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Synthesis ol Amines and Enamines by Hydroaminomethylation of
Alkenes Catalyzed by Rhodium (1) or Rhodium (III) Complexes
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ARSTRACT - Axs an elficient one-pot synthesis ol winmes, hydroaminomethylation
of olefins has attracted great atention (o the chemists due (0 the recent
developments Tor preparativ ¢ applications. Hydroanunomethylaton ol olefins as
a one-pot synthesis ol amines has reached its synthetic applications in recent
years. |[RMCONCH: and [REeCOIDICT]> are the most common rhodium catalysis
eniployed m the hydroaminomethylation reactions. The hydroaminomethylation
of alkenes o give amines under relatively mild condinons by using 2w iterionic
rhodium complex [Rh%COLNN-PhBPhG | as catalyst, Also, the reactions of
vinyl sulfones under hvdroaminomethylanon conditions Ted w0 discovery ol a
new Gype ol one-pot reaction oward the lormation of sullonated enaniines by
rhodium coniples.

The hydroaminomethylation of alkenes hus been also studied o (he
preseiwe of rhodium (D catalyst and phosphine hgands. Rhodium (11 -
tidentate phosphine ligands tay ors the formation of enamines as major prodocts.

Introduction

The catalytic carboenylation reactions of olelins, alkynes and other mt-bonded compounds
have mdusirial potential because they lead to valuable products (Hardey & Patai, 1982: T,
1995; Beller & Bolm, 1998). These reactions are vsually catalyzed by various transition-
metal complexes. such as palladium, rhodium, ruthenium. or nickel compleaes in
combination with phosphines, phosphites and other types of hgand (Colquhoun et af., 1991;
Muasters, 1993 Parshall & Iuel, 1993). The reactions of alkenes with carbon monoxide (CO)
or CO/H, in the presence of group VHI metals and a suitable nucleophile alfords
aldehydes, alcohols, amines. carboxylic acid derivatives and other carbonyl compounds
{Colguhoun er ¢d., 1991; Masters. [993: Parshall & Treel, 1993). While many metals have been
successfully employed as catalysts o the carbonylation reactions. they often lead 10
mix(ures ol products under drastic experimental conditions.

The hydroaminomcthylation of olcfins 1s among the carbonylation reactions that has
attracted grcat altention to the chemists as an atom-economic efficient one-pol synthesis of
amincs (Eilbracht ef al,, 1999). This reaction was originally discovered by Reppe and
coworhers (Reppe & Vetter, 1953). In gencral. hydroaminomethylation is consisting ot i
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reaction sequence of hydroformylation of olefins, which usually leads 10 aldehydes,
lollowed by condensation of amine forming enumines as intermediates, and a subsequent
hydrogenation lead to new amine compounds as [inal products. This process was originally
catalyzed by iron and cobalt carbonyl complexes, which have been replaced by more
efficient rhodiurn and rutheniurn complexes n the last two decades (Igbal, 1971). Rhodium
(I) complexes such as [Rh{COHCI]» and [Rh{COD)Cl]> were among the most aclive
catalysts employed in the hydroaminomethylation reactions (Eilbracht et af., 1999).
Hydroaminomethylation of long chain alkenes with dimethylamine was also investigated.
The reaction was catalyzed hy a  water-soluhle  rhodium-phosphine  complex,
RhCIHCO)TPPTS), [TPPTS: P(m-CHySO:Na);], in an aqueous-organic (wo-phase system
in the presence of the cationic surfactant cetyltrimethylammonium bromide (CTAB)
(Wang e al., 2004). A highly chemosclective and regioselective hydroaminomethylation
of simple as well as functionalized o-olefins using a cationic rhodium pre-calalyst together
with Xantphos as ligand was reported (Beller ¢ af., 2003).

Zwitterionic rhodium complex [Rh'(Cod)(nh-l’hBPh;}’] |Rh|" has been widely used
as a catalyst for the hydroformylation of olefins giving high regioselectivity for the
branched or linear product depending on the substrates {Amer & Alper, 1990; Alper &
Zhou, 1992; Toland & Alper, 1993: Lee & Alper. 1995),

We would like o report now a review ol the resulls in the hydroaminomethylation of
various aryl olefins catalyzed hy the cationie rhodium complex [Rh'], and the new resulls
on the use of rhodium (I1l) complex. RhC1:.3H,0, with and without the addition ol a
phosphine ligand L, forming amines or enamines in high yields (eq. 1).

