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Complex CfTICl; (1; Cp®” = CsH4CH,CH;PPh) reacts with 3.0, 2.0, and 1.0 equiv of MeMgCl to
give CgTiMe; (2), Cp’TiMe,Cl (3), and CfTiMeCl, (4). In solution the P-donor substituent of the
cyclopentadienyl ligand is involved in a coordinatiedissociation equilibrium AH® = 7.7 + 0.1
kcaktmol ! andAS> = 36.94 0.4 catmol*-K~* for 2, AH®° = 6.0+ 0.2 kcatmol™* andAS’ = 22.3+
0.6 catmol *-K~* for 3, andAH® = 6.1 & 0.2 kcatmol™* andAS’ = 24.4 4 1 catmol 1-K~* for 4).

The reaction ofl with 3.0 equiv of PhCBEMgCI affords CETi(CH,Ph) (5), containing a free phosphine
pendant group between90 and 20°C. In contrast tb, the PPh group of{(2,6/Pr,CsH3s)NH} Cp°Ti-
{=N(2,64Pr,C¢H3)} (7), which is formed from the reaction & with 2,6-diisopropylaniline, remains
coordinated to the titanium atom between 60 afD °C. Complex2 is an efficient catalyst precursor

for the regioselective hydroamination of aliphatic (1-octyne and cyclohexylacetylene) and aromatic
(phenylacetylene and 1-phenylpropyne) alkynes with aromatic (2,6-dimethylaniline and 2,6-diisopropyl-
aniline) and aliphatictért-butylamine, dodecylamine, and cyclohexylamine) amines. The reactions give
imines or imine-enamine mixtures, which are reduced to the corresponding secondary amines. The
Markovnikov or anti-Markovnikov nature of the obtained products depends on the aliphatic or aromatic
character of both the alkyne and the amine. Markovnikov products with regioselectivities of 100% are
formed from the reactions between aliphatic alkynes and aromatic amines, while anti-Markovnikov
derivatives with regioselectivies of 100% are obtained from the reactions of aromatic alkynes with all
the studied amines and from the reactions of the aliphatic alkynegeavithutylamine and dodecylamine.

The reaction of 1-octyne and cyclohexylacetylene with cyclohexylamine gives mixtures of both types of
products. Some considerations about the mechanism of the catalysis are also presented.

half-sandwich titanium examples previously reported are the
) o ] trichloro derivatives CRTiCl; (Cp® = CsH4CH,CH,PPh)® and
The search for the highest selectivity in the organic trans- (CsH4CMePHBU)TICIs? and the trialkoxide CPTi(OBuU)s.
formations mediated by transition metal complexes is one of * Tyansition metal complexes with cyclopentadienyl ligands
the driving forces of modern organometaliic chemistry. bearing two-electron-donor substituents are an option with a
Half-sandwich titanium complexes with constrained geom- promising future for some reactions. Their potential stems from
etry, including phosphido derivativéshave received great the reversible coordination of the pendant function, which
attention as a consequence of their catalytic properties, in stapilizes highly reactive electrophilic metal centers until the
particular for olefin polymerizatiof.In contrast, complexes  gypstrate coordinatich.
containing a cyclopentadienyl ligand W|th_atwo-ele_ctron-donor As a part of our work on transition metal complexes con-
pendant group have been scarcely studigtiose with a PR taining a cyclopentadienyl ligand with a pendant donor grbup,
function are particularly rarAs far as we know, the unique  \ye have recently reported that complexe' T30 (CpN =
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C5H4CH2CH2NM€2) and C[?TiC|311 (Cpo = CsH4CH,CH,-
OMe) react with 1.0, 2.0, and 3.0 equiv of MeMgClI to afford
the mono-, di-, and trimethyl derivatives €fiMeCl, and Cf¥- nation of various internal alkynes by using£ZMe, and Ind-
TiMeCl,, Cp\TiMe,Cl and C¥TiMe,Cl, and Cp'TiMe; and TiMe».15 Odom and co-workers have demonstrated that titanium
CpPTiMeg, respectively. The trimethyl compounds are efficient amido complexes, such as Ti(NWg and Ti(NMe)(dpma)
catalyst precursors for the regioselective anti-Markovnikov (dpma= di(pyrrolyl-o-methyl)methylamine), are effective pre-
hydroamination of nonsymmetrically substituted aromatic alkynes catalysts for the hydroamination of terminal alkynes to form
with aliphatic and aromatic amines. The pendant group of the Markovnikov iminest®
precursors affects significantly their catalytic properties as  As a part of our effort to develop effective methods of i&
compared to those of the parent compound CpTiMehich bond formatiort®1118we have recently studied the catalytic
contains an unsubstituted cyclopentadienyl ligand. Thus, while activity of the novel (2-diphenylphosphinoethyl)cyclopenta-
the amine derivative is less efficient than CpTiMieall cases? dienyltitanium complex CpTiMes in the intermolecular hydro-
the presence of the ether substituent in the cyclopentadienylamination of alkynes. This paper reports (i) the sequential
ligand increases the activity of the system for the hydroamination methylation of CBTiCls until CpPTiMes, the thermodynamic
reactions with cyclohexylamine and 2,6-dimethylanilthe. parameters for the intramolecular dissociatimoordination
Within the transition-metal-catalyzed hydroaminatiéfisn- equilibria of the pendant phosphine group of the resulting methyl
portant progress in the intermolecular hydroamination of alkynes derivatives, and their comparison with those of th&Tie,Cla—y
with titanium complexes has been reported by the groups of and CPTiMe.Cls—x (x = 1—3) counterparts; (ii) the hydroami-
Beller® Bergmant* Doye;'> Odom?6 and others’ Beller and nation of unsymmetrical aliphatic alkynes in the presence of
co-workers have found that, among others, titanoeenalkyne CpPTiMes and its comparison with the hydroamination catalyzed
complexes of the type Gpi(r>-MesSiC;R) catalyze the anti- by CpTiMey; (iii) the hydroamination of unsymmetrical aromatic
Markovnikov hydroamination of aliphatic alkynes and phenyl- alkynes in the presence of EfiMes and its comparison with
acetylené? Bergman'’s group has developed Cp(ArNHyNAr the hydroaminations catalyzed by @pMe; and CpTiMe; and
(iv) some considerations about the mechanism of the hydroami-
nation of alkynes catalyzed by half-sandwich titanium com-
plexes, containing cyclopentadienyl ligands with a two-electron-
donor ligand, which relate the coordination ability of the pendant

for the reaction of diphenylacetylene and 2,6-dimethyl-
aniline* Doye and co-workers have described the hydroami-
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donor group and the activity of the systems.

Results and Discussion

1. Methylation of CpPTiCl3: Formation and Character-
ization of CpPTiMe 3 and Related CompoundsTreatment at
—40 °C of a diethyl ether solution of C@iCls (1) with 3.0
equiv of MeMgCl in tetrahydrofuran gives rise to the trimethyl
derivative CpTiMes (2), as a result of the replacement of the
three chloride ligands of the starting compound by methyl
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Figure 1. Temperature-dependefi? NMR of complexe®, 3, 4, 5, and7 in C;Ds. (®) Denotes the measured chemical shifts.

groups. Complex is isolated as an analytically pure orange
oil in 48% yield. Under the same conditions, the addition of
2.0 equiv of MeMgClI tol produces the selective substitution
of two chloride ligands, to form the dimethyl derivative €p
TiMe,Cl (3), which is isolated as an analytically pure red oil in
44% vyield. Treatment ol with 1.0 equiv of MeMgCl yields
the monomethyl species €fiMeCl; (4), as a consequence of
the selective substitution of one of the chloride ligand4 b/

a methyl group. CompleA is isolated as an orange solid in

andAS = 24.4+ 1 catmol~1-K~1 for 4. The positive values
of AS* are in agreement with the free character of the pendant
group in the six-coordinate isomelns whereas the low values
of AH° indicate weak T+P bonds in the seven-coordinate
isomersa.

According to the values cAH° andAS’ calculated foR—4,
the molar fractions of hexacoordinate folnat 20°C in toluene-
ds are about 1.02) and between 0.7 and 0.8 &nd4). These
values are similar to those of €piMe,Clz—x (x = 1—3) and

31% yield. These methyl compounds are notable because theysignificantly higher than those found for &piMe,Clsz—x (about

are the first half-sandwich alkyltitanium complexes stabilized by

a cyclopentadienyl ligand containing a phosphine pendant group.

In solution the pendant P-donor substituent of the cyclo-
pentadienyl ligand of2—4 is involved in a coordination

0.8 and between 0.3 and 0.4). Their comparison reveals that
the affinity of the amine group of the ligand (2-dimethylamino-
ethyl)cyclopentadienyl toward titanium(lV) is notably higher
than those of the pendant groups of the ligands (2-methoxy-

dissociation process. This is strongly supported by the phosphineethyl)cyclopentadienyl and (2-diphenylphosphinoethyl)cyclo-

chemical shifts in the3'P{IH} NMR spectra, which are
temperature dependent (Figure 1). In toluelgethe chemical
shift of the singlet due to the phosphine group2o€hanges
from —15.4 ppm at 20C to 9.2 ppm at-90 °C (AJ(?'P) =
24.6). In the same temperature range, the valuesi¢t'P) for
3 and4 are 27.9 and 42.8 ppm, respectively.

