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Abstract. . 

Thee application of phenoxaphosphino-modified Xantphos-type ligands (1 - 9) in the rhodium 

catalysedd hydroaminomethylation of internal olefins to linear amines is reported. Very high chemo- and 

regioselectivitiess can be obtained with the use of these ligands, which leads to an economically and 

environmentallyy attractive synthetic route for the preparation of amines from internal alkenes. 

Investigationss of the effect of the calculated natural bite angle of ligands 2 - 7 on 

hydroaminomethylationn shows that the regioselectivity for the linear product follows a similar trend as 

inn the hydroformylation of internal alkenes using these ligands. 

Hydroaminomethylationn and each of its individual steps were monitored by high pressure infrared 

spectroscopy.. The results show that hydroaminomethylation can take place by a sequential 

hydroformylation-amination-hydrogenationn pathway, but they do not exclude a different reaction 

mechanism. . 
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Introduction . . 

Whilee most catalytic conversions focus on the formation of new carbon-carbon or carbon-hydrogen 

bonds,, the formation of carbon-nitrogen bonds is of particular interest since a large number of nitrogen-

containingg molecules are of great importance for both the bulk and fine chemical industry, e.g. for the 

productionn of solvents, pharmaceutical intermediates or emulsifiers. Compared to conventional methods 

off  amine synthesis such as nucleophilic substitutions of organic halides by amines, azides or cyanides, 

mostt catalytic conversions avoid the production of (stoichiometric amounts) of salts, the use of 

expensivee starting materials or multi-step synthetic routes. Environmentally benign methods for amine 

synthesiss include catalytic nucleophilic substitution of alcohols, reductive amination of carbonyl 

compounds,, reduction of nitro or nitrile compounds and hydrocyanation followed by hydrogenation, but 

oftenn starting compounds are not available or the required reaction conditions may be incompatible with 

otherr functionalities in the substrate. In that respect both hydroamination' and hydroaminomethylation2 

(Schemee 1) provide efficient routes to synthesise amines via mild and clean chemistry having a high 

atom-economyy starting from readily available and inexpensive feedstocks of alkenes and amines. 

catalyst t 

/ - ^^ + R ' R 2 N H » - \ - ^ ^ N R ' R 2 (1) 

CO/H22 catalyst 

/ ^^ + R'R2NH * - -^^ - -^^NR'R 2 + H2  ( 2 ) 

Schemee 1 Hydroamination (1) and hydroaminomethylation (2). 

Thee hydroamination reaction still needs to be improved with regard to generality, but considerable 

progresss in this field has been made in recent years.' The one-pot hydroformylation-amination-

hydrogenationn domino reaction (hydroaminomethylation) already offers a versatile and selective route 

towardd the preparation of new amines that is compatible with the use of many different alkenes and 

amines. . 

Hydroaminomethylationn was initially discovered by Reppe who used Fe(CO)s as catalyst in almost 

stoichiometricc amounts.3-4 Research on this reaction, predominantly in industry, showed that harsh 

conditionss were required to give some selectivity toward the desired linear amines.5"11 In recent years 

Bellerr developed efficient hydroaminomethylation protocols,12'13 especially those that used naphos and 

Xantphos-typee ligands (Figure 1) as the modifying ligands.14 Concerning ligand-free 

hydroaminomethylationn procedures, the work of Eilbracht et al. is noteworthy as it shows how to 

preparee a large number of differently functionalised organic compounds via hydroaminomethylation.15" 
26 6 
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Iphoss Xantphos 

Figuree 1 Iphos and Xantphos. 

Recently,, a selective catalysis protocol was published for regio-selective hydroaminomethylation of 

internalinternal alkenes to linear amines.27 Thus, before the initial hydroformylation step, the system has to 

catalysee isomerisation between the internal and terminal alkene as the thermodynamic mixture contains 

lesss than 5% of the terminal alkene. For this reaction a ligand was employed (Iphos, Figure 1) that is 

particularlyy suited for the hydroformylation of internal alkenes to linear aldehydes.28 In most cases the 

selectivityy during the initial hydroformylation step is preserved and is reflected in the regio-selectivity 

forr hydroaminomethylation. The results obtained with Iphos 7 and Xantphos14 prompted us to test a 

seriess of wide bite angle ligands (1 - 9, Figure 2) that were specifically prepared to study the influence 

off  the natural bite angle on the hydroformylation of internal alkenes to linear aldehydes. Although 

thee regio-selectivity in the initial hydroformylation step might be retained, the consecutive amination 

andd reduction reactions might also be influenced by the nature of the different ligands. The scope of this 

reactionn was investigated by hydroaminomethylation reactions with non-functionalised and 

functionalisedd internal olefins and with several amines. High pressure infrared spectroscopy was used to 

followw the hydroaminomethylation reaction in situ. 

