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Group-I1V Metal Complexes as Hydroamination Catalysts
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During the last 50 years, group-IV metal complexes have
been used extensively as catalysts in organic chemistry.
However, a new and rapidly growing field for group-IV metal
catalysis evolved in the 1990s when the groups of Bergman,
Livinghouse and Doye found that zirconium and titanium
complexes catalyze the inter- and intramolecular hydroamin-
ation of alkynes and allenes. Starting from early results ob-
tained with zirconocene bis(amides), this review deals mostly
with hydroamination reactions based on titanium catalysts.

In this context, studies directed towards catalyst develop-
ment are presented as well as applications of corresponding
processes for the synthesis of biologically interesting com-
pounds. However, the Microreview covers group-IV metal
complex catalyzed hydroamination reactions of alkynes and
allenes that appeared in the literature before July 31, 2002.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

During the last 50 years, group-IV metal complexes have
been used extensively as catalysts in organic chemistry.[!]
Among the various catalytic processes, the use of titanium
and zirconium compounds as catalysts for the polymeriz-
ation of alkenes undoubtedly represents the most important
application of group-1V metal catalysts.’! However, a new
and promising field for group-IV metal catalysis evolved
when it was found in the 1990s that zirconium and titanium
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complexes catalyze the hydroamination of alkynes and all-
enes.

In general, hydroamination processes must be regarded
as highly desirable transformations for organic chemistry.l!
As can be seen from Scheme 1, corresponding reactions
take place without any formation of side products (100%
atom efficiency) to give nitrogen-containing products in a
single step.

Since the employed starting materials (alkenes, alkynes,
allenes) are inexpensive and readily available and the prod-
ucts (amines, imines, enamines) are important bulk and fine
chemicals, biologically interesting compounds, or versatile
synthetic intermediates, hydroamination reactions are of
considerable interest for academic and industrial chemistry.
In particular the mentioned amines play an outstanding
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Scheme 1. Hydroamination of alkenes, alkynes and allenes

role as products and intermediates in the chemical industry.
Per year, several million tons are produced worldwide. To-
day, the main method for the industrial production of al-
kylamines is the condensation of ammonia with alcohols in
the presence of a catalyst.[] However, alcohols are usually
produced from alkenes by hydration or a hydroformylation
hydrogenation sequence. Therefore, it is obvious that effici-
ent methods for the direct transformation of alkenes into
amines might offer significant economical benefits. Unfor-
tunately, efficient hydroamination methods for nonactivated
alkenes are rare.[>]

In general, hydroamination reactions are hindered by two
major problems: 1) a high activation barrier for the direct
addition of amines across C—C multiple bonds exists which
arises from electrostatic repulsion between the electron lone
pair at the nitrogen atom and the electron-rich n-bond, and
2) the general negative reaction entropy AS° of the reaction
is responsible for the fact that the equilibrium of hydroam-
ination reactions is shifted towards the starting materials at
the higher temperatures that are necessary to overcome the
activation barrier. This combination of facts makes it indis-
pensable to develop catalytic hydroamination processes,
which involve either activation of the C—C multiple bond
or activation of the amine. However, from a thermodynamic
point of view, the direct addition of ammonia or simple
amines to alkenes is feasible since corresponding reactions
are slightly exothermic or approximately thermoneutral.
For example, AH®° for the addition of ammonia to ethylene
is —52.7 kJ/mol (AS° = —127.3 J/mol K, AG°® = —14.7
kJ/mol).[??! Unfortunately, experimental AH° data are not
available for the addition of ammonia or amines to alkynes
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and allenes. Nevertheless, the addition of ammonia to acet-
ylene is estimated (AM1 semiempirical calculations) to be
about 63 kJ/mol more exothermic than that to ethylene.[®
Regarding this estimation, the hydroamination of alkynes is
supposed to be more favorable than the hydroamination of
alkenes, which is strongly supported by the fact that great
progress has been made in developing catalytic hydroamin-
ation protocols for nonactivated alkynes and allenes during
the last five years. From an industrial point of view, it seems
to be a drawback that in these cases the initially formed
imines and enamines must be reduced to give the desired
stable amines. Furthermore, alkynes are more expensive
than alkenes. However, since imines and enamines are ver-
satile starting materials for a huge number of synthetic
transformations, the corresponding two-step processes offer
the possibility of synthesizing important classes of products
with high diversity, which is definitively an advantage for
laboratory-scale synthesis. Among the employed catalysts
for alkene, alkyne and allene hydroamination are strong ba-
ses, lanthanide and actinide complexes as well as late trans-
ition metal complexes.’l However, almost all hydroamin-
ation procedures reported so far are restricted to reactions
of slightly activated substrates (e.g. styrenes, terminal al-
kynes, aromatic amines) or only work in an intramolecular
fashion. Furthermore, many of the employed catalysts are
difficult to synthesize, expensive, sensitive to air and mois-
ture, or highly toxic. However, a rapidly growing and ex-
tremely promising field is the development of hydroamin-
ation protocols based on group-IV metal catalysts, which
are inexpensive, nontoxic, and readily available. This Micro-
review covers group-IV metal complex catalyzed hydroam-
ination reactions that appeared in the literature before July
31, 2002.

Zirconium Complexes as Catalysts for the
Hydroamination of Alkynes and Allenes

In a pioneering publication, Bergman et al. reported in
1992 that the zirconocene bis(amide) [Cp,Zr(NH-2,6-
Me,C4Hj3),] (1) catalyzes the intermolecular addition of 2,6-
dimethylaniline (2) to alkynes and allenes.[”? The hydroam-
ination reactions take place in the presence of 2—3 mol %
of the bis(amide) 1 at 90—120 °C in benzene or toluene.
Under these conditions, diphenylacetylene (3) and 2-butyne
(4) react with 2,6-dimethylaniline (2) to give the corres-
ponding enamines 5 and 6 (Scheme 2). While enamine 5 can
be isolated (60% yield) and characterized by X-ray crystal-
lography, the enamine 6 formed from 4 is only observed by
'"H NMR spectroscopy. In this case, a subsequent isomeriz-
ation to the more stable imine tautomer is observed. At 110
°C, the catalytic formation of enamines with 3 mol % of the
catalyst is relatively slow. For example, hydroamination of
4 with catalyst 1 occurs with a turnover frequency (TOF)
of 0.04 h™! while the same catalyst gives 0.2 h~! with alkyne
3. However, the catalyst seems to be indefinitely stable to
the reaction conditions.
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3 mol %
NHAr
Cp,Zr(NHAr), (1)
Ar~NH2 + R = T