[Rh]/ L ~NRR L
Ar/&:;:\ + BR'NH —_—~ A e + Ar” S NRR' Eq 1
COM, f
1 2 3 4

Matcrials and Mcthods

General procedure

Rhodium complexes. phosphine and phosphite ligunds, Alkenes. amines and all
solvents were purchased [rom commercial sources. Dry solvents have been used in all
cxperiments.

'H NMR and '"C NMR spectra were recorded on 500 MHz Joel 1500 NMR machine.
Chemical shifts were reported in ppm (&) relative to tetramethyl silane (TMS) using
CDCl:. Gas chromutography analyses were realized on HP (6890-plus) chromatography
equipped with 30 m capillary column HP-5.

General procedure for the hydroaminoniethylation of alkenes

A mixture of styrene (5.0 mmol). amine (5 mmol), rhodium catalyst {1%) dissolved
in 5.0 ml of dry solvent was placed in the liner of a 45 ml high-pressure Parr autoclave.
The autoclitve was purged three times with carhon monoxide, subsequently pressurized
with carbon monoxide followed by hydrogen. The autoclaves were placed in oil baths
heated on hotplates controlled by temperalure sensor to maintain the temperature constant
(£ 0.5°C). After the reaction time elapsed, the auloclave was cooled down to room
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lemperature and the gas was carefully released and the autoclave was open. The reaction
mixture was fillered on Celite 1o remove (he catalyst. The products were identilied using
GC, GC-MS, '"H NMR and ""C NMR (echniques. The ratio of branched to linear amines
or enarnines was determined by GC and 'H NMR.

Results and Discussion

Hydroaminomethylation of alkenes with rhodium (1) cationic complex [RI]'

The hydroaminomethylation of styrene (la) with 1sopropylamine (2a) was studicd as
a model reaction to oplimize of the experimenltal conditions with the rhodium (1) cationic
complex [Rh+(c0d)(n(’-PhBPh_;,)'] [Rh]" (eq. 2).

S
[Rh]/L “NH— )
/\ = a\\/..._\
Ph . >—NH2 —- J/ + Ph NH~< Eq. 2
COM, Ph™ ™

1a 2a 3a 4a

The effect ol the total pressure of CO + Hy; (CO/Ha = 1/1) was investigated in the
prescnce of 1sopropylamine and a catalytic amount of complex 1 (1 mol%) in THF at 80 °C
for 24 h (Fig. 1). The branched amine N-isopropyl-2-phenylpropylamine (3a) was formed
in excellent yield (92 %) al 600 psi of a lotal pressure. Lower yicld and selectivity loward
the branched amine were observed at lower tolal pressure.
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Fig. 1. Hydroaminomethylaton of siyrene by [Rh]™. Elfect of the total pressure. Reuction conditions:
catalyst [Rh]" (1 mol%), styrene (2.0 mmoly isapropylamine (2.4 mmol), CO/H, (1:1), THE (5
ml), 8G:°C, 24 h.
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The temperature showed a significunt effect on the setectivity of the reaction (Fig. 2).
The maximum yield in 3a was oblained at 80°C. At lemperatures >80"C, the ratio ol 3a/4a
decreases signilicantly and the formation of the by-products such as ethyl benzene and
other unidentified products hus increased.
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Fig. 2. Hydrowninomethylwion of styrene by [Rh]*, Litect of the wmperature. Reaction conditions: ¢atalyst
JRR]” (1% mali, styrene 12 0 mma, sopropylamine (2.4 nunaly, COMHL (L] 600psi, THE (3 milh,
b

Various primary and secondary amines have used in the hydroaminomethylation
reactions ol styrene catalyzed by [Rh]*, The results obtained from the use of dilferent
amines (2} are shown on Fig. 3. IFor example. cyclohexylamine gave high conversion with
the formation of the corresponding branched amine as a predominant product. The yicld
depends strongly on the total pressure where the ratio of branched/linear amines mercased
with (he increase ol CO/H; total pressure. Also, r-Butylumine gave higher branched/linear
ratwo than rert-butylamine. Benzylamine as well as secondary amines, such us pipecidine,
also gave higher yields ol the corresponding branched amiines together with linear amines
as minor products. Again, higher CO/T- total pressure led 1o higher regioselectivity toward
the brunched amine i the case of benzylamme. However, aniline formed the
corresponding branched and linear antines a2 ratio of only 1.9 1o L.
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Fig. 3. Hydroanunomethylauon of styrene by [Rh]™. Effect of the 1ype of amine. Reaction conditions:
catalyst [Rh]* (1% mol). styrene (2.0 nmumoly, COH. (11, 600 psi L THIEE (5 mlb), 80 °C, 24 h - (Lin
of ol 2001

Various para-substiiited styrenes (2) have been converted mito 1he amines. The
hranched amine (3) was [ormed as @ major product along with linear isomer amine (4) as
shown in Entrics 2-7 of Tuble | {eq. 1) (Lin et af.. 2001). Both cleclron-withdrawing and
clectron-donating substituent in the pary positon predominantly gave the branched amine
{3). Relatively lower yiclds of hranched amines were obtained in the cases of para-tert-
butylstyrene and para-chlorostyrene as substrates (Table 1. entries 4 and 5, respectively).