Resultss and discussion. 

Somee domino reactions that utilise hydroformylation as the initial step have a second step that can be 

performedd under hydroformylation conditions, like reduction and aldol condensation. Many consecutive 

reactions,, however, do require additional reagents and different reaction conditions. Change of the often 

optimisedd conditions might hinder or suppress the hydroformylation activity and selectivity. Many 

reactionss of the metal acyl intermediate or the final aldehyde may occur.31,32 In cases where a modifying 

ligandd is used, the ligand might undergo decomposition reactions or compete with other additives, 

reagentss or products for free binding sites on the metal.31'33 Successful incorporation of different 
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POPP POP 

Homoxantphenoxaphoss (2) 

Isopropxantphenoxaphoss (4) Xantphenoxaphos (5) 

P. . 

POPP POP 

Phosxantphenoxaphoss (7) 

DBPP DBP 

DBP-Thixantphoss (8) 

POPP POP 

Thixantphenoxaphoss (3) 

TT ' 
POPP POP 

Nixantphenoxaphoss (6) 

DBPP DBP 

DBP-Nixantphoss (9) 

POP:: R = Me 
POP2:: R = H 

Phenoxaphosphino-moieties s 

DBP P 

Dibenzophosphole-moiety y 

Figuree 2 Tested ligands for hydroaminomethylation. 

reactionn steps in a one-pot procedure can therefore be difficult. Compared to hydroformylation the 

hydroaminomethylationn reaction often requires harsher conditions, because the low reaction temperature 

andd low hydrogen pressure give a slow hydrogenation of the produced imines and enamines.34 High 

temperaturess and high hydrogen pressures are required, but hydrogenation of the alkene should be 

negligible.. The presence of the amines wil l not influence the regio-selectivity of the initial 

hydroformylationn step when strongly chelating phosphines are used,14 but the resulting basic conditions 

catalysee the formation of aldol condensation by-products. Thus, the in situ produced aldehydes should 

bee converted rapidly to the amine in order to prevent side reactions. During hydroaminomethylation, 

stoichiometricc amounts of water are produced that could react with the catalyst, substrates or products. 

Previouss studies on hydroaminomethylation have shown that the solvent can have a major influence on 

thee catalysis results with regard to side-product formation, selectivity and activity. Therefore, as a 

startingg point for the screening of ligands 1 - 9 in hydroaminomethylation we used the optimised 

conditionss found for Xantphos as the ligand,14 since the structures of 1 - 9 are closely related to 

Xantphos.. The rhodium-catalysed hydroaminomethylation of 2-pentene and piperidine (Scheme 2) to 
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Schemee 2 Hydroaminomethylation of 2-pentene with piperidine. 

producee AZ-hexylpiperidine with 1 as modifying ligand was used to study the influence of some other 

importantt reaction parameters; i.e. reaction time, pCO, pWi, T, catalyst pre-cursor, and solvent (Table 

1).. As reference results obtained with Iphos are also included. 

Underr the optimised reaction conditions for Xantphos (solvent = methanol-toluene (1:1), T = 125 °C, 

/;COO = 7 bar (at room temperature), p\\i = 33 bar (at room temperature, treacljon = 12 h, Table 1 entry 2), 

wee observe only 70 % conversion toward the formation of amines, with a low regioselectivity (73:27). 

Additionally,, the in situ generated enamine is not completely hydrogenated. A lower conversion, but a 

higherr regio-selectivity (78:22) for the linear amine was obtained by reducing the reaction time to 6 

hourss (Table 1, entry 3). 

AA longer reaction time of 16 hours and reduced CO pressure to 5 bar ensures complete conversion at 

veryy high regio-selectivity (96:4). At lower pressures of 2.5 bar similar regio-selectivities were obtained, 

butbut the conversions were not reproducible as conversion levels ranged from 75% to > 99 %, which 

mightt be related to catalyst stability at these low CO pressures. 