For the coordinatiorrdissociation processes shown in Figure
1, the equilibrium constants between 20 an@0 °C were
determined according to eq'd.

_ [b] _ 6max_ éT

== (1)
[a] 6T - 6min
The temperature dependence of the equilibrium gives the val-
ues AH° = 7.7 + 0.1 kcatmol™! and AS’ = 36.9 + 0.4
calmol~1-K~1for 2, AH° = 6.0 £+ 0.2 kcatmol~! andAS =
22.3+ 0.6 catmol~1-K 1 for 3, andAH° = 6.1+ 0.2 kcatmol=

(19) Dalling, D. K.; Zilm, K. W.; Grant, D. M.; Heeschen, W. A.; Horton,
W. J.; Pugmire, R. 1J. Am. Chem. S0d.981 103 4817.

pentadienyl.

For the three cyclopentadienyl ligands the molar fraction of
hexacoordinate fornb increases as the chlorine atoms at the
metal center are replaced by methyl groups. Although electronic
factors are certainly determinant, this suggests that the steric
hindrance experienced by the pendant group and the monoden-
tate ligands at the metal also has a significant contribution to
the destabilization of the bond between the titanium atom and
the pendant donor group. In fact, the treatmenl @i diethyl
ether with 3.0 equiv of PhCH#gClI (bulkier than CH) affords
the six-coordinate complex €pi(CH,Ph) (5), containing a free
phosphine pendant group betwee®0 and 20°C. This complex
is isolated as an analytically pure red oil in 62% vyield.

The free character of the phosphine substituent of the
cyclopentadienyl ligand is strongly supported by the chemical
shift of the singlet observed in tiFéP{H} NMR spectrum of
5 in toluenedg at —90 °C (6, —17.2), which is similar to that
previously reported for (2-diphenylphosphinoethyl)(trimethylsilyl)-
cyclopentadiene &, —14.2f2 and not very sensitive to the
temperature (Figure 1).
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Scheme 1 Scheme 2
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R= n-CoHys, Cy >— Scheme 3
R' R J—

R = Me, Pr R———H
. _ . Cp*TiMe;, ON\>_ /NO
2. Hydroamination of Terminal Aliphatic Alkynes. Com- * - R * /_/
plex 2 and the parent compound CpTiygs), which contains R
an unsubstituted cyclopentadienyl ligand, are very efficient cata- <:>_N"'2
lyst precursors for the addition of one of the-N bonds of
aromatic and aliphatic primary amines to the carboarbon p-TsOH
triple bond of alkynes such as 1-octyne and cyclohexylacetylene.
The reactions were performed in toluene at 1) using
5 mol % of catalyst precursor and stoichiometric amounts of Cp*=CpP, Cp ONH HN—<:>
alkyne and amine. In contrast to metallocene precurSor >— +
under the used conditions, the loss of alkyne as a consequence ~ R= m-CeHia Cy R R
of dimerization or polymerization side-reactions does not take of the half-sandwich precursor. Both compourtdand 6 are
place. much more efficient for the reactions witbrt-butylamine than
As can be seen in Table 1, both alkynes react with aromatic for those with dodecylamine. Thus, while with the first of them
amines, such as 2,6-dimethylaniline and 2,6-diisopropylaniline, (entries 9, 10, 13, and 14) the quantitative transformation of the
to give enamine-imine mixtures resulting from regioselective  alkynes into the corresponding imines occurs within short times
Markovnikov couplings. The mixtures were transformed in (0.25-0.5 h), with the latter (entries 11, 12, 15, and 16) con-
quantitative yield into the corresponding secondary amines, by versions lower than 50% are achieved in all the cases after 24 h.
reduction with NaCNBH/p-TSOH in tetrahydrofuran at room Cyclohexylamine also reacts with 1-octyne (entries 17 and 18)
temperature (Scheme 1). and cyclohexylacetylene (entries 19 and 20) to give selectively
For the reactions shown in Scheme 1, the presence of aimines. However, in this case, although the formation of the
2-diphenylphosphinoethyl substituent at the cyclopentadienyl anti-Markovnikov products is favored, the regioselectivity of
ligand certainly increases the efficiency of the half-sandwich the addition is much lower than in the previous cases, and
titanium precursor. This is clearly evident when the results of mixtures of the Markovnikov and anti-Markovnikov products
the hydroamination in the presence2aire compared with those  are formed, which were also transformed into the corresponding
in the presence d (Table 1). With the first precursor (entries  secondary amines by reduction with NaCN@HTsOH (Scheme
1, 3, 5, and 7) the quantitative conversion of the alkynes into 3). For these reactions, the 2-diphenylphosphinoethyl susbtituent
the hydroamination products occurs within a short time (8.75 does not exercise a significant influence either on the activity
1.5 h), while with6 as a catalyst precursor (entries 2, 4, 6, and of the precursor or on the regioselectivity of the hydroamination.
8) high conversions are achieved only after longer times (6 3. Hydroamination of Aromatic Alkynes. The trimethyl
24 h). From the regioselectivity point of view, the quantitative complex2 is also an efficient catalyst precursor for the addition
transformation of the alkynes into Markovnikov products is also of one of the N-H bonds of 2,6-dimethylaniline, 2,6-diiso-
remarkable. In this context, it should be mentioned that for the propylaniline,tert-butylamine, cyclohexylamine, and dodecyl-
reaction of l-octyne and 2,6-dimethylaniline both catalyst amine to the carboncarbon triple bond of alkynes such as
precursors are even more regioselective than the metallocenephenylacetylene and 1-phenylpropyne (Table 2). In all the cases,
CpeTi(72-MesSiC,SiMes) and CFiLTi(172-MesSiC,SiMes). 13f the reactions lead to enamininine mixtures resulting from
In contrast to the anilinesert-butylamine and dodecylamine  the regioselective anti-Markovnikov couplings. The mixtures
selectively give the imines resulting from regioselective anti- were transformed in quantitative yield into the corresponding
Markovnikov couplings (Scheme 2). This surprising change of secondary amines, by reduction with molecular hydrogen in the
regioselectivity by changing the nature of the substituent of the presence of Pt9(Scheme 4).
amine has been also observed by Beller usingT€¢p2-Mes- It should be noted that, unlike 1-octyne and cyclohexylacetyl-
SiC,SiMes)13fand Doye using IndliMe,.2¢ However, it should ene, the products resulting from phenylacetylene and 1-phenyl-
be noted that in our case the regioselectivity is 100%. Like the propyne are always anti-Markovnikov. In addition, it should
enamine-imine mixtures shown in Scheme 1, the imines also be pointed out that the regioselectivity of the addition is
resulting from aliphatic amines were transformed in quantitative 100% for all studied reactions. This is in contrast to that
yield into the corresponding secondary amines, by treatmentobserved by Doye and co-workers, using the bis(indenyl)
with NaCNBHy/p-TsOH in tetrahydrofuran at room temperature. derivative IndTiMe; as catalyst precursor. They have found
Also in contrast to the reactions with anilines, for the reactions that the regioselectivity of the reactions is influenced by the
shown in Scheme 2, the 2-diphenylphosphinoethyl substituent nature of the substituent of the aromatic alkyne and the bulkiness
does not appear to exercise a significant influence on the activity of the primary aminé®k

NaCNBH,
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Table 1. Hydroamination of Terminal Aliphatic Alkynes 2

Anti-
Conv." Markovnikov® Markovnikov*

Entry Catalyst Alkyne Amine t (h) NHR’

RN NR’
) = =
R R R

1 2 CeHyg—=—H QNHZ 075 100 40 60 0
2 6 -CeHig—=—H QNHZ 6 100 0 100 0
3 2 -CeHya—=—H CgNH2 L5100 75 25 0
8 54
4 6 nCeHig—="H C%NHZ 2475 55 45 0
5 2 (= QNHZ i 100 0 100 0
_ 8 95
6 6 O=+ QNHz 24100 0 100 0
7 2 =+ nguz 1 100 100 0 0
_ 8 80
8 6 O= NH: 24100 76 2 0
9 2 T— e, 0.5 100 0 0 100
10 6 n-CgHiz——=—H +NH2 0.25 100 0 0 100
. ) _ 8 10
nCeHiy—="H  CHu(CHuNH; 54 20 0 0 100
12 6 = g 19
n-CgHiz——=——H CH3(CHy)14NH, 24 24 0 0 100
13 2 e, 0.5 100 0 0 100

8 12

(=

14 6 (= —|~NH2 025 100 0 0 100
(=
=

15 2 CH,(CH,)141NH, 24 23 0 0 100
16 6 CH3(CH)11NH, 284 ig 0 0 100
17 2 n-CeHiz—=—H (O, 284 17050 0 16 84
18 6 n-CeHiz—=—H O_NH2 284 15()60 0 14 86

_ 8 47
19 2 O= O, 24 68 0 25 75
_ 8 35
20 6 (O=+ O 24 55 0 5 95

aReaction conditions: alkyne (2.40 mmol), amine (2.64 mnmet)ctane (2.40 mmol), catalyst (0.12 mmol, 5 mol %), toluene (2.0 mL) @06 Determined
by GC.c¢ Determined by*H NMR spectroscopy at the end of the reaction.

