kempe, General synthesis of 
secondary alkylamines by reductive alkylation of nitriles by aldehydes and ke- 

tones, Chem. – A Eur. J. 27 (2021) 1609–1614, doi: 10.10 02/chem.2020 04755 . 
[18] K. Banert, M. Heck, A. Ihle, J. Kronawitt, T. Pester, T. Shoker, Steric hindrance 

underestimated: it is a long, long way to tri-tert-alkylamines, J. Org. Chem. 83 

(2018) 5138–5148, doi: 10.1021/acs.joc.8b00496 . 
[19] O.I. Afanasyev, E. Kuchuk, D.L. Usanov, D. Chusov, Reductive amination in the 

synthesis of pharmaceuticals, Chem. Rev. 119 (2019) 11857–11911, doi: 10.1021/ 
acs.chemrev.9b00383 . 

20] K. Murugesan, T. Senthamarai, V.G. Chandrashekhar, K. Natte, P.C.J. Kamer, 
M. Beller, R.V. Jagadeesh, Catalytic reductive aminations using molecular hy- 

drogen for synthesis of different kinds of amines, Chem. Soc. Rev. 49 (2020) 

6273–6328, doi: 10.1039/C9CS00286C . 
[21] T. Irrgang, R. Kempe, Transition-metal-catalyzed reductive amination employ- 

ing hydrogen, Chem. Rev. 120 (2020) 9583–9674, doi: 10.1021/acs.chemrev. 
0c00248 . 

22] E. Podyacheva, O.I. Afanasyev, A .A . Tsygankov, M. Makarova, D. Chusov, Hitch- 
hiker’s guide to reductive amination, Synthesis 51 (2019) 2667–2677, doi: 10. 

1055/s- 0037- 1611788 . 

23] M.A. EL-Atawy, F. Ferretti, F. Ragaini, A synthetic methodology for pyrroles 
from nitrodienes, European J. Org. Chem. 2018 (2018) 4818–4825, doi: 10.1002/ 

ejoc.201701814 . 
24] P. Zhou, C. Yu, L. Jiang, K. Lv, Z. Zhang, One-pot reductive amination of carbonyl

compounds with nitro compounds with CO/H2O as the hydrogen donor over 
non-noble cobalt catalyst, J. Catal. 352 (2017) 264–273, doi: 10.1016/j.jcat.2017. 

05.026 . 

25] A. Ambrosi, S.E. Denmark, Harnessing the power of the water-gas shift reaction 
for organic synthesis, Angew. Chemie Int. Ed. 55 (2016) 12164–12189, doi: 10. 

1002/anie.201601803 . 
26] S.E. Denmark, M.Y.S. Ibrahim, A. Ambrosi, Room temperature, reductive alkyla- 

tion of activated methylene compounds: carbon–carbon bond formation driven 
by the rhodium-catalyzed water–gas shift reaction, ACS Catal. 7 (2017) 613–

630, doi: 10.1021/acscatal.6b03183 . 

27] M.-M. Zhu, L. Tao, Q. Zhang, J. Dong, Y.-M. Liu, H.-Y. He, Y. Cao, A versatile CO-
assisted direct reductive amination of 5- hydroxymethylfurfural catalyzed by 

supported gold, Green Chem. 19 (2017) 3880–3887, doi: 10.1039/C7GC01579H . 
28] J. Dong, M. Zhu, G. Zhang, Y. Liu, Y. Cao, S. Liu, Y. Wang, Highly selective sup-

ported gold catalyst for CO-driven reduction of furfural in aqueous media, Cui- 
hua Xuebao/Chinese J. Catal. 37 (2016) 1669–1675, doi: 10.1016/S1872-2067(16) 

62458-0 . 
29] J.W. Park, Y.K. Chung, Hydrogen-free cobalt–rhodium heterobimetallic 

nanoparticle-catalyzed reductive amination of aldehydes and ketones with 

amines and nitroarenes in the presence of carbon monoxide and water, ACS 
Catal. 5 (2015) 4 846–4 850, doi: 10.1021/acscatal.5b01198 . 