Thee positive effect of reducing the CO pressure on regio-selectivity is in line with results obtained 

duringg the hydroformylation of internal alkenes to linear aldehydes,30'35 and can be explained by 

enhancedd rate of isomerisation as this effectively reduces the amount of branched alkyl rhodium 

intermediatee undergoing carbonylation. The efficiency of the enamine hydrogenation seems to increase 

att lower CO pressures, but this could be a side-effect as a result of the increased regio-selectivity, 

becausee linear enamines are in general easier to hydrogenate than branched enamines. Additionally, the 

formationn of A'-formylpiperidine is suppressed at lower CO pressures, which results in high chemo-

selectivitiess ranging from 97 to 99%. 
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Tablee 1 The effect of various reaction parameters on hydroaminomethylation of'2-pentene and piperidine" 
## Cat. Ligand pCO Solvent t T Conv. Sel. Selectivity (%) 

(bar) ) 

(h)) (°C) (%)A (%)' 

linearr  branched branched V-CHO l/b 

aminee amine enamine Piperidine 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

Iphos s 7/33 3 

77 33 

7/33 3 

5/33 3 

5/33 3 

2.55 33 

100 33 

5/5 5 

5/15 5 

5'5() ) 

5/33 3 

5/33 3 

5/33 3 

5'33 3 

5/33 3 

24 4 

12 2 

6 6 

12 2 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

105 5 

125 5 

125 5 

125 5 

125 5 

88 8 

70 0 

35 5 

80 0 

100 0 

75 5 

85 5 

53 3 

96 6 

93 3 

65 5 

95 5 

90 0 

100 0 

86 6 

98 8 

91 1 

89 9 

96 6 

99 9 

97 7 

97 7 

93 3 

98 8 

99 9 

95 5 

94 4 

82 2 

95 5 

52 2 

82 2 

66 6 

69 9 

86 6 

95 5 

94 4 

66 6 

87 7 

93 3 

91 1 

84 4 

90 0 

70 0 

85 5 

50 0 

17 7 

25 5 

20 0 

10 0 

4 4 

3 3 

30 0 

6 6 

5 5 

8 8 

11 1 

4 4 

12 2 

10 0 

0.4 4 

2 2 

1 1 

2 2 

2 2 

--
--
3 3 

1 1 

1 1 

1 1 

3 3 

1 1 

--
4 4 

. . 

82:18 8 

73:27 7 

78:22 2 

90:10 0 

96:4 4 

96:4 4 

68:32 2 

94:6 6 

95:5 5 

92:8 8 

88:12 2 

96:4 4 

85:5 5 

89:11 1 

96:4 4 

+351in. . 

""  Conditions: indicated pressures at room temperature, L/Rh = 4. substrate/Rh = 1114. [Rh] = 0.3 mM (0.1 mol%). Catalyst: 
AA = Rh(cod)2BF_, B = Rh(CO)2acac. Solvent: C = toluene-tetrahydrofuran (1:1). D = toluene-methanol (1:1). E. = toluene. F 
== methanol, G = anisol Conversion of piperidine at indicated reaction time.' selectivity toward amines.'' linear to branched 
ratio. . 

AA HT pressure of 33 bar is sufficient to ensure complete hydrogenation of all enamines, and a slightly 

higherr regio-selectivity is obtained compared to catalysis run under 50 bar of H2 (Table 1, compare 

entriess 5, 8 - 10) A reaction temperature of 105 °C (Table 1, entry 11) is not sufficient to ensure full 

conversionn and enamine hydrogenation. A good alternative catalyst pre-cursor for Rh(cod)2BF4 is 

Rh(CO)2(acac)) (Table 1, entry 12), although slightly lower conversions and chemo-selectivities are 

obtained.. Although unlikely with so much base present, BF4 influences the amount of cationic rhodium 

speciess present during catalysis, which most likely performs the enamine hydrogenation. 