CgHg, 120°C, 13 d

R R

2 3:R=Ph 5: R=Ph (60%)
4: R=Me 6:R=Me

Ar= 2,6-M62C6H3

Scheme 2. Hydroamination of alkynes in the presence of
[Cp.Zr(NH-2,6-Me,CeH3),] (1)

While catalyst 1 is inactive for the hydroamination of al-
kenes, the more reactive double bond of allene (7) can be
hydroaminated catalytically under relatively mild condi-
tions. The anti-Markownikow addition product, the 2,6-di-
methylphenylimine of acetone (8), is isolated in 83% yield
after heating a mixture of allene (7), amine 2, and 2.7 mol %
of catalyst 1 in benzene to 90 °C for 6 d (Scheme 3).

2.7 mol %
Cp,Zt(NHAD, (1) NAr
A]'-NH2 ———
CeHe 90°C, 6z Me
2 7 8 (83%)

Ar=2,6-Me,C¢H,

Scheme 3. Hydroamination of allene (7) in the presence of
[Cp2Zr(NH-2,6-Me,CsH3)s] (1)

A detailed kinetic investigation of the addition of 2 to
3 at 95 °C indicates that the reaction is first order in the
concentration of catalyst 1 and alkyne 3 and inverse first
order in amine 2. These results are consistent with a revers-
ible rate-determining o-elimination of amine 2 from the bi-
s(amide) 1 and generation of the transient imido complex 9
(Scheme 4). Alkyne 3 and amine 2 then compete for this
reactive intermediate. While reaction with amine 2 regener-
ates the bis(amide) 1, [2+2] cycloaddition with alkyne 3
provides the azazirconacyclobutene 10. Rapid protonation
by amine 2 at the Zr—C bond gives the enamide amide
complex 11, which then undergoes o-elimination of en-
amine 5 to regenerate the catalytically active species 9.

The major drawback of this procedure is the fact that
amines that are sterically less demanding than 2,6-dimethyl-
aniline (2) cannot be treated successfully with alkynes or
allenes in the presence of zirconocene bis(amides). This is
because of an irreversible reaction of the initially formed
(imido)zirconium complexes Cp,Zr=NR to form cata-
lytically inactive dimers [Cp,Zr—NR],. This dimerization
takes place easily if the substituent R is smaller than the
bulky 2,6-dimethylphenyl group.®]

Employing catalyst 1, hydroamination reactions of un-
symmetrically disubstituted alkynes with amine 2 take place
with good to moderate regioselectivities.’] As investigated
for alkynes I-phenylpropyne (12), 2-hexyne (13), and 4-
methyl-2-pentyne (14), in each case the favored hydroamin-
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Scheme 4. Catalytic cycle for the zirconocene bis(amide) catalyzed
hydroamination of alkynes

ation product bears the smaller alkyne substituent located
o to the nitrogen atom. After hydrolysis of the initially
formed enamines/imines with aqueous acid, ketones 15—20
are obtained. The ratios of the ketones, which reflect the
regioselectivities of the corresponding hydroamination reac-
tions, are shown in Table 1.

Table 1. Ketones obtained from unsymmetrical alkynes by a hydro-
amination hydrolysis sequence employing catalyst 1

o]
R! R?
Rl—==—R2 1) cat. 15,17,19
CpoZr(NHA1), (1)
+ — +
Ar-NH, 2) H;0® 0\:
2
R! R?
Ar=2,6-Me,CeHs 16, 18, 20
Alkyne R R? Products Ratio of Products
12 Ph Me 15/16 15:16 = 82:18
13 nPr Me 17/18 17:18 = 65:35
14 iPr Me 19/20 19:20 = 54:46

Although the described hydroamination procedure does
not represent a useful synthetic method, it must be recog-
nized as the first example for a hydroamination of C—C
multiple bonds employing a group-IV metal complex as
catalyst. Furthermore, the possibility to make use of group-
IV metal imido complexes as catalytically active species is
unprecedented.

Titanium Complexes as Catalysts for the
Hydroamination of Alkynes and Allenes

Also in 1992, Livinghouse et al. reported that [CpTiCl;]
catalyzes the intramolecular hydroamination of y- and 8-
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aminoalkynes.'% The reactions are performed with 20
mol % [CpTiCls] in the presence of 40 mol % of a tertiary
amine (/Pr,NEt, PhNMe,) at room temperature in THF or
at 80 °C in toluene. Typical reaction times are in the range
of 30 min. While several aminoalkynes!'’! can be treated
successfully under these conditions (Scheme 5), intermol-
ecular hydroamination reactions cannot be realized em-
ploying [CpTiCls] as catalyst.
R 20 mol % CpTiCl,
) A
H,N THF, 25°C N

2

40 mol % iPr,NEt

——

21: R=Ph 23: R=Ph (94%)

22: R=nBu 24: R = nBu (94%)
Jr— 20 mol % CpTiCly
40 mol % PhNMe,

H,N —— R N
toluene, 80°C N
25: R=Ph 27: R=Ph (88%)
26: R=nBu 28: R=nBu (89%)

Scheme 5. Intramolecular hydroamination of aminoalkynes in the
presence of [CpTiCl;]

From a mechanistic point of view, the reaction is closely
related to Bergman’s zirconocene bis(amide) catalyzed pro-
cess. Livinghouse et al. suggest that [CpTiCl;] reacts ini-
tially with the amine function of the substrate with loss of
HCI to form a reactive (imido)titanium complex, which un-
dergoes [2+2] cycloaddition with the alkyne moiety of the
aminoalkyne. The formed azatitanacyclobutene is then pro-
tonated by HCI to give the hydroamination product and to
regenerate [CpTiCls]. A couple of protonation and trapping
experiments (with isobutyronitrile) support the proposed
catalytic cycle.