30] O.I. Afanasyev, A .A . Tsygankov, D.L. Usanov, D.S. Perekalin, N.V. Shvydkiy, 
V.I. Maleev, A.R. Kudinov, D. Chusov, Cyclobutadiene metal complexes: a new 

class of highly selective catalysts. An application to direct reductive amination, 
ACS Catal. 6 (2016) 2043–2046, doi: 10.1021/acscatal.5b02916 . 

[31] O.I. Afanasyev, D. Usanov, D. Chusov, Hydrogen-free reductive amination using 

iron pentacarbonyl as a reducing agent, Org. Biomol. Chem. 15 (2017) 10164–
10166, doi: 10.1039/C7OB02795H . 

32] N.Z. Yagafarov, P.N. Kolesnikov, D.L. Usanov, V.V. Novikov, Y.V. Nelyubina, 
D. Chusov, The synthesis of sterically hindered amines by a direct reduc- 

tive amination of ketones, Chem. Commun. 52 (2016) 1397–1400, doi: 10.1039/ 
C5CC08577B . 

33] O.I. Afanasyev, A.R. Fatkulin, P.N. Solyev, I. Smirnov, A. Amangeldyev, S.E. Se- 

menov, D. Chusov, Direct reductive amination of camphor using iron pentacar- 
bonyl as stoichiometric reducing agent: features and limitations, European J. 

Org. Chem. 2020 (2020) 6289–6294, doi: 10.10 02/ejoc.2020 01087 . 
34] O.I. Afanasyev, I. Cherkashchenko, A. Kuznetsov, F. Kliuev, S. Semenov, 

O. Chusova, G. Denisov, D. Chusov, Alkyl formates as reagents for reductive 
amination of carbonyl compounds, Mendeleev Commun. 30 (2020) 112–113, 

doi: 10.1016/j.mencom.2020.01.037 . 

35] O.I. Afanasyev, E. Podyacheva, A. Rudenko, A .A . Tsygankov, M. Makarova, 
D. Chusov, Redox condensations of o-nitrobenzaldehydes with amines under 

mild conditions: total synthesis of the vasicinone family, J. Org. Chem. 85 
(2020) 9347–9360, doi: 10.1021/acs.joc.0c00794 . 

36] S.J. Tereniak, C.R. Landis, S.S. Stahl, Are phosphines viable ligands for pd- 
catalyzed aerobic oxidation reactions? Contrasting insights from a survey of 

six reactions, ACS Catal. 8 (2018) 3708–3714. 10.1021/acscatal.8b01009. 

37] K. Wu, A.G. Doyle, Parameterization of phosphine ligands demonstrates en- 
hancement of nickel catalysis via remote steric effects, Nat. Chem. 9 (2017) 

779–784, doi: 10.1038/nchem.2741 . 
38] P.N. Kolesnikov, N.Z. Yagafarov, D.L. Usanov, V.I. Maleev, D. Chusov, Ruthenium- 

catalyzed reductive amination without an external hydrogen source, Org. Lett. 
17 (2015) 173–175, doi: 10.1021/ol503595m . 

https://doi.org/10.13039/501100006769
https://doi.org/10.13039/501100012190
https://doi.org/10.1016/j.jorganchem.2021.121806
https://doi.org/10.1038/s41598-018-37253-8
https://doi.org/10.1039/C9CC01197H
https://doi.org/10.1016/j.drudis.2016.08.009
https://doi.org/10.1070/rcr4471
https://doi.org/10.1021/acs.joc.0c01044
https://doi.org/10.1021/acs.orglett.0c01986
https://doi.org/10.1039/D0RE00118J
https://doi.org/10.1039/C8SC05733H
https://doi.org/10.1039/C9CC09945J
https://doi.org/10.1002/ejoc.202001171
https://doi.org/10.1002/14356007.a02_001.pub2
https://doi.org/10.1039/B413819H
https://doi.org/10.1038/s41586-020-2213-0
https://doi.org/10.1021/acs.organomet.8b00431
https://doi.org/10.1002/cctc.201901065
https://doi.org/10.1002/ejoc.201500691
https://doi.org/10.1002/chem.202004755
https://doi.org/10.1021/acs.joc.8b00496
https://doi.org/10.1021/acs.chemrev.9b00383
https://doi.org/10.1039/C9CS00286C
https://doi.org/10.1021/acs.chemrev.0c00248
https://doi.org/10.1055/s-0037-1611788
https://doi.org/10.1002/ejoc.201701814
https://doi.org/10.1016/j.jcat.2017.05.026
https://doi.org/10.1002/anie.201601803
https://doi.org/10.1021/acscatal.6b03183
https://doi.org/10.1039/C7GC01579H
https://doi.org/10.1016/S1872-2067(16)62458-0
https://doi.org/10.1021/acscatal.5b01198
https://doi.org/10.1021/acscatal.5b02916
https://doi.org/10.1039/C7OB02795H
https://doi.org/10.1039/C5CC08577B
https://doi.org/10.1002/ejoc.202001087
https://doi.org/10.1016/j.mencom.2020.01.037
https://doi.org/10.1021/acs.joc.0c00794
https://doi.org/10.1038/nchem.2741
https://doi.org/10.1021/ol503595m