Table 1 Hydroantinomethylation of Arylalkenes 1in (be presence ol isopropylamine 2a (Lan ot af . 200037

Yield e
Lintry Ar {mol )" Ratio
. 3 4 1/4
i CuHs-fla) 92 (3 g (du) 1.5
2 p-CHVWCH- (b 85 {3b) 15 (4b) 5.7
2 __pUHOCH,- (e) 90 { 3¢) 10 (4¢) 9.0
4 p-CHOCCH,- (1d) 70 13d) 19 (4d) 37
5 ~ p-CICH,- (ley 77 43¢) 14 (de) 5.5
6 pECH- (10 86 (31) 14 (46) 6.1
7 p-PhC H,- (1g) 87 (3y) 13 (dy) 6.7

41 Reacnon condions: alkene {2 mmol y, isopropy lanme (2.4 mmoly. catalyst 1% moly., COAL 0] 1L
200 THE (5 mly 80 °C, 2400
b1 Ihe viclds were determuned by 'H NMR und GC.

Methyl vinyl sulfone 5 was converted to 6a in the presence of [Rh]™ complex
together with phosphine ligand and 1sopropylamine under syngas in one-pot manner (eq. 3
and Table 2) (Lin ¢f «f., 2001). Ta, a product of Michael-type reaction involving the
hydroamination of the alkenes without carbonylation, was formed as a by-product. This
process represents the first example for one-pot formation of sulfonated enamine from the
corresponding vinyl sulfone catalyzed by rhodium complex, which is dilferent from the
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hydroaminomethylation that gave saturated amine as major product. The new process,
named as fhiydroaminovinylation, takes place probably via a sequence of hydroformylation
and amine condensation [ollowed by double bond isomerization of imine. Various rcaction
conditions were examined (Table 2). The use of chelating ligands, such as dppb and dppe
afforded 6a in good yiclds (Table 2, entrics 1 and 5), PPhy gave modcrate yicld of 6a
(Table 2, entry 7), whereas the yield of 6a was lower when PCy- or dppm was used (Table
2, cntries 6 and 8). In the absence of phosphine ligand, 7a was formed exclusively as the
Michael-type reaction product (Table 2, entry 1). A decrcase of the reaction temperature (o
50°C resulted in lowering the yield of 6a (Table 2, eniry 3) due 1o the low reactivity of the
substrate and also o the formation of morc of 7 compared to higher temperature
conditions. The reduction of the douhle bond in 6a did not occur even though the hydrogen
pressurc was increased to 500 psi (Tahle 2, entry 4).

_NRR'
0 . o
[ [Rh], Ligand IBA [l _~_ _NAR
CHy—8~ =+ RARNH - > OHy— 8 + CHy—8~ Eq 3
u THF, COM, I y
5 2 6 7

Tahle 2. Hydroaminovinylation of methyl vinyl sulfune 5 in the presence of syngas and ysopropylaniine 2a
{R=(CH;,CH; R'=H] Lin et af, 2001."

Eniry L I COM, ( .:‘:r:}g)"
) (mol %) (°Cy {psi)
6Ha 7a

1 nork: Rl LOCK 100 ] 1K)
2 dppb {3) 80 100/ 100 92 3
3 dppb (3) 50 1007100 6 36
4 dppb (3) RO 100/500 95 5
5 dppe (3) R0 100/100 93 7
G dppm (3) 30 - 10DAIO 17 49
7 PPh. (6) %0 1O 0 61 25
8 PCy.(6) B0 1O/ 1O 10 ol

a1 Reaction conditions wethsl viny! sullone (1 mmoly, isopropylinune (1.2 ounel), rhodium (0.04
mmol), THE (5 mh. 24 h
by The vields were determined by 'H NMR and GC.