However, most noteworthy to mention is the fact that, in
contrast to Bergman’s results, the CpTiCls-catalyzed intra-
molecular hydroamination does not require a sterically de-
manding amine part of the aminoalkyne to take place effici-
ently. In addition, the described intramolecular hydroamin-
ation reactions are exceptionally fast. Most impressively,
substrate 29 bearing a terminal alkyne moiety can be con-
verted into the corresponding cyclic imine 30 at room tem-
perature in the presence of 10 mol % CpTiCl; in 100% yield
in less than 60 s (NMR experiment), which is consistent
with a turnover frequency of more than 600 h™!
(Scheme 6).111]

H+_>
H)N

2

10 mol % CpTiCl,

/@
CDs, 25°C N

———————
< 60 sec

TOF > 600 h™*
29 30 (100%)

Scheme 6. Cyclization of 5-amino-1-pentyne (29) in the presence
of [CpTiCly]
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Besides [CpTiCls], the bis(amide) [CpTiCI(NEt,),] can be
used as catalyst for effecting intramolecular hydroamination
reactions at elevated temperatures.!'!] However, only one ex-
ample employing this catalyst — the cyclization of 31 — has
been described in the literature. Unfortunately, the condi-
tions required for cyclization are sufficiently vigorous to
cause the initially formed imine 32 to undergo sequential
tautomerization elimination, leading to pyrrole 33 in 53%
unoptimized yield (Scheme 7).

OBn

S

nCeHj—=== cat. CpTiC(NEt,), \
OB A KN
Nt DME, 83°C  #CoHig N

2

Bn
31 2

l - BhOH

A

N
H
33 (53%)

Scheme 7. [CpTiCI(NEt,),]-catalyzed intramolecular hydroamin-
ation at elevated temperature

Since the employed reaction conditions are relatively mild
and five- and six-membered cyclic amines are common sub-
structures of natural products it is not surprising that the
developed process has already been used for the synthesis
of the indolizidine alkaloid (#)-monomorine (36).l'21 The
key step of the synthesis is a [CpTiCls]-catalyzed cyclization
of readily available aminoalkyne 34, which is performed at
room temperature with 20 mol % of the catalyst (Scheme 8§).
Subsequent stereoselective imine reduction, hydrolysis of
the 1,3-dioxolane moiety, and reductive amination/cycliza-
tion furnishes (#)-monomorine (36).

20 mol % CpTiCl,
40 mol % NEt; I\L
THF,25oc @ © ‘>
35 (93%)
H

(£)-monomorine
36 N /
e :j

Scheme 8. Synthesis of indolizidine alkaloid (*)-monomorine (36)
by [CpTiCls]-catalyzed intramolecular hydroamination

L

Significant progress in the field of group-IV metal com-
plex catalyzed hydroamination reactions was achieved when

Eur. J. Org. Chem. 2003, 935—946
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our group identified the first titanium catalysts for the inter-
molecular hydroamination of alkynes in 1999.'3! In initial
intermolecular reactions, the titanium bis(amide) complex
[Cp,>Ti(NHPh),] was identified to be a very good hydroam-
ination catalyst. However, during a study directed towards
identification of a general catalyst precursor, which can be
converted into a catalytically active (imido)titanium com-
plex in the presence of an arbitrary amine, we found that
the well-known and readily available reagent [Cp,TiMe,]!'4
is a widely applicable, inexpensive catalyst of low toxicity
that can be used in intermolecular hydroamination reac-
tions of alkynes.'3 With this catalyst, primary aryl- and
alkylamines can be treated with symmetrically and unsym-
metrically substituted internal and terminal alkynes. The re-
sulting imines can be either converted into carbonyl com-
pounds by hydrolysis (SiO,) or reduced (LiAlH,4 or H,, Pd/
C) to secondary amines. In initial experiments, it was shown
that several aryl- and alkylamines can be treated with di-
phenylacetylene (3) in the presence of 3 mol % [Cp,TiMe,].
Typical reactions are performed at 100 °C in toluene for
72 h. While arylamines and sterically demanding sec- and
tert-alkylamines give good results sterically less hindered »n-
alkyl- and benzylamines are poor substrates (Table 2).

Table 2. [Cp,TiMe,]-catalyzed hydroamination of diphenylacetyl-
ene (3) with various amines

1) 3 mol % L 1) 3 mol %
Cp,TiMe, Ph—==—Ph (p TiMe,
O toluene 3 toluene NHR
+
o iph 100°C R-NH, 100°C :Ph
43 2) Si0, 2 LiAH,  44-49
THF, 65°C
Amine R Yield of 43 (%)  Yield of 44 - 49 (%)
37 Ph 92 44 62
38 4-FCgH, 93 45 63
39 Bu 91 46 86!
40 Cy 65 47 86!
41 nCeH, 19 48 -
2 Bn 140 49 3P

sl Reduction with 1 atm H; and 5 mol % Pd/C. ™ 130°C.

In addition, aniline (37) can be treated efficiently with a
wide variety of alkynes in the presence of catalytic amounts
of [Cp,TiMe,] under identical reaction conditions. In the
case of unsymmetrically substituted 1-alkyl-2-arylalkynes,
the reaction occurs with high regioselectivity (= 98:2) pre-
ferring the anti-Markownikow products (Table 3).

Interestingly, the first example of a successful group-IV
metal complex catalyzed intermolecular hydroamination of
a terminal alkyne is also presented. Using 3 mol %
[Cp-TiMe,], phenylacetylene (55) is treated with 1-naphthy-
lamine (56). After subsequent reduction, the corresponding
anti-Markownikow addition product 57 is obtained in 23%
yield (Scheme 9). Although the yield is low, it is remarkable
that the isomeric Markownikow derivative is not detected.
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Table 3. [Cp,TiMe,]-catalyzed hydroamination of unsymmetrically
substituted alkynes with aniline (37)

1) 3 mol %
szTiMez 0
toluene
Rl-——===—72R? + Ph-NH, /—<
100°C { 2
i R R
37 2) Si0, 52-54
Alkyne R! R’ Yield of 52 - 54 (%)
12 Ph Me 52 99t
50 Ph Et 53 73
51 Ph nPr 54 35

2 1 mol % Cp,TiMe,.