In terms of efficiency, compleX is comparable with the  viously reported catalyst precursors. For some reactions, it has
(2-methoxyethyl)cyclopentadienyl derivative @pMes, within even been shown to be more efficient than,lfiMe,, which
the half-sandwich titanium family, the most efficient of the pre- has been regarded as a “general catalifst”.
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Scheme 4 It is generally assumed that under the catalytic conditions
NHR the metallocene precursors afford the half-sandwich catalytically
Ph/=<R, active amide-imido §pecies (R\IH)(n5-C5R5)Ti(=!\IR'), whif:h
Ph—=-R" . prive H NHR add th_e alkyne to give azar_n_etallacyclobutene |nte_rmed|ates by
+ = o+ Té' — reversible [2+ 2] cycloaddition between the-€C triple and
R-NH; NR Z Ph R Ti—N double bonds. The protonation of the heterometallacycle
Ph/_/<R, by action of the amine, followed by am-elimination reaction
in the resulting intermediates, leads to the hydroamination
R = 2,6-Me,CqHa, 2,6-Pr,CeHs, tert-butyl, Dodecyl, Cy productst?ad.13:.15d.i k1,20
R’ = H. Me We have recently reported the preparation, spectroscopic char-
acterization between 60 areb0 °C, and the X-ray structure of
Table 2. Hydroamination of Aromatic Alkynes? the amide-imido complex{ (2,6 :Pr,CsH3)NH} CONTi{=N(2,6-
Entry Alkyne Amine () Cfnf‘ Er}ar'rlince: iPrzceHs)},_ co_ntaining a coorc_iinated p_endant dimethylamir_lo
(%) imine group, which in solution remains coordinated. In contrast with
the assumed catalytic cycle, this compound is completely inac-
! Ph—=—H QNHZ ! 100 68:32 tive for the hydroamination reactions with 2,6-diisopropylaniline,
despite that the related trimethyl derivative \TfMe;z is an
5 Ph— 1 C%NHz 5 100 8218 efficient catalyst precursor and that its reaction with 2,6-
diisopropylaniline also affords the amigiamido complex. To
rationalize these results, we suggested that the alkyne plays a
3 Ph——H —|-NH2 0.5 100 56 : 44 main role in the generation process of the catalytically active
species in the reactions initiated by \JpMes.10
4 Ph— 1 CHy(CHy, NH 8 14 Acc;ording to the aSSL_Jmed meghanism, for th(_e acti_va_tion of
SRR 24 25 43:57 {(2,64PrCgH3)NH} CpNTi{=N(2,6{Pr,CgH3)} the dissociation
5 . <:>_NH2 3 38 8; ttr};i pze:gflz;nt arlnirr:o grﬁup is necessary, anq sin.ce the affinity
24 83 3763 phenylphosphino unit toward the titanium atom is
lower than that of the 2-dimethylamino group, we decided to
6  Ph—=—Me QNHZ 2100 84:16 prepare( (2,69Pr,CeHa)NH} CpPTi{ =N(2,6Pr.CsH3)} (7) and
investigate its role in the hydroamination reactions initiated by
the trimethyl CBTiMes precursor, with the intention of finding
7 Ph——Me CgNHz 4 100 18: 82 some explanation to our results, from the point of view of the
assumed mechanism. The presence of a phosphine group in the
system certainly should facilitate the study.
8  Ph—=—Me —i‘NHz 05 100 14:86 The addition of 2.0 equiv of 2,6-diisopropylaniline to an NMR
tube containing a toluends solution of 2 gives rise to the
9 Ph—==—Me  CHy(CHy);;NH, 284 2 quantitative formation o¥, acoording to eq 2.

a Reaction conditions: alkyne (2.40 mmol), amine (2.64 mnmetctane //(Ti -—P » (2
(2.40 mmol), CBTiMes (0.12 mmol, 5 mol %), toluene (2.0 mL), 10C. N\ \’Ph

b Determined by GC¢ Determined byH NMR spectroscopy at the end of N Ph
the reaction.

N
\
H

_ 8 75
10 e=-we (OM 5 g 4.7 2@"‘”2 @3
2 — < E

The results shown in Table 2 indicate that the yield of the ;

reactions is influenced mainly by the nature of the amine. Within
the reactions with aromatic amines, it is observed that the |, agreement with the presence of an amido ligand, its
quantitative transformation of the alkynes occurs with 2,6- 14 NMR spectrum contains a NH resonance at 9.34 ppm. The
dimethylaniline faster than with 2,6-diisopropylaniline; that is, isopropyl substituents of the aromatic rings of the amido and
for aromatic amines, the bulkiness of their substituents hinders jmijqo ligands display multiplets at 4.14 and 3.71 ppm and four
the reaction. In the opposite direction, the bulkier aliphatic qoublets 0w = 6.9 Hz) between 1.20 and 1.09 ppm for the
amines give rise to higher conversions. Thus, for both alkynes, gight diasterotopic methyl group. This spectrum, as well as the
the conversions decrease in the sequetecebutylamine > 13C{1H} and 3'P{1H} NMR spectra, which are temperature
cyclohexylamine> dodecylamine. invariant between 60 ane-60 °C, reveals that the pendant

4. Comments about the Role of the Pendant Substituent  phosphine group of the (2-diphenylphosphinoethyl)cyclo-
during the Catalysis. The first clear fact from our previous pentadienyl ligand does not dissociate in solution, in agreement
results and those reported here is that the X group has a markedvith that observed for the related (2-dimethylaminoethyl)-
influence on the efficiency of the CpiMes (X = CH,CH,- cyclopentadieny! derivativg(2,6{Pr,CsHz)NH} CONTi{=N(2,6-
NMe,, H, CH,CH,OMe, CHCH,PPh) catalyst precursors for ~ 'PrCgH3)}. Thus, due to the chirality of the titanium atom, the
the hydroamination reactions of terminal alkynes. The efficiency 'H NMR spectrum also shows an ABCD spin system for the
increases as the affinity of the donor group of the cyclopenta- methylene resonances. It appears between 2.60 and 2.44 ppm,
dienyl pendant substituent toward the titanium atom decreaseswhereas the resonances corresponding to the cyclopentadienyl
i.e., in the sequence NMe< OMe ~ PPh. Thus, while complex protons, which also display an ABCD spin system, are observed
Cp'TiMe; is less efficient thar6, Cg°TiMe; and 2 are more between 6.39 and 5.42 ppm. In th&{H} NMR spectrum,
efficient than6. the most noticeable fact is that the values of th&Jgs, coupling
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Scheme 5
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constants, 284, 131.2) and 304, 131.1) Hz, exceed those of
the P—Corho cOupling constants, 13)(133.6 and 133.5) Hz, in
the phosphine-phenyl resonances, while for compounds pos-
sessing a noncoordinated PICH,CH, moiety an inverse
relationship is observe®: The coordinated character of the

To corroborate the reasoning, we carried out in a NMR tube
the hydroamination of 1-octyne with 2,6-diisopropylaniline using
2 as a catalyst precursor. As expected, #{'H} NMR
spectrum of the mixture shows two singlets in a 1:2 molar ratio.
That of intensity 1 appears at 22.1 ppm, the chemical shift found

phosphine substituent of the cyclopentadienyl ligand is also for 7, while the other one, of intensity 2, is observed-t6.4
strongly supported by the chemical shift of the singlet observed ppm, a chemical shift typical for a free 2-diphenylphosphino-

in the 31P{1H} NMR spectrum, 21.9 ppm. Moreover, it is not
very sensitive to the temperature (Figure 1).

The behavior of is in total agreement with that of the related
amino derivative (2,6/PrLCeHz)NH} CONTi{ =N(2,6Pr,CsH3)} .
Complex 7 does not react with 2,6-diisopropylaniline or
1-octyne. Furthermore, it is completely inactive for the hydro-
amination reactions with 2,6-diisopropylaniline. Again, the facts
indicate that amideimido species of the type (RNH)Cbi-
(=NR) do not play any active role in the intermolecular hydro-
amination of alkynes initiated by GpiMes (X = CH,CH,-
NMe,, CH,CH,OMe, CH.CH,PPh) precursors.

The systematic study of the €piL,, systems in the solid

ethyl pendant substituent (see Figure 1).