Entriess 5, and 13-15 (Table 1) show that the solvent also has a dramatic effect on conversion, chemo-

andd regio-selectivity. From the solvent systems tested a 1:1 mixture of methanol and toluene is in all 

aspectss the best reaction solvent. Very high regio-selectivities are observed in anisol, but unfortunately 

hydrogenationn of the linear (!) enamine is very slow in anisol, resulting in a low chemo-selectivity. The 

influencess of most reaction parameters are similar to the influences reported when Xantphos was used in 

thee hydroaminomethylation of 1-pentene and piperidine.14 

94 4 



Highlyy Selective Hydroaminomethylation of Internal Alkcnes to Linear Amines 

Tablee 2 Hydroaminomethylation of various alkenes and amines" 
~~ Alkene Amine Product Conv.(%)b Sel. (%)c Yield"  l/be 

977 87 24 

966 96 24 

944 94 16 

966 90 32 

955 91 12 

700 89 13 

855 42 2 

822 55 32 

""  Conditions: pCÖ = 5 bar (at T = room temperature), pH2 = 33 bar (at T = room temperature, 1/Rh = 4, substrate/Rh = 1114, 
[Rh]]  = 0.3 mM (0.1 mol%).b Conversion of piperidine after 16 h.' Selectivity toward amines.'' Yield toward amines." linear 
too branched ratio. 

Thee scope and limitations of this catalysis protocol were tested by using various unsaturated 

compoundss and amines. Catalysis was performed under 5 bar of CO, and a reaction time of 16 hours 

(Tablee 2). Good to excellent regio- and chemo-selectivities at very high conversions were obtained for 

non-functionalisedd alkenes (Table 2, entries 1 - 6). Functionalised alkenes lead to a lower conversion 

andd to a loss in chemo-selectivity (Table 2, entries 7 and 8). 

Thee influence of the bite angle on hydroaminomethylation. 

Inn spite of the fact that better results were obtained at a CO pressure of 5 bar and reaction time of 16 

hours,, we opted to study the effect of the different ligand structures at a CO pressure of 7 bar and 12 

hourss reaction time. Differences in regio-selectivity and conversion between the different catalysts will 

bee larger and thus the effect of natural bite angle on the performance may be more pronounced. Table 3 

summarisess the results obtained with ligands 2 - 9. 

Comparisonn of catalysis in presence of ligands 2 -7 shows the effect of natural bite angle on catalytic 

performance.. The best results as regards conversion, chemo-, and regio-selectivity were obtained when 

90 0 

100 0 

100 0 

93 3 

95 5 

94 4 

60 0 

65 5 

95 5 
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ligandd 4 with a natural bite angle of 114 ° was employed. Surprisingly, the catalyst obtained in the 

presencee of 6 led to a high conversion toward iV-methylpiperidine. 

Thee initial hydroformylation step is essential for a good hydroaminomethylation of internal alkenes, 

thereforee the results seem to contradict the results reported for the hydroformylation of trans-2-octene 

usingg the same ligand series, since it was reported that an increase in natural bite angle results in a 

decreasee in activity.30 It is important to note, however, that conversion and initial rate can be completely 

differentt due to differences in catalyst stability. Additionally, hydroaminomethylation reactions were 

conductedd under different reaction conditions, which might influence the performance of each catalytic 

systemm in a different manner. 

Thee regio-selectivity for the linear amine follows a similar trend as that observed for the 

hydroformylationn of frwK-2-octene; an increase in bite angle results in an increase in regio-selectivity 

forr the linear product up to bite angles of 125 ° and very wide bite angles lead to a decrease in regio-

selectivityy as was observed with 7.30 The results strongly suggest that the regio-selectivity during the 

initiall  hydroformylation step is retained during the consecutive steps of hydroaminomethylation. 

Thee hydrogenation efficiency is highly affected by the natural bite angle. Wide bite angle ligands lead 

too faster hydrogenation, but this might also be attributed to more facile hydrogenation of the linear 

enaminee compared to the branched enamine. The rhodium complex(es) formed with 2 are inefficient 

evenn in hydrogenation of the linear enamine. Another possibility is that the concentration of a cationic 

rhodiumm species (Figure 3), which is most likely to perform the hydrogenation step, is higher when wide 

bitee angle ligands are used, since wide bite angle ligands facilitate the coordination of the oxygen in the 

ligandd backbone to rhodium.36 

Tablee 3 The effect of natural bite angle on hydroaminomethylation" 

Ligand d 

2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

Pn n 

n* * 105.7 7 
112.5 5 
114.2 2 
116.0 0 
124.5 5 
131.2 2 
111.8 8 
128.9 9 

Conv. . 