NH,
1) 3 mol %
Cp;TiMe,
toluene, 100°C
Ph————H +

55 56

57 (23%)

Scheme 9. First example of a successful intermolecular hydroamin-
ation of a terminal alkyne in the presence of a group-IV metal
complex as catalyst

As a result of the low reactivity of benzylamine (42) in
[Cp,TiMe,]-catalyzed hydroamination reactions, initial ex-
periments to convert alkynes into primary amines using
benzylamine (42) as an ammonia equivalent in the hydro-
amination step followed by hydrogenation of the resulting
imine in the presence of Pd/C failed. However, when the
sterically more demanding amine benzhydrylamine (58) is
used, primary amines can be obtained from alkynes in good
yields by a corresponding hydroamination hydrogenation
sequence (Table 4).113!

Table 4. Synthesis of primary amines from alkynes using a hydro-
amination reduction strategy

Rl—==—r? . Ph
3 mol % 1 atm H, NH,
+ Cp,TiMe, )‘M cat. Pd/C
NH, T Ph N ————= R} )
)\2 110 -120°C R’\)\ THF, 25°C R
2
Ph Ph R
58 60 61-65
Alkyne R! R? Product Yield (%)
3 Ph Ph 61 67
12 Ph Me 62 79
51 Ph nPr 63 70
55 Ph H 64 41
59 Et Et 65 59
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As can be seen from Table 4, 1,2-diaryl- (3) and 1,2-dial-
kylalkynes (59) can be converted into the desired primary
amines in reasonable yields by the described two-step pro-
cedure. However, slightly better results are obtained with 1-
alkyl-2-arylalkynes 12 and 51. Employing these substrates,
biologically interesting (phenylethyl)amines are formed re-
gioselectively in high yields. Furthermore, the terminal al-
kyne 55 can be converted into (2-phenylethyl)amine (64). In
this case, yields are better if the reaction time is short.

During a study directed towards optimizing the described
method, it was recognized that the reaction times of
[Cp,TiMe,]-catalyzed intermolecular hydroamination reac-
tions can be dramatically shortened under conditions that
employ microwave heating instead of conventional heat-
ing.['®l For example, irradiation of a mixture of diphenylac-
etylene (3) and aniline (37) with microwaves (300 W,
2.45 GHz) in the presence of 3 mol % [Cp,TiMe,] results in
a fast hydroamination reaction which reaches 100% conver-
sion within 3 h. Subsequent hydrogenation of the initially
formed imine with H, and 5 mol % Pd/C gives access to the
corresponding amine 70 in 93% yield. In comparison, the
same hydroamination reaction performed at 105 °C in an
oil bath needs 30 h to go to completion. Several other ex-
amples of corresponding reactions (Table 5) prove that the
microwave heating technique is a viable option for per-
forming [Cp,TiMe,]-catalyzed hydroamination reactions
conveniently and safely in a short time. As observed before,
hydroamination reactions employing 1-alkyl-2-arylalkynes
do not result in any formation of Markownikow products.

Table 5. Microwave-assisted hydroamination of alkynes and sub-
sequent reduction

e N e,
+
R3-NH, 2)1 an;}l:ﬁ: ;;Eé’l % Pd/C Rl R2
70-175

Alkyne R' R®> Amine R® Product Yield (%)
3 Ph Ph 37 Ph 70 93
3 Ph  Ph 40 Cy 7 78
3 Ph Ph 66 2-Pentyl 72 67
12 Ph Me 67 PMP! 73 68!
50 Ph  Et 68 (S)-Ph(CH)Me 74 591
59 Et Et 69 4-MeCeH, 75 59!

e pMP = p-Methoxyphenyl. ™ Reduction: NaBH,CN, p-TsOH,
THF, 25°C.

However, one has to keep in mind that comparable hy-
droamination reactions performed at 190 °C (oil bath) also
reach 100% conversion within 3 h. This result shows that
the rates observed for reactions performed under microwave
irradiation conditions are similar to those observed at 190

940

°C. However, in both cases the required reaction times are
reduced by a factor of ten.

Particularly interesting is the microwave-assisted reaction
between diphenylacetylene (3) and the enantiomerically
pure amine [(S)-1-phenylethyl]amine (68; ee = 99%). After
subsequent reduction with NaBH;CN/p-TsOH, two dias-
tereomers of the corresponding product 77 are obtained in
a 5:2 ratio. GC analysis shows that the ee values for both
diastereomers of 77 are only 87%. In addition, amine 68
can be reisolated from an identical hydroamination reaction
after hydrolysis (SiO,) of the initially formed imine 76. GC
analysis of reisolated 68 shows that the ee value is 86%
(Scheme 10). Therefore, it is clear that the [Cp,TiMe,]-cata-
lyzed hydroamination step occurs with partial racemization
at the a-carbon atom of the employed amine.

Ph~—===—7Ph Ph NaBH,CN Ph
3 3 mol % )\ p-TsOH )\
+ Cp.TiMe,  Me N Me NH
NH, THEF, 25°
2 300w Ph\/|k »25°C Ph\}\
toluene, 3h Ph Ph
P Me
68 76 77 (78%)
2 diastereomers
Sio, (5:2)
ee = 87%
1% 2
Ph\)k + /k
Ph Ph Me
43 68
ee = 86%

Scheme 10. Hydroamination of 3 employing enantiomerically pure
amine 68

Impressively, hydroamination products of terminal al-
kynes are also formed in reasonable yields under microwave
irradiation conditions. In contrast to reactions of unsym-
metrical 1-alkyl-2-arylalkynes, the observed regioselectivity
is low. While formation of the Markownikow product is fav-
ored in addition reactions of aromatic amines to 1-dode-
cyne (78) the anti-Markownikow product is the major prod-
uct in reactions between anilines and phenylacetylene (55;
Table 6). However, if the alkylamine [(S)-1-phenylethyl]am-
ine (68) is treated with phenylacetylene the Markownikow
product is preferably formed and the obtained yield is low.