In addition to a [2+ 2] cycloaddition between the-€C triple
bond of the alkyne and the FN double bond of an imido
intermediate’! two approaches can be used to effect the
hydroamination: (i) insertion of the ©C triple bond of the
alkyne into Ti-H or Ti—NHR bonds'2a.d.20.223n( (ii) nucleo-
philic attack of the amine to a coordinajé-alkynel22.d.20The
insertion of a coordinated alkyne into ai or Ti—NHR bond
should produce the diminution of the coordination number
around the titanium atom in one unit, which should favor the
coordination of the pendant donor group, resulting in the
deactivation of the system. So, the nucleophilic addition of the

state and in solution proves that the stability of the bond betweenamine to a coordinatg?-alkyne seems to be the most reasonable
the titanium atom and the pendant donor group is higher for proposal.
six-coordinate derivatives than for seven-coordinate compounds. Scheme 5 shows a catalytic cycle for the intermolecular
So, since the pendant group seems to be dissociated during théaydroamination of alkynes, which is consistent with our experi-
hydroamination reactions, it appears reasonable to think thatmental observations and takes into account the previous consid-
the catalytically active species are six-coordinate complexes erations. The nucleophilic attack of the amine to a coordinated
containing a free pendant donor group. Thus, one should expect;?-alkyne of a half-sandwich six-coordinate species containing
that under the catalytic conditions the inactive six-coordinate a free pendant donor substituent at the cyclopentadienyl ring
amido-imido species (RNH)CHTi(=NR), with the X group and both substrates, the amine as amido and the alkyne forming
coordinated to the metal center, coexist with active six- a metallacyclopropene, should lead to azonitmetallacyclo-
coordinate intermediates containing a dissociated pendant donopropene intermediates. The 1,3-hydrogen shift from the nitrogen
group. The concentration of the latter should increase as the
affinity of the pendant donor group toward the titanium atom

. : . - 1992 114, 1708.
decreases, in agreement with the increase of the efficiency of ™ 21) straub, T.; Haskel, A.; Neyroud, T. G.: Kapon, M.; Botoshansky,
the precursor as the affinity of its pendant donor group decreasesM.; Eisen, M. S. Organometallics2001, 20, 5017.

(20) Walsh, P. J.; Baranger, A. M.; Bergman, R.JGAm. Chem. Soc.
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atom to the C(sf) of the metallacycle, promoted by free amine,
should afford coordinated enamines. In this context, it should
be mentioned that the addition of electrophiles to the&bon
atom of early transition metal alkylidene complexes is a well-
known proces$3 The enamine could be replaced by an alkyne
molecule to regenerate the active species.
Metallacyclopropene complexes with a metaérbon double

Buil et al.

compounds are reached. The comparison of the thermodynamic
parameters of these equilibria with those of the system$ Cp
TiMe,Cls_y and CPPTiMe,Cls_y (CpN = CsH4CH,CH:NMey,

Cp° = CsH4CH,CH,OMe, x = 1-3) reveals that the affinity

of the donor group of the cyclopentadienyl substituent toward
the titanium atom decreases in the sequence NM©Me >

PPh. In contrast to these alkyl compounds, the pendant donor

bond, as those shown in Scheme 5, are considered importangroup of the amide-imido complex{(2,6:Pr,CsHz)NH} CpP-

intermediates in several catalytic reactions including alkyne
oligomerizatior?4 alkyne cyclizatior?® and hydrodesulfuriza-
tion.26 They have been isolated mainly with early transition
metal2” and a few with 8 group elemem&With some excep-
tion, their formation generally involves the external nucleo-
philic attack on coordinated alkyne ligantsTheoretical calcu-

Ti{=N(2,69Pr,C¢H3)}, which is formed by reaction of Cp
TiMes with 2,6-diisopropylaniline, remains coordinated in
solution between 60 ang60 °C.

The trimethyl derivative CpTiMe;z is an efficient catalyst
precursor for the regioselective hydroamination of aliphatic (1-
octyne and cyclohexylacetylene) and aromatic (phenylacetylene

lations show that their structure is stabilized by the presence of and 1-phenylpropyne) alkynes with aromatic (2,6-dimethylani-

an aromatic substituent at the C{satom. The stabilization
already operative for alkyl substitution through hyperconjugation
of the alkyl group is magnified for a phenyl group, where con-
jugation with a truer-system is possibl&é The participation

of this type of intermediates in the intermolecular hydroami-
nation of C-C triple bonds is certainly consistent with the fact
that aromatic alkynes always selectively give anti-Markovnikov
products.

Concluding Remarks

line and 2,6-diisopropylaniline) and aliphatielt-butylamine,
dodecylamine, and cyclohexylamine) amines. The Markovnikov
or anti-Markovnikov nature of the obtained products depends
on the aliphatic or aromatic character of both the alkyne and
the amine. Markovnikov products with regioselectivities of
100% are formed from the reactions between aliphatic alkynes
and aromatic amines, while anti-Markovnikov derivatives with
regioselectivities of 100% are obtained from the reactions of
aromatic alkynes with all the studied amines and from the
reactions of the aliphatic alkynes wittert-butylamine and
dodecylamine. The reaction of 1-octyne and cyclohexylacetylene

This study shows the preparation and spectroscopic characith cyclohexylamine gives mixtures of both types of products.

terization of the first half-sandwich alkyktitanium complexes
stabilized by a cyclopentadienyl ligand bearing a phosphine
pendant group, as well as the catalytic properties of th&Cp
(Cp° = CsH4CH,CH,PPh) moiety in the hydroamination of
aliphatic and aromatic alkynes with aromatic and aliphatic
amines.

The previously reported complex €fCls reacts with 1.0,
2.0, and 3.0 equiv of MeMgClI to afford the mono-, di-, and
trimethyl derivatives CpriMeCl,, Cg°TiMe,Cl, and CfTiMes,

The comparison of these results with those previously
reported for CiTiMez and CPTiMes shows that the efficiency
of this type of precursors increases as the affinity of the donor
pendant group of the cyclopentadienyl ligand toward the
titanium atom decreases, i.e., in the sequence NMOMe ~
PPh. Since the imido-amido complexg€2,61PrLCgHz)NH} CpX-
Ti{=N(2,6{Pr,CgH3)} (Cp* = CpN, Cp") are completely inac-
tive for the hydroamination reactions with 2,6-diisopropylaniline,
this sequence suggests that during the catalysis the pendant

respectively. In solution, the pendant P-donor substituent of the gonor group is not coordinated to the titanium atom.

cyclopentadienyl ligand is involved in a coordinatiedissocia-

tion process, and equilibria between six- and seven-coordinate

(22) (a) Li, Y.; Marks, T. JJ. Am. Chem. Sod998 120 1757. (b)
Ryu, J.-S.; Li, G. Y.; Marks, T. 1. Am. Chem. So€003 125 12584. (c)
Hong, S.; Marks, T. JAcc. Chem. Re004 37, 673.

(23) (a) Schrock, R. RJ. Chem. Soc., Dalton Tran2001, 2541. (b)
Schrock, R. RChem. Re. 2002 102, 145.

(24) Carlton, L.; Davidson, J. L.; Ewing, P.; Manojléviduir, L.; Muir,
K. W. J. Chem. Soc., Chem. Commad®85 1474.

(25) Davidson, J. L.; Vasapollo, G.; Manojldviuir, L.; Muir, K. W.
J. Chem. Soc., Chem. Commu®82 1025.

(26) Spera, M. L.; Harman, W. OJ. Am. Chem. S0d.997, 119, 8843.

(27) See for example: (a) Carfagna, C.; Deeth, R. J.; Green, M.; Mahon,
M. F.; Mclnnes, J. M.; Pellegrini, S.; Woolhouse, C. B.Chem. Soc.,
Dalton Trans.1995 3975. (b) Kiplinger, J. L.; King, M. A.; Fechterikier,
A.; Arif, A. M.; Richmond, T. G. Organometallics1996 15, 5292. (c)
Kiplinger, J. L.; Richmond, T. G.; Arif, A. M.; Daker-Benfer, C.; van
Eldik, R. Organometallics1996 15, 1545. (d) Kiplinger, J. L.; Richmond,
T. G. Polyhedron1997, 16, 409. (e) Casey, C. P.; Brady, J. Organo-
metallics 1998 17, 4620. (f) Casey, C. P.; Brady, J. T.; Boller, T. M.;
Weinhold, F.; Hayashi, R. KJ. Am. Chem. Sod 998 120, 12500. (g)
Legzdins, P.; Lumb, S. A.; Rettig, S. @rganometallics1999 18, 3128.
(h) Debad, J. D.; Legzdins, P.; Lumb, S. A.; Rettig, S. J.; Batchelor, R. J.;
Einstein, F. W. B.Organometallics1999 18, 3414. (i) Frohnapfel, D. S.;
Enriquez, A. E.; Templeton, J. LOrganometallics200Q 19, 221. (j)
Guillemot, G.; Solari, E.; Scopelliti, R.; Floriani, @Qrganometallic2001,
20, 2446.

(28) (a) Chen, H.; Harman, W. OJ. Am. Chem. S0d.996 118 5672.
(b) Buil, M. L.; Eisenstein, O.; Esteruelas, M. A.; GaeYebra, C,;
Gutierrez-Puebla, E.; Oliva, M.; Ofate, E.; Ruiz, N.; Tajada, M. A.
Organometallics1999 18, 4949. (c) Buil, M. L.; Esteruelas, M. A.; Gdeci
Yebra, C.; Gutieez-Puebla, E.; Oliva M. Organometallic00Q 19, 2184.
(d) Barrio, P.; Esteruelas, M. A.;@ie, E.Organometallic2003 22, 2472.

(29) Templeton, J. LAdv. Organomet. Chenil989 29, 1.

In conclusion, complex CiIiMe; is an efficient catalyst
precursor for the hydroamination of aliphatic and aromatic
alkynes with aromatic and aliphatic amines. Markovnikov or
anti-Markovnikov products are obtained regioselectively de-
pending upon the nature of the substituents of the alkynes and
amines. According to the results of the systematic study of the
behavior of the pendant substituent of the cyclopentadienyl
ligand of complexes CiL, (X = CH,CH,NMe,, CHCH,-
OMe, CHCH,PPh), the PPk group is not coordinated to the
titanium atom during the catalysis.