M. Makarova, O.I. Afanasyev, F. Kliuev et al. Journal of Organometallic Chemistry 941 (2021) 121806 

[

[

[

[

[

[

[

 

 

[

[

[

[

[

[

[

[

39] M. Makarova, A .A . Tsygankov, O. Chusova, I.V. Linko, P.V. Dorovatovskii, 
Y.V. Zubavichus, Synthesis, crystal structure and catalytic activity in reduc- 

tive amination of dichlorido([eta]6-p-cymene)(2’-dicyclohexylphosphanyl-2,6- 
dimethoxybiphenyl-[kappa]P)ruthenium(II), Acta Crystallogr. Sect. E. 74 (2018) 

4 87–4 91, doi: 10.1107/S2056989018003821 . 
40] I. Dragutan, V. Dragutan, A. Demonceau, Editorial of special issue ruthenium 

complex: the expanding chemistry of the ruthenium complexes, Molecules 20 
(2015) 17244–17274, doi: 10.3390/molecules200917244 . 

[41] B. Dutta, E. Solari, S. Gauthier, R. Scopelliti, K. Severin, Ruthenium half- 

sandwich complexes with sterically demanding cyclopentadienyl ligands, 
Organometallics 26 (2007) 4791–4799, doi: 10.1021/om700461x . 

42] J. Jover, J. Cirera, Computational assessment on the Tolman cone angles for P- 
ligands, Dalt. Trans. 48 (2019) 15036–15048, doi: 10.1039/c9dt02876e . 

43] E. Hodson, S.J. Simpson, Synthesis and characterisation of [( η6- 
cymene)Ru(L)X2] compounds: single crystal X-ray structure of [( η6- 

cymene)Ru(P{OPh}3)Cl2] at 203 K, Polyhedron 23 (2004) 2695–2707, 

doi: 10.1016/j.poly.2004.06.016 . 
44] G. Albertin, S. Antoniutti, J. Castro, S. Paganelli, Preparation and reactivity of 

p-cymene complexes of ruthenium and osmium incorporating 1,3-triazenide 
ligands, J. Organomet. Chem. 695 (2010) 2142–2152, doi: 10.1016/j.jorganchem. 

2010.05.028 . 
45] S.A. Serron, S.P. Nolan, Enthalpies of reaction of ((p-cymene)RuCl2)2 with mon- 

odentate tertiary phosphine ligands. Importance of both steric and electronic 

ligand factors in a ruthenium(II) system, Organometallics 14 (1995) 4611–4616, 
doi: 10.1021/om0 0 010a027 . 

46] M.A. Bennett, T.-N. Huang, T.W. Matheson, A.K. Smith, S. Ittel, W. Nickerson, 
16. ( η6-Hexamethylbenzene)ruthenium complexes, Inorg. Synth. (1982) 74–78, 

doi: 10.1002/9780470132524.ch16 . 
[47] E.E. Joslin , C.L. Mcmullin , T.B. Gunnoe , T.R. Cundari , M. Sabat , W.H. Myers , Evan

E.E. Joslin , Claire C.L. McMullin , T. Brent Gunnoe , Thomas T.R. Cundari , Michal