(%r ' ' 
60 0 
75 5 
97 7 
71 1 
82 2 
65 5 
20 0 
94 4 

Selectivity y 

70 0 
93 3 
99 9 
96 6 
77 7 
78 8 
96 6 
98 8 

Lin.. amine 

13 3 
32 2 
67 7 
66 6 
56 6 
40 0 
43 3 
83 3 

Branchedd amine 

57 7 
61 1 
32 2 
30 0 
20 0 
38 8 
63 3 
15 5 

Branched d 
enaminee ("/o/ 
244 (+4 linear) 

6 6 
--
1 1 
--

21 1 
--
--

N-CHOO (%ff 

2 2 
1 1 
1 1 
3 3 

238 8 

1 1 
4 4 
1 1 

Vb" Vb" 

0.2 2 
0.5 5 
2.1 1 
2.2 2 
2.8 8 
1.0 0 
0.8 8 
5.7 7 

"Conditions:: pCO = 7 bar {at T = room temperature),pti2 = 33 bar (at T = room temperature), ligand/Rh = 4, substrate/Rh 
1114,, [Rh] = 0.3 mM in toluene/methanol (1:1), Treactl0T1 = 125 °C, t = 12 hours.h As reported in30.' Conversion of 
piperidine.. d Linear to branched ratio, percent product and conversion were determined after 12 h of reaction time.' 
Selectivityy toward amines. 'TV-formylpiperidine.? -V-methylpiperidine. 
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R R 

XX 0 - R h - C O + BF4" 

R R 

Figuree 3 Postulated intermediate cationic complex of ligands 2 - 7. 

Hydroaminomethylationn using the dibenzophosphole ligands 8 and 9 shows no enamine formation, 

indicatingg a very high hydrogenation activity and consequently a clean hydroaminomethylation 

procedure.. The low conversion obtained for 8 compared to the rest of the ligands is attributed to a slow 

catalystt pre-formation and less stable catalyst system as was reported in a previous study with these 

ligands. . 

Overall,, the best hydroaminomethylation results were obtained in the presence of 9 as both chemo-

andd regio-selectivity are highest, almost complete conversion is achieved and the only side product is N-

formylpiperidine. . 

InIn situ High Pressure IR studies. 

Thee use of high pressure infrared spectroscopy for hydroaminomethylation can be a powerful tool to 

studyy the individual reactions involved in this domino reaction, especially since both intermediate 

productss (the aldehyde (uabs = 1734 cm"1) and the enamine ((uabS = 1650 cm"')) and some side-product 

(thee product formed via aldol condensation ((uabs = 1690 cm"1)) have strong and very specific absorption 

bands.. We used high pressure IR to follow the hydroformylation of pentene to hexanal (Scheme 3, 

reactionn 1), the condensation reaction of hexanal with piperidine (Scheme 3, reaction 2), the enamine 

hydrogenationn (Scheme 3, reaction 3) and the overall hydroaminomethylation reaction (Scheme 3, 

reactionn 4). In these experiments the catalyst was pre-formed in-situ from [Rh(cod)2)]BF4 and 4 

equivalentss of 1 in the high pressure IR autoclave at 125 °C under a CO/H2 (1:4) atmosphere. 

Subsequently,, by overpressure of hydrogen gas the substrates were introduced to the high pressure IR 

autoclavee and difference IR spectra were recorded every 5 - 15 minutes to follow the change of the 

absorptionn bands of the aldehyde, enamine and aldol-condensation products. The results are depicted in 

Figuree 4. 

Comparisonn of the rate of hydroformylation of 2-pentene to hexanal (Scheme 3, reaction 1; Figure 4, 

 ) and the rate of the condensation reaction of piperidine and hexanal to form the enamine (Scheme 3, 
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Hydroformylationn of 2-pentene (1) 

CO/H22 catalyst 

Enamincc formation (2) 

, 00 < > 

Reductivee amination (3) 

H H 
,NN CO/H2 catalyst 

++ H20 

Hydroaminomethylationn (4) 

H H 
NN CO/H2 catalyst 

++ H20 

Schemee 3 Different reaction steps (1 -3) of hydroaminomethylation (4). 