Experimental Section

General Methods and Instrumentation. All reactions were
carried out under argon with rigorous exclusion of air using
Schlenk-line or drybox techniques. Solvents were dried by the usual
procedures and distilled under argon prior to use. The starting
material CBTiCl; (1) was prepared by the published metttod.
Alkynes were distilled and amines were distilled from Gaithd
stored in the drybox. All other reagents were purchased from
commercial sources and were used without further purification. The
course of the catalytic reactions was followed using a Hewlett-
Packard 5890 series gas chromatograph with a flame ionization
detector, using a 100% cross-linked methyl silicone gum column
(30 m x 0.25 mm, with 0.25m film thickness) andhr-octane as
the internal standard. The oven conditions used are as follows:
35 °C (hold 6 min) to 280°C at 25°C/min (hold 5 min). The
reaction products were identified by GC-MS and ¥ and 13C-
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{™H} NMR spectroscopies. GC-MS experiments were run on an 2.90 (s, 6H, E,Ph), 2.11-1.99 (m, 4H, CHCH,). 31P{1H} NMR

Agilent 5973 mass selective detector interfaced to an Agilent 6890 (121.42 MHz, GDg, 293 K): —15.8 (br s)3'P{1H} NMR (121.42

series gas chromatograph system. Samples were injected into a 30 nMHz, C;Dg, 183 K): —17.2 (br s).23C{H} NMR (75.42 MHz,

x 250 um HP-5MS 5% phenyl methyl siloxane column with a C;Dg, 293 K, plus APT): 6 148.6 (Guso Ph), 139.1 (d3Jcp = 14,

film thickness of 0.25um (Agilent). The GC oven temperature was ~ Cipso CsHa), 136.4 (d,3Jcp = 15, Gpso Ph), 133.2 (d2Jcp = 19,

programmed as follows: 3% for 6 min to 280°C at 25°C/min 0-Ph), 129.5 ¢-Ph), 128.5 (Ph), 128.7 (8Jcp = 7, mPh), 126.7,

for 5 min. The carrier gas was helium at a flow of 1 mL/min. 122.9 (Ph), 117.9, 116.1 £d,), 92.3 CH,Ph), 29.9 (diJcp = 15,
1H, 31P{H}, and'3C{H} NMR spectra were recorded on either CHzP), 26.5 (d2Jcp = 17, GH4CHo). _

a Varian UNITY 300, a Varian Gemini 2000, a Bruker AXR 300, Preparation of {(2,6Pr,CeH3)NH} CpPTi{=N(2,6'Pr,CeH3)}

or a Bruker Avance 300 MHz instrument. Chemical shifts (ex- (7). An orange solution o2 (200 mg, 0.54 mmol) in 10 mL of

pressed in parts per million) are referenced to residual solvent peaksfoluene was treated with 2.0 equiv of 2,6-diisopropylaniline (210

(1H, 13C{1H}) or external HPO, (31P{H}). Coupling constants], uL, 1.08 mmol) at C. Immediately gas evolution was observed.

are given in hertz. C and H analyses were carried out in a Perkin- The mixture was heated to 10C and stirred for 4 h. Then the
Elmer 2400 CHNS/O analyzer. solvent was removed under vacuum and the product was washed

Preparation of CpPTiMes (2). To a dark red suspension &f
(610 mg, 1.41 mmol) in 20 mL of diethyl ether at40 °C was
added dropwise 3.0 equiv of MeMgCI (1.40 mL, 4.24 mmol, 3 M
in tetrahydrofuran). After addition, the mixture was warmed slowly
to 20 °C and stirred for 4 h. The volatiles were removed under
reduced pressure, and the residue was extracted with pentane (3
50 mL). The solvent was removed from the resultant orange solution
under vacuum, affording an orange oil. Yield: 252 mg (48%). Anal.
Calcd for GoH,/PTi: C, 71.36; H, 7.36. Found: C, 71.85; H, 7.56.
1H NMR (300 MHz, GDg, 293 K): 6 7.39-6.98 (m, 10H, Ph),
5.81, 5.72 (both m, each 2HgK,), 2.46-2.38 (M, 2H, CH), 2.21~
2.15 (m, 2H, CH), 1.11 (s, 9H, TiMg). 31P{1H} NMR (121.42
MHz, C;Dg, 293 K): —15.4 (br s).3'P{*H} NMR (121.42 MHz,
C:Ds, 183 K): 9.2 (br s}3C{*H} NMR (75.42 MHz, GDg, 253
K): 0 137.8 (d,3Jcp= 9, Cipso C5H4), 133.1 (d,chpz 18, O-Ph),
132.5 (d,%Jcp = 14, Gpso Ph), 128.8 (d3Jcp = 7, mPh), 128.7
(p-Ph), 113.4, 112.0 (§i4), 62.0 (TiMe), 30.0 (d,%Jcp = 10,
CHzp), 26.6 (d,z\]cp = 20, Q,H4CH2)

Preparation of Cp”TiMe»Cl (3). The same procedure described
for 2 was followed, except that (566 mg, 1.31 mmol) and 2.0
equiv of MeMgClI (0.87 mL, 2.62 mmoB M in tetrahydrofuran)
were used. The product was obtained as a red oil. Yield: 226 mg
(44%). Anal. Calcd for @H.CIPTi: C, 64.53; H, 6.20. Found:
C, 65.11; H, 5.65!H NMR (300 MHz, GDg, 293 K): 6 7.39—
6.97 (m, 10H, Ph), 5.95, 5.78 (both m, each 21§}, 2.48-2.30
(m, 4H, CHCHy), 1.25 (s, 6H, TiMg). 31P{1H} NMR (121.42
MHz, C;Dg, 293 K): —15.6 (br s).31P{1H} NMR (121.42 MHz,
C;Ds, 183 K): 12.3 (br s)13C{*H} NMR (75.42 MHz, GDg, 253
K, plus APT): 6 135.9 (d,2Jcp = 8, Cpso CsHa), 134.9 (d,Xcp =
9, Gpso Ph), 133.3 (d2Jcp = 13, 0-Ph), 129.6 |¢-Ph), 128.8 (d,
3Jcp= 6,m-Ph), 116.3, 114.3 (¢E1,), 68.5 (TiMe), 30.0 (br, CHP),
24.9 (d,2Jcp = 20, GH4CHy).

Preparation of CpPTiMeCl ; (4). The same procedure described
for 2 was followed, except that (526 mg, 1.22 mmol) and 1.0
equiv of MeMgCl (0.40 mL, 1.22 mmoB M in tetrahydrofuran)

were used. The product was obtained as an orange solid. Yield:

155 mg (31%). Anal. Calcd for £H,1CI,PTi: C, 58.40; H, 5.16.
Found: C, 58.79; H, 5.02H NMR (300 MHz, GDg, 293 K): o
7.45-6.97 (m, 10H, Ph), 6.06, 5.85 (both m, each 2§}, 2.50~
2.35 (m, 4H, CHCH,), 1.68 (s, 3H, TiMe)3P{1H} NMR (121.42
MHz, C;Dg, 293 K): —14.5 (br s).3'P{*H} NMR (121.42 MHz,
C7Ds, 183 K): 28.3 (br s)*C{*H} NMR (75.42 MHz, GDg, 253
K, p|US APT)I 0 138.2 (d,?’Jcp = 8, sto C5H4), 134.9 (d,lJcp:
9, Gpso Ph), 133.9 (d2Jcp = 12, 0-Ph), 129.7 |§-Ph), 128.8 (br,
m-Ph), 119.2, 118.1 (§4), 78.5 (TiMe), 31.2 (br, CkP), 26.6 (d,
ZJCP = 20, C5H4CH2)

Preparation of CpPTi(CH,Ph); (5). The same procedure
described for2 was followed, except thdkt (616 mg, 1.43 mmol)
and 3.0 equiv of PhCHgCl (2.1 mL, 4.28 mmaql 2 M in
tetrahydrofuran) were used. The product was obtained as a red oil
Yield: 526 mg (62%). Anal. Calcd for £gH3sPTi: C, 80.24; H,
6.58. Found: C, 79.70; H, 7.15H NMR (300 MHz, GDg, 293
K): ¢ 7.32-6.70 (m, 25H, Ph), 5.54, 5.48 (both m, each 2§},

with pentane (4x 3 mL) and dried in vacuo. The product was
obtained as a red oil. In our hands it was not possible to completely
remove free 2,6-diisopropylaniline, and attempts to obtain satisfac-
tory combustion analysis were unsuccessful. Yield: 274 mg (75%).
IH NMR (300 MHz, GDg, 293 K): 6 9.34 (s, 1H, NH), 7.74

7.39 (m, 10H, Ph), 7.146.80 (m, 6H, GH3), 6.39, 6.06, 5.91, 5.42
(all m, each 1H, GH,), 4.14, 3.71 (both m, each 2H HICHs),),
2.60-2.44 (m, 4H, CHCHy), 1.20, 1.19, 1.12, 1.09 (all &uy =

6.9, each 6H, CH(H3),). 3'P{H} NMR (121.42 MHz, GDg, 293

K): 21.9 (s).3P{'H} NMR (121.42 MHz, GDg, 213 K): 24.1

(s). B8C{H} NMR (75.42 MHz, GDs, 293 K, plus APT and
HETCOR): ¢ 156.3 (d,2Jcp = 1, Gpso N), 153.7 (Gpso N), 143.1,
143.0 O-C6H3), 133.6 (d,chp = 13, O-Ph), 133.6 (d,3Jcp =17,

Cipso CsHa), 133.5 (d,2Jcp = 13, 0-Ph), 133.3, 133.0 (both dJcp

= 2, p-Ph), 131.2 (d}cp = 28, Gyso Ph), 131.1 (dNcp = 30,

Cipso Ph), 130.7 (d,s\]cp =15, m—Ph), 130.6 (d,s\](;p: 15, rn-Ph),
122.3,122.0, 120.6 (§El3), 114.3, 107.6, 106.6, 105.444,), 36.3

(d, {ecp= 23, CHP), 28.7, 27.9CH(CHs)y), 24.7, 24.2, 24.1 (CH-
(CHag),), 24.1 (GH4CHy), 23.9 (CHCH3),).