M. Sabat , William W.H. Myers , Inorg. Chem. 51 (2012) 4791–4801 . 
8 
48] E. Hodson, S.J. Simpson, Synthesis and characterisation of [( η6-cymene)Ru(L)X 
2] compounds: Single crystal X-ray structure of [( η6- cymene)Ru(P{OPh}3)Cl2] 

at 203 K, Polyhedron 23 (2004) 2695–2707, doi: 10.1016/j.poly.2004.06.016 . 
49] R.A. Pototskiy, O.I. Afanasyev, Y.V. Nelyubina, D. Chusov, A.R. Kudinov, 

D.S. Perekalin, Synthesis of the cyclopentadienone rhodium complexes and in- 
vestigation of their catalytic activity in the reductive amination of aldehydes 

in the presence of carbon monoxide, J. Organomet. Chem. 835 (2017) 6–11, 
doi: 10.1016/j.jorganchem.2017.02.014 . 

50] D. Weickmann, W. Frey, B. Plietker, Synchronizing steric and electronic effects 

in {RuII(NNNN,P)} complexes: the catalytic dehydrative alkylation of anilines 
by using alcohols as a case study, Chem. – A Eur. J. 19 (2013) 2741–2748. 

10.1002/chem.201203285. 
[51] V.B. Kharitonov, E. Podyacheva, Y.V. Nelyubina, D.V. Muratov, A.S. Peregudov, 

G. Denisov, D. Chusov, D.A. Loginov, Fluorene complexes of group 9 metals: 
fluorene effect and application for reductive amination, Organometallics. 38 

(2019) 3151–3158. 10.1021/acs.organomet.9b00378. 

52] C. Wang, A. Pettman, J. Basca, J. Xiao, A versatile catalyst for reductive anima- 
tion by transfer hydrogenation, Angew. Chemie - Int. Ed. 49 (2010) 7548–7552, 

doi: 10.1002/anie.201002944 . 
53] D.Y. Ong, Z. Yen, A. Yoshii, J. Revillo Imbernon, R. Takita, S. Chiba, Controlled 

reduction of carboxamides to alcohols or amines by zinc hydrides, Angew. 
Chemie - Int. Ed. 58 (2019) 4 992–4 997, doi: 10.10 02/anie.20190 0233 . 

54] O.V. Dolomanov, L.J. Bourhis, R.J. Gildea, J.A.K. Howard, H. Puschmann, OLEX2: 

a complete structure solution, refinement and analysis program, J. Appl. Crys- 
tallogr. 42 (2009) 339–341, doi: 10.1107/S0021889808042726 . 

55] G. Sheldrick, SHELXT - integrated space-group and crystal-structure determina- 
tion, Acta Crystallogr. Sect. A. 71 (2015) 3–8, doi: 10.1107/S2053273314026370 . 

56] G. Sheldrick, A short history of SHELX, Acta Crystallogr. Sect. A. 64 (2008) 112–
122, doi: 10.1107/S0108767307043930 . 

https://doi.org/10.1107/S2056989018003821
https://doi.org/10.3390/molecules200917244
https://doi.org/10.1021/om700461x
https://doi.org/10.1039/c9dt02876e
https://doi.org/10.1016/j.poly.2004.06.016
https://doi.org/10.1016/j.jorganchem.2010.05.028
https://doi.org/10.1021/om00010a027
https://doi.org/10.1002/9780470132524.ch16
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
http://refhub.elsevier.com/S0022-328X(21)00127-3/sbref0047
https://doi.org/10.1016/j.poly.2004.06.016
https://doi.org/10.1016/j.jorganchem.2017.02.014
https://doi.org/10.1002/anie.201002944
https://doi.org/10.1002/anie.201900233
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S0108767307043930

	Phosphine ligands in the ruthenium-catalyzed reductive amination without an external hydrogen source
	1 Introduction
	2 Results and discussion
	3 Conclusions
	4 Experimental section
	4.1 General information
	4.2 Synthesis of ruthenium complexes
	4.2.1 [(p-cymene)RuCl2]2
	4.2.2 [(p-cymene)Ru(PPh3)Cl2] (6a)
	4.2.3 [(p-cymene)Ru(P(OEt)3)Cl2] (6b)
	4.2.4 [(p-cymene)Ru(P(p-ClPh)3)Cl2] (6c)

	4.3 General procedure for reductive amination
	4.4 Characterization of the products of the reductive amination

	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