Initialized by the promising results mentioned above,
Bergman’s and our group became interested in the mechan-
istic details of titanium complex catalyzed intermolecular
hydroamination reactions in 2001.1'7~11 A" corresponding
investigation performed in the Bergman group suggests that
the catalytically active species of the described reactions is
a (amido)(cyclopentadienyl)(imido)titanium imide complex
which is formed by an unexpected cyclopentadienyl/amide
ligand exchange.l'’! A combination of two facts is responsible
for this suggestion: 1) the corresponding pyridine-stabilized
intermediate 87 can be isolated in 62% yield after heating a
mixture of [Cp,TiMe,], 2,6-dimethylaniline (2), and pyrid-
ine to 75 °C for 24 h (Scheme 11), and 2) complex 87
rapidly catalyzes the addition of 2,6-dimethylaniline (2) to
diphenylacetylene (3) at 75 °C. In this context, it is note-

Eur. J. Org. Chem. 2003, 935—946



Group-1V Metal Complexes as Hydroamination Catalysts

MICROREVIEW

Table 6. Hydroamination of terminal alkynes and subsequent re-
duction

R!
T NHR?
Rl—==y 1 3mol%Cp,TiMe, 79,81, 83,85
180-210W, toluene, 2h +
+
R?NH, 2) NaBH,CN, p-TsOH NHR?
THEF, 25°C
R "Me
80, 82, 84, 86
Alkyne R Amine R? Products Yield (%)  Ratio
®-
55 Ph 79/80 34 1:2.4
Ph(CH)Me
55 Ph 69 4-MeCgH, 81/82 87 4:1
78 nCsz] 37 Ph 83/84 49 1:7
78 nCpHy 69 4-MeCgH, 85/86 80 2:5

worthy to mention that no reaction is observed at 75 °C
when [Cp,TiMe;] is used as catalyst.

1) 75°C Cr
Cp,TiMe, + Ar-NH, —— Ti=—NAr
2) pyridine ArHN
§ py
2 87 (62%)

Ar = 2,6-Me,C¢H,

Scheme 11. Reaction of [Cp,TiMe,] with 2,6-dimethylaniline (2) in
the presence of pyridine

Detailed kinetic investigations of the reaction between 1-
phenylpropyne (12) and 4-methylaniline (69) performed in
our group led to the conclusion that the mechanism of the
[Cp,>TiMe,]-catalyzed intermolecular hydroamination of al-
kynes involves an unexpected reversible equilibrium be-
tween the catalytically active imidotitanium complex 88 and
its dimer 93.1'81 This equilibrium is responsible for the fact
that no linear relationship between the catalyst concentra-
tion and the observed rate of the reaction exists. Further-
more, the kinetic data indicate that the reaction is first order
in the concentration of alkyne 12 while high amine concen-
trations result in a fast reaction. In general, the mechanism
of the reaction seems to be described by the catalytic cycle
shown in Scheme 12.I'81 Besides the mentioned reversible
dimerization of imido complex 88 (K;), the cycle includes a
reversible addition of amine 69 to the Ti=N linkage in 88
(K5). The hydroamination of 12 takes place by a reversible
and regioselective [2+2] cycloaddition between 88 and 12
placing the methyl group o to the nitrogen atom, a pro-
tonation of the formed metallacycle 89, and a final a-elim-
ination of the product, which regenerates 88.

In addition, the kinetic data are consistent with the as-
sumption that the protonation of the azametallacyclobut-
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R
/N\ Cp,TiMe,
LTI /TiLlLZ .
RINH, |-2CH, L'L T1(NHR)Z
69
NR 93
< 69 K,
Ph Me —
2 [L'L?Ti=NR]
*T NHR 88 12

PH
L'L*Ti \E
“NHR

LIL’Ti—NR

):K
\/

R-NH,
R = 4-MeCgH,4

69 L', 12=Cp, NHR

Scheme 12. Mechanism of the [Cp,TiMe,]-catalyzed intermolecu-
lar hydroamination of alkynes

ene 89 is slow compared to the cycloreversion of 89. These
interpretations of the kinetic study, as well as our sugges-
tion that the equilibrium between imido complex 88 and
amide 94 favors 94,11 are strongly supported by DFT cal-
culations performed by Straub and Bergman.[!°]

In further investigations, [Cp,TiMe,] and imido complex
87 were also found to be highly active catalysts for inter-
molecular hydroaminations of symmetrical and unsymmet-
rical allenes.['”] For example, allene (7) can be treated with
various amines and hydrazines in the presence of 10 mol %
[Cp,TiMe,] yielding the corresponding imines and hy-
drazones of acetone in good to excellent yields (Table 7).

Table 7. [Cp,TiMe,]-catalyzed addition of amines and hydrazines
to allene (7)
_R
10 mol % szTiMez N

=.=— + R-NH, /k
. CgDg, 90°C
Amine/Hydrazine R Yield (%)

39 Bu 76
67 PMPI 58
69 4-MeCgH, 78
95 4-CF3CeHy 25
96 (Me),N 90

2 PMP = p-Methoxyphenyl.

An additional kinetic study of the reaction between al-
lene (7) and 2,6-dimethylaniline (2) employing 87 as catalyst
supports a mechanism of the allene hydroamination which
is similar to that shown in Scheme 13.1'71 However, due to
the steric demand of the employed amine, no dimerization
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of the catalytically active imido complex is observed. Fur-
thermore, an addition of amine 2 to the Ti=N linkage to
form an L'L?Ti(NHR), species is not observed either,
which is in agreement with DFT calculations.!”]