Reaction of Cg’TiMe 3 (2) with 1-Octyne and 2,6-Diisopropyl-
aniline. In an NMR tube, complex CfFiMes (2) (15 mg, 0.04
mmol) was dissolved in Dg. 1-Octyne (113:L, 0.74 mmol) and
2,6-diisopropylaniline (157uL, 0.81 mmol) were added. The
mixture was warmed at 10TC. The tube was checked B and
31P{1H} NMR spectroscopy. After 30 min, tHél NMR spectrum
showed the formation of enamine @BH,)sC(=CH,)NH-2,6Pr,-
CeHs, and the’P{*H} NMR spectrum showed two singlets at 22.1
and—16.4 ppm in a 1:2 molar ratio.

Determination of Constants and Thermodynamic Parameters
for the Equilibriums Shown in Figure 1. Variable-temperature
31P{1H} NMR spectra o2 (—90 to 20°C), 3 (—90 to 20°C), and
4 (—90 to 20°C) were recorded in toluendy: Equilibrium con-
stantsK, were derived from the temperature-dependé#f{ H})
using eq 1. Thermodynamic parameters were calculated from the
equilibrium constants according to eq 3.

_AS AW
K= "Rt

©)

Reasonable values o, anddmax Were obtained by computer-
assisted iterationdmin anddmax Were optimized in such a way that
plotting of In K versus 1T gives the straightest line possible.

General Procedure for Hydroamination. A Schlenk tube
equipped with a Teflon stopcock and a magnetic stirring bar was
charged with the alkyne (2.40 mmol), the amine (2.64 mmol),
complex2 or complex6 (0.12 mmol, 5.0% mol), toluene (2 mL),
and n-octane (2.40 mmol). The Schlenk was removed from the
glovebox and heated at 10@€. The reaction was monitored by
periodic GC analysis of samples removed with a syringe. Either
on completion of the reaction or after 24 h, the volatiles were

.removed under reduced pressure and the residue was analyzed by

IH and3C{'H} NMR spectroscopy and by GC-MS.
General Procedure for Hydrogenation.Enamines and imines
resulting from hydroamination of aromatic alkynes were hydroge-
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nated as described elsewhété! Enamines and imines resulting

Buil et al.

(CH,), 24.0 (CHCH3),), 22.8 (CH), 16.2 (CHCH3), 14.2 CHs-

from hydroamination of aliphatic alkynes were hydrogenated as CH,). MS: m/z 289 (M*), 204 (Mt — (CH3(CHy)s)).

follows: The crude hydroamination product was dissolved in THF

(2.0 mL). NaCNBH (302 mg, 4.8 mmol) angb-toluenesulfonic

Hydroamination of 1-Octyne with tert-Butylamine. CHs-
(CH3)sCH,CH=NBuU: H NMR (300 MHz, GDs, 293 K): 6 7.46

acid monohydrate (46 mg, 0.24 mmol) were added, and the mixture (t, J = 4.5, 1H, CH), 2.26-2.14 (m, 2H, G1,CH), 1.471.17 (m,
was stirred at room temperature. After 4 h, diethyl ether (4.0 mL) 10H, (CH,)sCHy), 1.15 (s, 9H, C(Ch)s), 0.86 (t,J = 5.4, 3H, CH).

and 2 N HCI (4.0 mL) were added. The mixture was stirred for 1 h 13C{H} NMR (75.42 MHz, GDs, 293 K, plus APT): § 157.1
at room temperature. The organic layer was separated, and saturate(CH), 56.3 C(CHs)z), 36.4, 31.9 (CH)), 29.7 (CCHa)3), 29.4, 29.3,

NaHCG; solution was added to the water layer until pH7 was
reached. The water layer was extracted with diethyl ethex @
mL). The combined organic layers were dried with MgsSénd

filtration, concentration, and purification by flash chromatography

on silica gel afforded the amines, whose purity was checkeltHby
and 3C{*H} NMR spectroscopy and by GC-MS.
Characterization Data of New Compounds. Hydroamination
of 1-Octyne with 2,6-Dimethylaniline. CH;(CH)sC(=CH;)NH-
2,6-Me,CeH3z: 'H NMR (300 MHz, GDg, 293 K): ¢ 7.18-7.02

(m, 3H, Ph), 4.03 (br s, 1H, NH), 3.74, 3.45 (both s, each 1H,

=CH,), 2.25 (s, 6H, CH), 2.06-2.01, 1.8+1.76, 1.56-1.49 (all
m, 6H, CH), 1.38-1.28 (m, 4H, CH), 0.91 (t,J = 7.2, 3H,
CH,CHy). 13C{H} NMR (75.42 MHz, GDg, 293 K, plus APT and
HETCOR): 6 148.0 (C=), 143.3, 139.5 (§so Ph), 129.3, 128.5
(Ph), 80.5€CH,), 36.1, 34.4, 31.5, 29.3, 28.5 (GH18.1 (CH),
14.1 (CH3CH,). CH3(CH3)sC(CH3)=N-2,6-M&,CgH3: 'H NMR
(300 MHz, GDsg, 293 K): 6 7.04-6.89 (m, 3H, Ph), 2.21 ({] =
7.3, 2H, CHC=), 2.00 (s, 6H, CH), 1.68-1.63 (m, 2H, CH),
1.37-1.24 (m, 6H, CH), 1.28 (s, 3H, CH), 0.91 (t,J = 7.3, 3H,
CH,CHa). 13C{*H} NMR (75.42 MHz, GDs, 293 K, plus APT and
HETCOR): 6 170.2 (C=), 149.9 (Gyso Ph), 128.6 (Ph), 125.6 (o
Ph), 122.6 (Ph), 40.6, 31.9, 29.3, 26.3, 22.8 {;H9.3 &CCHy),
17.9 (CH), 14.1 CH3CH,). MS: miz 231 (M*), 146 (M" — (CHs-
(CHy)s)). CH3(CH2)sCH(CH 3)NH-2,6-Me,CeH3z: H NMR (300
MHz, CsDg, 293 K): 6 6.85-6.66 (m, 3H, Ph), 3.042.97 (m,
1H, CH), 2.12 (s, 6H, Ch), 1.73-1.07 (m, 10H, CH), 1.00 (d,J
= 6.6, 3H, CHGHy), 0.92 (t,J = 7.2, 3H, CHCHj3). 13C{H} NMR
(75.42 MHz, GDsg, 293 K, plus APT, COSY, and HETCOR))
132.3, 130.7 (so Ph), 129.8, 128.9 (Ph), 61.3 (CH), 32.8, 31.6,
28.7,25.6, 22.6 (C}), 18.1 (CHy), 15.9 (CHCH3), 14.0 CH3CHy).
MS: m/z 233 (M"), 148 (M" — (CH3(CHy)s)).