Different primary and sccondary amines have been considered in (he rcaction of the
hydroaminovinylation of methyl vinyl sulfone (o afford the corresponding unsaturated
amines 6 togelher with Michael-lype reaction product 7 as by-produel (eq. 3 and Table 3).
Surprisingly, bulkier amines. such as ferf-butylamine, and less basic amines, such as
aniline, underwent hydroaminovinylation exclusively to atford 6 (Tabic 3, entries 2 and 5).
Cyelohexylamine and henzvlamine gave the corresponding vinylaled amines in high yields
together with a small amount of 7 (Tahle 3, cntries 3-4). In the case of butylaminc,
moderate yield of 6b was [ormed by increasing the amount of 7b (Table 3, entry {).
Dicthylamine gave hydroaminovinylated aminc 6g in 84% wogether with 16% of Michael-
type rcaction product 7g (Table 3, entry 6).
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Table 3. Hydroaminovinylaton of methyl vinyl sullone § in the presence ol various anunes (Lin ez af..

001"
Yield
Entry Amine {mol Ge )"
6 7 ]
| butylamine (2b) 66 (6h) L 3T
2 teri-butylamine (2¢) 1)) (6e) 0
3 cyclohexylamineg (2d) U0 (6d) 10 (7d)
4 bensylumine (2e) K7 (6e) L3 {7e)
5 amline (2f) 100 (6f) {
6 [INEw (28} 34 16 16 (7g)

a) Reuwction condinons: methyl vinyl suilone (1 mmaol), amine 1.2 mimolh thodium (0.01 mmol). dppb
(0.04 mmoly, THE (5 mly, 80°C, 24 b,
by The yields were Jeternuned by "HENMR and GO

The hydroaminomethylation of styrene 1a with piperidine 2h was chosen as a model
reaction (eq. 4. Table 3). Other primary amines such as isopropylamine 2a and 2-
phenylethylamine 2i were used in the reaction. The eflects of the temperature, the type of
ligands, and the amount of amine have been studied. The hydroaminomethylation of
styrene 1a with piperidine 2h occurred smoothly al relatively mild conditions (100°C, 800
pai, 20h) with RhCly, 3H-0 used as a catalyst precursor in THFE as a solvent and produced
the branched amine 3 as a major product (Fable 3, entry 2). The reaction al a lower
temperature (80'C) led 1o lower conversion with the formation ol the enamine 8 as a major
product {Tabie 3, entry 1). The enamine 8 was also formed as a major product in the
presence of an excess ol piperidine 2h or when a chelating phosphine ligands such as dppp
and dppb were used (Table 3. entries 3-5). These results can be simply explained by the
formation ol N-Rh-N or P-Rh-P that have little bydrogenating power of the enamines into
amines. The hydroaminomethylation of styrene with primary amines led o the formation
ol amines in the presence or it the absenee of phosphine ligand.

Rl 3H0, L NRR d_'_NHFT
[ RAMNH - N + o /\ ll
THE, COM, Ph Ph NRAE +Ph,. oot opRt /\NRFT Eq. 4
1a 2 ' 3 4 8 9
Conclusion

In conclusion, active and selective calalyst systems have been introduced in the
hydroaminomethylation reactions. Zwilterionic rhodium complex [Rh]* showed high
catalytic activity in the hydroaminomethylation of aryl alkenes. Also a new one-pot
hydroaminovinylation reaction has been achieved for the selective synthesis ol sulfonated
chamines using the Zwiterionic rhodium complex [Rh]"  together with a chelating
phosphine ligand as the catalyst, In addition, a simple rhodium (I1I1) catalyst RhCl:,3H-O in
THFE as a solvenl catalyzes elficiently the hydroaminomethylation of styrene, Excellent
selectivily toward (he brunched enamines wus obtained when ¢xcess of amine was used or
when dppp or dpph was added as a ligand. The conversion of styrenc into branched amines
was also controlled.
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Table 4. Hydroaminomethylation of styrene 1a by RhCl,, 3H.0. "

_ Amine Ligand | T ¥ ufld Sclectin Ilt_\' é\mmcs ] Y w].d Selectivity F;)nzlmmcs
Entry (mmol) (mmol) | "C Amines (%) Enamines (%)
| (%) 3 4 (%)" 8 9
)
| w 80 5 60) 10 30 100 0
{1_3}
.
2 - oo 99 88 12 0
(3)
(3
3 o - 10¢} 4 43 57 35 98 2
(25
T
q S [HUE -
: (0.07) LCHD 3] 100 ) ) 97 3
(™)
L_ P dppb
5 : - ‘
N (0.02) 100} l ) 93 7
(5) ]
>’NH2
O - [{}) o b1 14 0
3 _
L
-
7 r)j : ol sy () [0 0
15

2 Reacnon condions: styviene £5 mmobi, RBCT, 300095 oty COATL CHEOTO0 pan, THE 13 mib), 2005
D1 Fhe viclds were determned by 'HENMR gnd G
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