7-10 mol % 87 NAT
[t ANH /——-/<
toluene, 90°C
R R Me
97:R=Ph 2 99: R =Ph (96%)
98: R = nCgH,; 100: R = nCgH;;  (85%)

Ar =2,6-Me,CcH;

Scheme 13. Hydroamination of unsymmetrical allenes employing
imido complex 87 as catalyst

Impressively, complete regiocontrol is observed in hydro-
amination reactions of substituted allenes in the presence
of catalytic amounts of 87, a direct consequence of the regi-
ochemistry of the [2+2] cycloaddition involved in the cata-
Iytic cycle.l'”]

The most important result obtained from the described
mechanistic investigations is the fact that the mechanism
shown in Scheme 12 easily explains that sterically de-
manding amines are better substrates for the [Cp,TiMe,]-
catalyzed intermolecular hydroamination of alkynes than
sterically less hindered amines because unfavorable equilib-
ria (K;, K,) between imido complexes, imido complex
dimers, and bis(amides) for sterically less demanding
amines result in slow hydroamination reactions. However, a
related consideration suggests that the use of bigger ligands
at the titanium center should influence the corresponding
equilibria in a positive way and therefore result in acceler-
ated reactions of sterically less hindered amines. Since the
pentamethylcyclopentadienyl ligand (Cp*) is much more
space-demanding than the cyclopentadienyl ligand (Cp) it
is easily understandable that n-alkylamines and benzylam-
ines can be treated efficiently with various alkynes in the
presence of catalytic amounts of [Cp*,TiMe,].?) Most im-
pressively, the hydroamination reaction between n-pro-
pylamine (102) and diphenylacetylene (3) reaches 100%
conversion after 4h in the presence of 6.0 mol %
[Cp*,TiMe,] at 114 °C. After subsequent reduction per-
formed with zinc-modified NaBH;CN, the amine product
105 is obtained in 86% yield. In comparison, an identical
hydroamination reaction performed with 6.0 mol %
[Cp,TiMe,] does not reach 100% conversion after 48 h. In
this case, the subsequent reduction gives access to only 10%
of the desired amine. However, in the presence of 2—6
mol % of [Cp*,TiMe,] symmetrical alkynes can be treated
with various sterically less demanding n-alkyl- and benzyl-
amines to give secondary amines after reduction in high
yields (Table 8). Typical reaction times are in the range of
4—24 h.

While hydroamination reactions employing terminal al-
kynes are not successful in the presence of [Cp*,TiMe,],
unsymmetrically substituted 1-alkyl-2-arylalkynes such as
1-phenylpropyne (12) are suitable substrates. Surprisingly,
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Table 8. [Cp*,TiMe,]-catalyzed addition of n-alkyl- and benzylam-
ines to alkynes

1) 6 mol % Cp*,TiMe
) % Cp*TiMe, NHR?

Rl—==—1! toluene, 114°C
e
R2NH, 2)NaBH;CN, ZnCl, gl R!
MeOH, 25°C 48,104 - 107
Alkyne R Amine R? Product  Yield (%)
3 Ph 41 nCeHys 48 89
3 Ph 102 nPr 104 86
3 Ph 103 PMB® 105 97
59 Et 42 Bn 106 87
101 nPr 64 Ph(CH,), 107 82

2] PMB = p-Methoxybenzyl.

in this case the observed regioselectivities of [Cp*,TiMe,]-
catalyzed addition reactions of sterically unhindered amines
are low (Table 9). However, if [Cp*,TiMe,] is used as cata-
lyst for the addition of sterically demanding amines (e.g.
69) to 12, the regioselectivity is as high as observed for
[Cp,TiMe,]. This result indicates that the properties of the
amines (and not the Cp* ligands) are responsible for the
low regioselectivity of [Cp*,TiMe,]-catalyzed hydroamin-
ation reactions performed with sterically less demanding n-
alkyl- and benzylamines.

Table 9. [Cp*,TiMe,]-catalyzed hydroamination of unsymmet-
rically substituted alkyne 12

1) 6 mol % Cp*,TiMe,

R-NH, toluene, 114°C NHR RHN
" + >_\
Ph—===—Me 2) NaBH3CN, ZnCl, py{ Me PH ' Me
MeOH, 25°C
12 108, 110,112 109,111,113
Amine R Product Yield (%)  Product Yield (%)
41 nCeHjs 108 52 109 41
42 Bn 110 70 111 24
69 4-MeCgH,4 112 92 113 3

In addition to [Cp,TiMe,], [Cp*,TiMe,], and complex
87, a number of other titanium complexes (114—128) have
been identified as catalysts for the intermolecular hydroam-
ination of alkynes during the last two years.l'$-21724 Ag can
be seen from Scheme 14, all identified hydroamination cata-
lysts possess either two labile ligands (methyl, dimethylam-
ido or cyclopropenyl ligands) or a preformed imido ligand.

While Scheme 14 clearly indicates that a wide variety of
titanium complexes can, in principle, be used as catalysts
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(C5H4Me)2TiMe2 (C5H4Et)2TiM62 (C5H4iPr)2TiMe2
114 115 116
(CsHyBu),TiMe, (Ind),TiMe, Cp*TiMes
117 118 119
: 1 ~NMey / \~NMe, Q Me
Me,Si /Tl\ Me,Si /Tl\ /Tl\
N e, NT NMe, PPN Me
Bu Ph
120 121 122

Mezl\L NMCZ

[ NiBu [ N = 1/ =~
=3 N, LT
S
Py Py =
N
Me
123 124 125
SiMe; SiMe;
Ti(NMey), Qm | @m |
126 < <
SiMe3 Ph
127 128

Scheme 14. Titanium catalysts for the intermolecular hydroamin-
ation of alkynes

for the intermolecular hydroamination of alkynes, the cata-
lytic activities of the shown titanium complexes strongly de-
pend on the properties of the employed substrates.[>!l For
example, complexes 125 and Ti(NMe,), (126) are efficient
catalysts for the hydroamination of 1-hexyne with aryl- and
alkylamines.?>23] However, reactions between diphenylacet-
ylene and fert-butyl- or cyclohexylamine are not catalyzed
by these complexes under comparable conditions.?! =23 An-
other impressive example for varying catalytic activity is
seen when the bis(cyclopentadienyl)(imido) complex 123 is
compared to the chloro-substituted imido derivative 124.
While 123 gives a very good result for the reaction between
diphenylacetylene and ferz-butylamine (98% yield, the hy-
droamination reaches 100% conversion within less than 2 h
at 105 °C), a modest result is obtained for the reaction be-
tween 3-hexyne and 4-methylaniline (43% yield) using this
catalyst. In contrast, the related complex 124 gives 46 and
93% yield, respectively. Interestingly, [Cp,TiMe,],
[(Ind),TiMe,] (118), and 127 seem to be general catalysts
for the intermolecular hydroamination of alkynes because
they give good results for a number of transformations.
However, because reliable predictions for the choice of a
catalyst for a certain reaction are difficult to make, the
reader should keep in mind that each hydroamination reac-
tion in the presence of a titanium catalyst must be optim-
ized carefully to obtain the best result.