Hydroamination of 1-Octyne with 2,6-Diisopropylaniline.
CH3(CH2)5C(=CH2)NH-2,6JPr206H3: 1H NMR (300 MHz, C5D6,
293 K): 6 7.18-6.82 (m, 3H, Ph), 4.00 (br s, 1H, NH), 3.70, 3.42
(both s, each 1H=CHy,), 3.29 (sept] = 6.9, 2H, H(CHjy),), 2.03
(t,J=17.6, 2H, CHC=), 1.45-1.38 (m, 2H, CH), 1.24-1.07 (m,
6H, CH,), 1.14 (d,J = 6.9, 12H, CH(®3),), 0.91-0.87 (m, 3H,
CH,CHa). 13C{*H} NMR (75.42 MHz, GDs, 293 K, plus APT and
HETCOR): ¢ 150.4 (C=), 147.1, 136.5 (fso Ph), 125.6, 123.8
(Ph), 81.0€CH,), 36.1, 32.0, 29.2, 28.3 (G} 28.2 CH(CHa),),
24.1 (CHCHs3)y), 22.9 (CH), 14.1 (CH). CH3(CH,)sC(CH3)=
N-2,64Pr,CeHz: H NMR (300 MHz, GDs, 293 K): 6 7.18—
7.02 (m, 3H, Ph), 2.89 (sepi,= 6.9, 2H, GH(CHa),), 2.25 (t,J =
7.5, 2H, CHC=), 1.75-1.63 (m, 2H, CH), 1.40 (s, 3H, CH),
1.35-1.23 (m, 6H, CH), 1.20, 1.17 (both dJ = 6.9, each 6H,
CH(CHs),), 0.91-0.87 (m, 3H, CHCHs). 13C{H} NMR (75.42
MHz, CsDe, 293 K, plus APT and HETCOR)) 170.2 (G=), 137.8
136.2 (Gpso—Ph), 123.5, 123.3 (Ph), 40.7, 31.9, 29.3 (§28.2
(CH(CHa),), 26.2 (CH), 23.2 (CHCH3)2), 22.9 (CH), 22.8 (CH-
(CH3)2), 20.0 (GCHg), 14.0 CH3CH,). MS: myz 287 (M"), 202
('\/l+ - (CH3(CH2)5)) CHg(CHz)scH(CH 3)NH-2,6JP|'2C6H3: H
NMR (300 MHz, GDg, 293 K): 6 7.11-6.97 (m, 3H, Ph), 3.76
(sept,d = 6.9, 2H, GH(CHa),), 3.23-3.18 (m, 1H, CH), 2.09
2.04 (m, 2H, CH), 1.51 (d,J = 4.5, 3H, CHQ3), 1.26-1.00 (m,
8H, CH,), 1.25 (d,J = 6.9, 12H, CH(®3),), 0.82 (t,J = 5.5, 3H,
CH,CHa). 13C{*H} NMR (75.42 MHz, GDs, 293 K, plus APT,
COSY, and HETCOR):6 129.3, 128.9 (s, Ph), 128.5, 127.7
(Ph), 62.6 (CH), 32.6, 31.9, 28.9, (GK28.8 CH(CHj3),), 26.4

26.1, 22.8 (CH), 14.0 (CH). MS: nV/z 183 (Mt), 168 (M" — CHy).
CH3(CH32)6CHoNH!Bu: H NMR (300 MHz, GDg, 293 K): ¢
9.01 (br s, 1H, NH), 2.62, 1.98 (both m, each 2H, FfH..49-
1.20 (m, 10H, CH), 1.29 (s, 9H, C(Ch)s), 0.95 (t,J = 6.3, 3H,
CHa). 13C{1H} NMR (75.42 MHz, GDs, 293 K, plus APT, COSY,
and HETCOR):d 56.8 (C(CHs)3), 41.9, 32.0, 29.5, 29.4, 27.2, 26.7
(CHy), 25.5 (CCH3)3), 22.9 (CH), 14.2 (CH). MS: m/z185 (M"),
170 (M* — CHg).

Hydroamination of 1-Octyne with Dodecylamine. CHs-
(CH32)sCH,CH=NCH3(CH3)10CH3: *H NMR (300 MHz, GDs,
293 K): 0 7.47 (t,J= 4.5, 1H, CH=), 3.36 (t,J= 5.1, 2H, CH),
2.18-2.10 (m, 2H, ®Gi,CH), 1.96-1.40 (m, 10H, CH), 1.27—
1.21 (m, 20H, CH), 0.91-0.84 (m, 6H, CH). 13C{'H} NMR (75.42
MHz, CsDs, 293 K, plus APT and HETCOR)® 163.1 (CH=),
61.8, 35.8, 32.2, 32.0, 31.3, 29.9, 29.8, 29.4, 27.6, 26.1, 22.9)(CH
14.1, 14.0 (CH). MS: m/z 295 (M), 210 (M" — CHj3(CHy)s).
CH3(CH2)6CH2NHCH 2(CH2)10CH3: IH NMR (300 MHz, Q;De,
293 K): 0 2.75-2.55 (m, 4H, CH), 1.85-1.50 (m, 10H, CH),
1.40-1.20 (m, 22H, CH), 0.93-0.90 (m, 6H, CH). 13C{*H} NMR
(75.42 MHz, GDg, 293 K, plus APT and HETCOR)) 53.4, 48.1,
32.4,32.1,30.329.4, 28.7, 27.0, 26.5, 26.2, 25.9 (gH14.1, 14.0
(CHg). MS: myz 297 (M"), 212 (Mt — CHj3(CHy)s).

Hydroamination of 1-Octyne with Cyclohexylamine. CHs-
(CH32)sCH,CH=NCy: H NMR (300 MHz, GDs, 293 K): 0 7.45
(t, J = 4.5, 1H, CH=), 2.89-2.80 (m, 1H, CH Cy), 2.142.07
(m, 2H, CH,CH), 1.74-1.09 (m, 20H, CH), 0.84 (t,J= 7.0, 3H,
CHg). 13C{H} NMR (75.42 MHz, GDs, 293 K, plus APT and
HETCOR): 6 160.9 (CH=), 69.9 (CH Cy), 35.9, 34.8, 31.9, 29.3,
26.1, 25.9, 24.8, 22.8 (G 14.1 (CH). CH3(CH2)sC(CHg)=
NCy: H NMR (300 MHz, GDs, 293 K): 6 3.27-3.18 (m, 1H,
CH Cy), 1.74-1.09 (m, 20H, CH), 1.47 (s, 3H, CH), 0.84 (t,J =
7.0, 3H, GHsCH,). 13C{1H} NMR (75.42 MHz, GDs, 293 K, plus
APT and HETCOR): 6 164.2 (C=), 59.0 (CH Cy), 42.4, 34.0,
32.1, 29.5, 26.4, 26.3, 24.9, 22.9 (9H16.1 (CH), 14.1 CHs-
CHz). MS: m/z 209 (W), 166 (W_(CHs(CHz)z)). CH3(CH2)6-
CH;NHCy: H NMR (300 MHz, GDsg, 293 K): 6 2.56 (t,J =
6.3, 2H, CHN), 2.39-2.31 (m, 1H, CH Cy), 1.861.05 (m, 22H,
CHy), 0.87 (t,J= 7.2, 3H, CH). 3C{H} NMR (75.42 MHz, GDs,
293 K, plus APT, COSY, and HETCOR) 56.9 (CH Cy), 47.2,
33.9, 32.1, 31.0, 29.8, 26.5, 25.6, 25.0, 22.9 §CH4.1 (CH).
CH3(CH3)sCH(CH 3)NHCy: H NMR (300 MHz, GDg, 293 K):
0 2.74-2.68 (m, 1H, CH), 2.562.46 (m, 1H, CH Cy), 1.861.05
(m, 20H, CH), 0.99 (d,J = 6.0, 3H, CHQH3), 0.87 (t,J = 7.2,
3H, CHg). 33C{*H} NMR (75.42 MHz, GDg, 293 K, plus APT,
COSY, and HETCOR):0 53.4 (CH Cy), 49.4 (CH), 34.9, 33.9,
32.0,31.0,29.6, 27.7, 25.6, 22.9 (9H21.3 (CHCH3), 14.1 (CH).
MS: m/iz 211 (M*), 168 (M" — (CH3(CHy)2)).

Hydroamination of Cyclohexylacetylene with 2,6-Dimethyl-
aniline. CyC(CHz)=N-2,6-Me;CeH3z: *H NMR (300 MHz, GDs,
293 K): ¢ 7.18-7.02 (m, 3H, Ph), 2.162.03 (m, 1H, CH), 1.98
(s, 6H, CH), 1.83-1.15 (m, 10H, CH)), 1.28 (s, 3H, CH). 13C-
{*H} NMR (75.42 MHz, GDs, 293 K, plus APT and HETCOR):
0 173.6 (C=), 149.8 (Gyso Ph), 128.5 (Ph), 125.4 (5, Ph), 122.5
(Ph), 48.6 (CH), 30.5, 26.3 (G 17.8 (CH), 17.3 (CCH3). MS:
m/z 229 (M"), 146 (M" — Cy). CyCH(CH3)NH-2,6-Me,C¢H3:
H NMR (300 MHz, GDs, 293 K): 6 7.04-6.90 (m, 3H, Ph),
3.03-2.90 (m, 1H, CH), 2.02 (s, 6H, G} 1.93-0.87 (m, 11H,
Cy), 1.00 (d,J = 4.8, 3H, CHQ®3). 3C{*H} NMR (75.42 MHz,
CsDs, 293 K, plus APT, COSY, and HETCOR)) 132.8, 132.0
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(Cipso Ph), 130.7, 125.9 (Ph), 65.7 (CH), 39.6 (CH Cy), 28.8,
25.9 (CH), 20.7 (CH), 20.2 (CHCHg). MS: m/z 231 (M*), 148
(M* — Cy).