CD D 
o o c c 
03 3 

-Q Q 

O O 
(f) (f) 

-O -O 
03 3 

timee (h) 

Figur ee 4 Various reactions steps of hydroaminomethylation (sign, absorbance). Hydroformylation of 2-
pentenee to hexanal in toluene-methanol ( • , hexanal), enamine formation and hydrogenation in toluene-
methanoll ( • , enamine), and hydroaminomethylation in 2-MeTHF ( • , enamine; A, hexanal). (see 
Experimentall for reaction conditions and procedure). 
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reactionn 2; Figure 4, • ) at 125 °C shows that under hydroaminomethylation conditions enamine 

formationn is much faster than the hydroformylation step. During hydroaminomethylation the formed 

aldehydess react directly with piperidine to form the enamine and water, and the equilibrium 

enamine/water-aldehydee is quickly established. If a system is not active in the hydrogenation reaction, 

aldehyde,, water and enamine remain, and the aldol condensation side-product forms. When hexanal and 

piperidinee are introduced to the autoclave with pre-formed (l)RhH(CO)2 than the enamine formed is 

hydrogenatedd to the desired amine. In all instances the hydrogenation reaction is much slower than the 

ratee of hydroaminomethylation (Scheme 3, reaction 3; Figure 4, • ) , since not all enamine was 

hydrogenated,, even after a prolonged reaction time of 18 hours. Possibly the relative concentration of 

thee intermediates compared to catalysis under normal hydroaminomethylation conditions, where both 

waterr and enamine are formed with the rate of hydroformylation, influences the hydrogenation activity 

off the catalyst. Consequently, under conditions where piperidine and hexanal are introduced to 

(l)RhH(CO)2,, aldol condensation occurs. 

Whenn hydroaminomethylation (Scheme 3, reaction 4) was followed by high pressure IR no 

absorptionss corresponding to the aldehyde or enamine were observed. GC and GC/MS analysis of the 

reactionn mixture corroborates the formation of iV-hexylpiperidine. In contrast to experiments where all 

reagentss are added simultaneously and heated to the reaction temperature (Table 1, entry 2), the 

introductionn of the substrates to a pre-formed catalyst at the reaction temperature does not lead to any 

enaminee formation. It is postulated that these enamines are formed during the heating of the autoclave 

beforee reaching the reaction temperature, and are hydrogenated less efficiently (compare to the 

experimentss where the aldehyde and amine are introduced to the autoclave, vide supra). 

Hydroaminomethylationn in 2-methyltetrahydrofuran (2-MeTHF) instead of in toluene-methanol (1:1) 

iss inefficient due to the formation of many side-products caused by a very slow hydrogenation of the 

producedd enamines (Figure 4, • ) . Probably the more polar environment that is obtained with MeOH 

favourss ionic species that are potentially responsible for the hydrogenation. The aldehydes react either 

withh piperidine to form enamines or undergo aldol condensation reactions. jV-formylpiperidine, N-

methylpiperidinee and JV-hexanoylpiperidine were also formed, albeit in small amounts. The formation of 

thesee products indicates that nucleophilic attack of the piperidine to a metal acyl intermediate takes 

placee under hydroaminomethylation conditions, either intra- or intermolecularly; apparently the formed 

amidee bond can be hydrogenated with these type of catalyst systems. 

Whilee the results strongly support that hydroaminomethylation can proceed via a hydroformylation-

amination-hydrogenationn sequence, other mechanisms cannot be excluded. It is especially peculiar that 

noo formation of aldehydes or enamines are detected during hydroaminomethylation in methanol:toluene 

(1:1),, which strongly suggests that the hydrogenation of the enamine is very rapid and not rate-
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determining,, but the hydrogenation of enamine in a separate reaction is very slow (Figure 4, • ) . 

Especiallyy the results in 2-MeTHF have shown that the rhodium-acyl intermediates can be subject to 

nucleophilicc attack, which might be another indication that hydroaminomethylation proceeds via 

anotherr reaction pathway than a sequential hydroformylation-amination-reduction reaction. 

Unambiguouss evidence for either pathway is currently lacking. 

Conclusions. . 

AA recently developed series of phenoxaphosphino,- and dibenzophosphole-modified Xantphos type 

ligandss has been applied in the rhodium catalysed hydroaminomethylation to produce synthetically 

importantt linear amines from economically and environmentally attractive internal olefins in very high 

yieldss and with very high regio-selectivities (up to 96%). The natural bite angle of the ligand has a 

strongg influence on the chemo- and regio-selectivity of the reaction. While the regio-selectivity follows 

thee same trend as hydroformylation, subsequent hydrogenation steps also seem to be influenced by the 

naturall bite angle of the ligands, which might be related to the concentration of a cationic rhodium 

species. . 