Further differences between various catalysts can be
found in studies dealing with the regioselectivity of addition
reactions to terminal alkynes.??~24 For example, catalysts
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127 and 128 can be used for the selective anti-Markowni-
kow addition of alkylamines to terminal alkylalkynes. In
this case, the observed regioselectivity increases with in-
creasing steric demand of the amine. In contrast, the major
product of the addition of aniline (37) to 1-hexyne (129) is
the Markownikow product (Table 10).[24]

Table 10. Catalytic hydroamination of 1-hexyne (129) in the pres-
ence of catalytic amounts of 127

R-NH, NR
2-5mol % 127 /\/NR
+ nCqHy +
toluene, 85-100°C nC4Hy Me
nC4H9—._—"—H
Anti-Markownikow Markownikow
129 Product Product
Anti-Markownikow :
Amine R Yield (%) .
Markownikow
39 Bu 90 >99:1
130 iBu 86 3:1
37 Ph 94 1:3

However, a corresponding regioselectivity switch is not
observed with catalysts 125 and 126. Employing these cata-
lysts, the favored product of addition reactions of alkyl- and
arylamines to 1-hexyne (129) is always the Markownikow
product.[?2231

Very recently it was recognized that [Cp,TiMe,] is also
an efficient catalyst for the intramolecular hydroamination
of aminoalkynes.[>! In contrast to intermolecular hydroam-
inations, cyclization reactions of y- and d-aminoalkynes do
not require a sterically demanding amine part of the ami-
noalkyne to take place efficiently. Using a corresponding
one-pot procedure, five- and six-membered cyclic amines
can be synthesized in good yields by [Cp,TiMe,]-catalyzed
intramolecular hydroamination and subsequent reduction
with NaBH;CN/ZnCl, (Table 11). In contrast, seven- and
eight-membered rings are formed slowly under the em-
ployed conditions.

Unfortunately, the employed reaction conditions are rela-
tively harsh (110 °C) compared to other catalytic proced-
ures for intramolecular hydroaminations.*!0~12.261 There-
fore, [Cp,TiMe,] does not offer significant advantages over
other catalysts. However, since it is well established that this
Ti complex also catalyzes intermolecular hydroamination
reactions of alkenes and allenes the results presented in
Table 11 undoubtedly prove that [Cp,TiMe,] must be recog-
nized as the most general catalyst for the hydroamination
of alkynes and allenes known today.

In this context, it is noteworthy to mention that related
intramolecular hydroamination reactions can be performed
at room temperature in the presence of 5 mol % of
Ti(NMe,), (126; Scheme 15).1¢]

Based on this result, catalyst 126 and titanium bis(sulfon-
amide) 139 have been used successfully for the intramolecu-
lar hydroamination of aminoallenes (Scheme 16).26 Cor-
responding reactions are performed at 75 °C in benzene in
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Table 11. One-pot synthesis of cyclic amines by [Cp,TiMe,]-cata-
lyzed intramolecular hydroamination and subsequent reduction

1) 5 mol % Cp,TiMe,
R\/@ )
n

TN

. toluene, 110°C

. 2) NaBH,;CN N
ZnClyEt,0, THF, 25°C
135-138
n=1,2
Yield
Aminoalkyne n R Product
(%)
4

131 2 135 2 94
MeOC¢H,

132 2 2-BrC¢Hy 136 2 88

133 3 nCeHjs 137 3 72

NH, NH
% 76
Ph Bn
134 138
r— 5 mol %
= > Ti(NMe,)s (126) \/D
~ R X
CgDg, 25°C
H,N 66 N
21: R=Ph 23:R=Ph (100%)
29:R=H 30:R=H (100%)

Scheme 15. Intramolecular hydroamination in the presence of
Ti(NMe,),4 (126)

the presence of 5 mol % of the catalyst. Typical reaction
times are in the range of 1—36 h. While six-membered rings
are formed smoothly under the reaction conditions the
formation of seven-membered rings requires higher catalyst
loadings (10 mol %) and elevated temperatures (135 °C).

NH, 5mol %139
&
e /W CeHg, 75°C
Ar Ar N
140: Ar=Ph
141: Ar = 4-MeOCgH, 143: Ar=Ph (84%)
144: Ar = 4-MeOCgH, (95%)

142: Ar = 4-FC,
"H"T 145 Ar=4-FCH,  (93%)
S

N NMe,
Ti,
DA
N NMe,
\

139:

Ts

Scheme 16. Intramolecular hydroaminations of aminoallenes

Recently, improved catalysts (146, 147; Scheme 17) for
the addition of hydrazines to alkynes, which can be synthe-
sized from commercially available Ti(NMe,), (126) in one
step, have been identified by Odom et al.*”]

In the presence of 10 mol % of these catalysts, various
hydrazines can be treated successfully with alkynes at 100
°C in toluene. While terminal alkynes and 1-phenylpropyne
(12) give the desired hydrazones in good yields, other in-
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NMe, NMe,
AN N//,,,l ~NMe, CeFs-Sy,
Ti. _Ti—NMe,
N/| \NMe CeF's-S
Me, 2 NHMe,
Cf
146 147

Scheme 17. Improved catalysts for the addition of hydrazines to al-
kynes

ternal alkynes such as diphenylacetylene (3) and 3-hexyne
(59) are poor substrates. As observed before, the regioselec-
tivity of the reactions appears to be influenced by the elec-
tronic properties of the alkyne, with both catalysts favoring
Markownikow addition to 1-hexyne (129) and anti-Mar-
kownikow addition to phenylacetylene (55; Scheme 18).

I\l/Ie
Ph—==—H N‘“N\Me Mew_ _Me
55 10 mol % 147 | 5
+ Me — + N
P
HN—N  toluene, 100°C P “Me e N

96 Me 148 149
1:30 (88%)

Me
nCHy—=="H 1|\1 Me._ _Me
129 10mol % 146 N TMe T;
+ /Me — | PN
H,N—N toluene, 100 Cn Cly” Me nCaHS
96 Me 150

151
50:1 (75%)

Scheme 18. Addition of 1,1-dimethylhydrazine (96) to terminal al-
kynes

Most impressively, hydrazines can be treated with acetyl-
ene (152) in the presence of 5 mol % of 147 at room temper-
ature to give the corresponding hydrazones in excellent
yields (Table 12).17]

In addition, corresponding reactions involving hydrazines
incorporating aryl groups at one nitrogen center give direct
access to substituted indoles by a Fischer indole synthesis
(Scheme 19).271

Since the combination of all the studies described in this
review definitely proves that titanium complex catalyzed in-
ter- and intramolecular hydroamination reactions represent
reliable new synthetic transformations it is not surprising
that initial applications of corresponding procedures for the
synthesis of biologically interesting compounds have al-
ready appeared in the literature.[?8-2]

For example, a new and highly flexible procedure for the
synthesis of o,a-disubstituted o-aminophosphonates em-
ploying alkynes, primary amines and dimethyl or diethyl
phosphite as starting materials uses a hydroamination reac-
tion as the key synthetic step. The reaction sequence, which
is performed as a one-pot operation, starts with a
[Cp,>TiMe,]-catalyzed hydroamination of an alkyne. A sub-
sequent nucleophilic addition of diethyl or dimethyl phos-
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Table 12. Addition of hydrazines to acetylene (152) in the presence
of catalyst 147

5 mol % 147 R
H—=—=—H + H,N-R |
toluene, 25°C )
152
156 - 159
R-NH, R Product R Yield (%)
9% N(Me), 156 N(Me), 83
153 N(Ph), 157 N(Ph), 99
N N
154 ©i> 158 @) 95
| |
N.
nCHy—==H Me
129 1) 2 mol % 147 /
toluene, 100°C N
+ Me e R / Me
HZN_N\ 2) ZnCl,, 100°C
160 P nCyH;,
162 (56%)
Ph———Me Ph Me
12
10 mol % 147 I
e ssss—_——.
/NH2 toluene, 100°C N
N
161 163 (66%)

Scheme 19. Alkyne hydroaminations employing arylhydrazines

phite to the resulting imine, performed in the presence of
catalytic amounts of Me,AICl, gives the desired o-amino-
phosphonate in good yield. The application of intermolecu-
lar and intramolecular hydroamination reactions leads to
the formation of both cyclic and acyclic a-aminophosphon-
ates (Scheme 20).128!

In addition, a new and highly flexible procedure for the
synthesis of (2-arylethyl)amine derivatives is based on the
regioselective hydroamination of 1-alkyl-2-arylalkynes in
the presence of catalytic amounts of [Cp,TiMe;,]. According
to this procedure, the target compounds can be synthesized
with high diversity in three steps from aryl halides, terminal
alkynes, and primary amines (Scheme 21).1>°!

The reaction sequence starts with a palladium-catalyzed
coupling of an aryl halide and a terminal alkyne (Sonoga-
shira coupling). A subsequent [Cp,TiMe,]-catalyzed hydro-
amination of the obtained 1-alkyl-2-arylalkyne, which takes
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NH,
1) 3 mol % Cp,TiMe,

Et
toluene, 110°C g
o<

Et—===—TFt+ P(O)(OEt),

59 2) HP(O)(OEY),

5 mol % Me,AlC1
OMe
131

25°C
Scheme 20. Synthesis of a-aminophosphonates from alkynes, prim-
ary amines (or aminoalkynes), and dialkyl phosphites

OMe

67
164 (76%)

OMe

MeO

%

E®O0R©OF N

1) 5 mol % Cp,TiMe,
toluene, 110°C

2) HP(O)(OEt),
5 mol % Me,AlCl
25°C

165 (66%)

cat. Pd°®

R! + RZNH,
(Sonogashira
R! coupling)
cat. Cp,TiMe,

(amine addition)

R! reduction Rr!
Ar -— Ar/\ﬂ/
H, - addition
nprz 0 ) NR?

Scheme 21. Highly flexible synthesis of (2-arylethyl)amine derivat-
ives from aryl halides, terminal alkynes, and primary amines

place regioselectively in the 2-position, gives access to an o-
arylketimine. A final reduction of the formed imine
(NaBH;CN/ZnCl,-Et,0) results in the formation of the de-
sired (2-arylethyl)amine derivative. From a mathematical
point of view, 20 aryl halides, 20 terminal alkynes, and 20
primary amines can be converted into 8000 different (2-ary-
lethyl)amine derivatives by the described synthetic ap-
proach. However, Scheme 22 shows only selected examples
of (2-arylethyl)amine derivatives synthesized by the de-
scribed strategy. The yields represent overall yields based
on the employed aryl halide.

Summary and Outlook

The results mentioned in this review clearly indicate that,
today, group-IV metal complexes bearing two labile ligands
must be regarded as very efficient hydroamination catalysts.
For corresponding reactions employing alkynes and allenes,
imidozirconium and -titanium complexes, which undergo
carbon—nitrogen bond forming [2+2] cycloadditions with
C—C multiple bonds, are thought to be the catalytically act-
ive species. While zirconocene-based complexes only cata-
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OMe
@fgj
=
N
166 (71%) 167 (67%)

168 (37%) 169 (38%)

170 (28%)

Ph

171 (75%)

Scheme 22. Selected examples of already synthesized (2-arylethyl)-
amine derivatives

lyze addition reactions of 2,6-dimethylaniline to alkynes
and allenes, titanium complexes were found to be more gen-
eral catalysts. Up to now, a variety of titanium complexes
for inter- and intramolecular hydroamination reactions of
alkynes and allenes employing primary amines and hydra-
zines have been identified. However, the catalytic activities
of the titanium complexes strongly depend on the proper-
ties of the employed substrates. Fortunately, [Cp,TiMe,]
and closely related catalysts such as 87, 118, 123, and 127
seem to be quite general catalysts for the hydroamination
of alkynes and allenes, which have already been applied for
the synthesis of biologically relevant molecules.

Despite the great progress made in the rapidly growing
field of group-IV metal complex catalyzed hydroamination
of alkynes and allenes, corresponding reactions employing
alkenes remain to be developed in the future.
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