Eachh separate step of the proposed sequence of hydroaminomethylation can be followed easily by high 

pressuree IR and shows that all reaction steps can take place under hydroaminomethylation conditions, 

butt these results do not exclude the occurance of other sequences, especially since the rate of the overall 

hydroaminomethylationn is higher than the rate of enamine hydrogenation as a separate step. 

Acknowledgements.. RPJB would like to thank Celanese Chemicals Europe, G.m.b.h., Germany for 

financialfinancial support. 

Experimental. . 

Generall  procedure. All air- or water-sensitive handlings were performed using standard Schlenk 

techniquess under an atmosphere of purified argon. Toluene was distilled from sodium, 2-

methyltetrahydrofurann from sodium/benzophenone. Cyclohexane, methanol and piperidine were 

distilledd from CaH2. 2-Pentene was either distilled or purified by percolation over neutral activated 

alumina.. Chemicals were purchased from Acros Chimica, and Aldrich Chemical Co. 2,7-di-/-butyl-9,9-

dimethyl-4,5-bis(10-phenoxaphosphino)xanthenee (l),37 '38 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-

10,11 l-dihydrodibenzo[b,f]oxepine (2),30 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-2,7-

dimethylphenoxathiinn (3),30 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-9-isopropylidenexanthene 

(4),300 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-9,9-dimethylxanthene (5),30 4,5-bis(2,8-dimethyl-10-

phenoxaphosphino)phenoxazinee (6),30 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-10-
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phenylphenoxaphosphinee (7),30 4,5-bis(9-dibenzo[b,d]phospholyl)-2,7-dimethylphenoxathiin (8), and 

4,5-bis(9-dibenzo[b,d]phospholyl)phenoxazinee (9)30 were prepared according to literature procedures. 

Silicaa gel 60 (70-230 and 230-400 mesh) purchased from Merck was used for column chromatography. 

Infraredd spectra were recorded on a Nicolet 510 FT-IR spectrophotometer. High pressure IR spectra 

weree measured using a 50 mL home-made stainless steel autoclave equipped with mechanical stirrer and 

ZnSS windows. Synthesis gas (CO/H2, 1:1, 99.9%) was purchased from Air Liquide. Gas 

chromatopgraphicc analyses were run on an Hewlett Packard HP 5890 chromatograph with FID detector 

andd a HP5 column (crosslinked 5%PhMe siloxane). GC/MS analyses was conducted on an Agilent-

6890NN equipped with a HP5 column. 

Hydroaminomethylation.. The hydroaminomethylation reactions were carried out in a 200 mL home-

madee stainless steel autoclave or in a Parr stainless steel autoclave (100 mL). In a typical experiment, 

thee autoclave was charged with a solution of [Rh(cod)2]BF4 (0.1 mol%), ligand (0.4 mol%), 2-pentene 

(10.00 mmol) and piperidine (10.0 mmol) in 30 mL of a 1:1 methanol-toluene mixture. Subsequently, the 

autoclavee was pressurised with CO (7 bar) and hydrogen (33 bar), and heated to 125 °C. After 12 hours 

thee autoclave was cooled to room temperature and the gases were vented. The reaction mixture was 

driedd over MgS04 and analysed by GC using bis(methoxyethyl)ether as an external standard, and by 

GC/MS. . 

Highh pressure FT-I R experiments. In a typical experiment the high pressure IR autoclave was 

chargedd with a solution of [Rh(cod)2]BF4 (0.1 mol%) and 4 equivalents of ligand in 15 mL of a 1:1 

methanohtoluenee mixture. The autoclave was purged three times with 10 bar CO/H2 (1:1), pressurised 

withh CO (7 bar) and H2 (28 bar) and heated to 125 °C. Catalyst formation was monitored in time. Next a 

mixturee of 2-pentene and piperidine was introduced by an overpressure of hydrogen to a total pressure 

off  50 bar, the pressure that the would be reached at T = 125 °C when the autoclave would be pressurised 

withh 7 bar CO and 33 bar H2 at room temperature (as by using the standard hydroaminomethylation 

protocol).. IR spectra were recorded every 15 minutes. After 12 hours, the autoclave was cooled to room 

temperaturee and the gases were vented. The reaction mixture was dried over MgS04 and analysed by 

GCC using bis(methoxyethyl)ether as an external standard and by GC/MS. 
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