Hydroamination of Cyclohexylacetylene with 2,6-Diisopropyl-
aniline. CyC(=CH,)NH-2,6/Pr,C¢Hs: 'H NMR (300 MHz, GDs,
293 K): 6 7.18-6.95 (m, 3H, Ph), 4.05 (br s, 1H, NH), 3.69, 3.35
(both s, each 1H=CH,), 3.28 (sept) = 6.9, 2H, GH(CHjy),), 1.92—
1.28 (m, 11H, Cy), 1.21 (d) = 6.9, 12H, CH(®3),). 13C{H}
NMR (75.42 MHz, GDg, 293 K, plus APT and HETCOR)é 155.7
(C=), 147.1, 136.4 (G0 Ph), 127.3, 123.8 (Ph), 79.6-CH,), 44.7
(CH Cy), 32.4 (CH Cy), 28.2 CH(CHa),), 26.8 (CH Cy), 24.1
(CH(CH3),). CyC(CH3)=N-2,6iPr,CeHz: H NMR (300 MHz,
CsDg, 293 K): 6 7.18-6.95 (m, 3H, Ph), 2.88 (sept,= 6.9, 2H,
CH(CHg),), 2.17-2.08 (m, 1H, CH), 1.951.41 (m, 10H, CH),
1.39 (s, 3H, CH), 1.20, 1.18 (dJ = 6.9, each 6H, CH(8s),).
13C{1H} NMR (75.42 MHz, GDs, 293 K, plus APT and HET-
COR): ¢ 167.1 (C=), 147.1, 135.9 (fso Ph), 123.3, 123.2 (Ph),
48.7 (CH), 30.5 (Ch), 28.2 CH(CHs3),), 26.3 (CH), 23.1, 22.7
(CH(CHg),). MS: myz 285 (M"), 202 (M* — Cy). CyCH(CH 3)-
NH-2,6/Pr,CgHs: *H NMR (300 MHz, GDe, 293 K): 6 7.10—
6.80 (m, 3H, Ph), 3.60 (sepl,= 6.9, 2H, GH(CHjy),), 3.10-2.97
(m, 1H, CH), 2.06-1.34 (m, 11H, Cy), 1.20 (dJ = 6.9, 12H,
CHCHj3), 0.98 (d,J = 4.5, 3H, CH). 3C{H} NMR (75.42 MHz,
CeDs, 293 K, plus APT, COSY, and HETCORY)) 136.4, 136.2
(Cipso Ph), 129.5, 128.1 (Ph), 67.7 (CH), 39@HCy), 34.8 (CH),
28.2 (CH(CHsy)), 25.7 (CH), 23.9 (CHCHj3),), 12.3 (CHCHy).
MS: m/z 287 (M*), 204 (M" — Cy).

Hydroamination of Cyclohexylacetylene withtert-Butylamine.
CyCH,CH=N!BuU: H NMR (300 MHz, GD¢, 293 K): 6 7.49 (t,
J=4.38, 1H, CH=), 2.13-2.09 (m, 2H, ¢&i,CH), 1.6%+-0.82 (m,
11H, Cy), 1.16 (s, 9H, C(Ch). 13C{*H} NMR (75.42 MHz, GDs,
293 K, plus APT): 6 156.5 (CH=), 56.4 C(CHs)3), 44.1 CH,-
CH), 35.7 (CH Cy), 33.3 (CHCy), 29.6 (CCHs)3), 26.5, 26.4
(CH; Cy). MS: m/z 181 (M*), 166 (M™ — CHz). CyCH,CH-
NH®Bu: H NMR (300 MHz, GDs, 293 K): 6 8.80 (br s, 1H,
NH), 2.68, 1.82 (both m, each 2H, GH1.67-0.84 (m, 11H, Cy),
1.28 (s, 9H, C(CHh)3). 13C{1H} NMR (75.42 MHz, GDs, 293 K,
plus APT, COSY, and HETCOR)d 59.6 (C(CHz)s), 39.9 (CH),
35.5 (CH Cy), 33.7 (Ch, 33.0, 26.5, 25.8 (CKH Cy), 25.4
(C(CH3)3). MS: myz 183 (M"), 168 (M™ — CHy).

Hydroamination of Cyclohexylacetylene with Dodecylamine.
CyCH2CH=NCH2(CH2)1oCH3 1H NMR (300 MHz, QsDe, 293
K): 6 7.45 (t,J = 4.8, 1H, CH=), 3.31 (t,J = 6.7, 2H, NCH),
2.05-2.00 (m, 2H, ¢i,CH), 1.53-1.01 (m, 31H, Cy+ CH,), 0.86
(t, 3= 6.9, 3H, CH). 13C{'H} NMR (75.42 MHz, GDs, 293 K,
plus APT): 6 162.3 (CH=), 61.9 (NCH), 43.6 CH,CH), 35.7
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Hydroamination of Cyclohexylacetylene with Cyclohexyl-
amine. CyCH,CH=NCy: H NMR (300 MHz, GDs, 293 K): ¢
7.47 (t,J = 6.0, 1H, CH=), 2.91-2.83 (m, 1H, CH Cy), 2.09
2.05 (m, 2H, ®&i,CH), 1.81-0.85 (m, 21H, Cy)13C{'H} NMR
(75.42 MHz, GDs, 293 K, plus APT and HETCOR)® 160.2
(CH=), 70.0 (CH Cy), 43.5CH,CH), 35.6 (CH Cy), 34.8, 33.3,
26.4, 24.8 (CH Cy). MS: m/z 207 (M"), 124 (M" — Cy). CyC-
(CH3)=NCy: H NMR (300 MHz, GDs, 293 K): 6 3.28-3.21
(m, 1H, CH Cy), 1.8%0.85 (m, 21H, Cy), 1.49 (s, 3H, G} 13C-
{IH} NMR (75.42 MHz, GDs, 293 K, plus APT and HETCOR):
0 168.4 C), 58.6, 35.6 (CH Cy), 34.2, 30.6, 26.7, 26.1, (GH
14.4 (CH). MS: m/z 207 (M%), 192 (M"—CHjz). CyCH,CH»-
NHCy: 'H NMR (300 MHz, GDg, 293 K): 6 2.89-2.83 (m, 1H,
CH Cy), 2.80-2.63 (m, 4H, CH), 2.10-0.82 (m, 21H, Cy)13C-
{H} NMR (75.42 MHz, GD¢, 293 K, plus APT, COSY, and
HETCOR): 6 62.0 (CH Cy), 49.2, 43.0 (Ch)l, 35.7 (CH Cy), 33.8,
28.7,25.6, 22.6 (Ch. MS: m'z209 (M"), 126 (M" — Cy). CyCH-
(CH3)NHCy: H NMR (300 MHz, GDg, 293 K): 6 2.89-2.83
(m, 1H, CH Cy), 2.86-2.70 (m, 1H, GICHj3), 2.10-0.82 (m, 21H,
Cy), 1.20 (dJ = 5.1, 3H, CH). 3C{1H} NMR (75.42 MHz, GDs,
293 K, plus APT, COSY, and HETCOR) 57.2 (CH), 56.2, 36.0
(CH Cy), 33.2, 28.7, 25.6, 24.6 (GH 13.0 (CH). MS: m/z 209
(M™), 194 (M* — CH).

Hydroamination of Phenylacetylene with Dodecylamine.
PhCH=CHNHCH 2(CH2)10CH3: 1H NMR (300 MHz, Q;DG, 293
K): 6 7.32-7.01 (m, 5H, Ph), 6.73 (ddl = 6.9,J = 14.4, 1H,
=CHN), 5.43 (dJ = 14.4, 1H, PhE&i=), 3.40 (m, 2H, CH), 2.85-
2.78 (m, 1H, NH), 1.56-1.20 (m, 20H, CH), 0.96 (t,J= 6.9, 3H,
CHg). 13C{1H} NMR (75.42 MHz, GDs, 293 K, plus APT and
HETCOR): 0 137.5 (Gyso Ph), 135.6¥CHN), 128.3, 127.0, 123.6
(Ph), 98.3 (PBH=), 52.2, 44.3, 32.2, 31.5, 31.2, 28.0, 27.8, 22.9
(CHy), 14.2 (CH). PhCH,;CH=NCH3(CH3);,CH3: H NMR (300
MHz, C¢Ds, 293 K): 6 7.97—7.93 (m, 1H, Ph), 7.52 (§ = 5.1,
1H, CH=N), 7.32-7.01 (m, 4H, Ph), 3.48 (d,= 5.1, 2H, PhEi,),
3.35 (m, 2H, CH), 1.50-1.20 (m, 20H, CH), 0.96 (t,J = 6.9,
3H, CHs). 3C{H} NMR (75.42 MHz, GDs¢, 293 K, plus APT
and HETCOR): 6 161.6 (CH=N), 140.6 (Gpso Ph), 129.3, 128.8,
123.9 (Ph), 61.5, 42.3 (GHi 42.5 (PICH,), 32.1, 29.9, 29.6, 27.3,
27.2,22.9 (CH), 14.2 (CH). MS: m/z287 (M), 272 (M' - CHy).
PhCH,CH,NHCH »(CH3)10CH3: *H NMR (300 MHz, GDe, 293
K): 6 7.24-7.03 (m, 5H, Ph), 3.263.21 (m, 2H, CH), 3.00-
2.90 (m, 2H, CH), 2.73-2.64 (m, 2H, CH), 1.40-1.13 (m, 20H,
CHy), 0.93 (t,J= 7.0, 3H, CH). 3C{*H} NMR (75.42 MHz, GDs,
293 K, plus APT): 6 141.0 (Gpso Ph), 129.1, 128.6, 126.2 (Ph),
49.3, 48.1, 40.6, 32.4, 30-24.3, 27.1, 23.1 (Ch), 14.3 (CH).

(CH Cy), 33.3, 32.2, 31.3, 30.0, 29.9, 29.7, 29.6, 27.6, 26.5, 26.4 MS: m/z 289 (M), 274 (M" - CHy).

(CHy), 14.1 (CH). MS: mVz293 (M*), 278 (Mt — CHy). CyCH-
CH,NHCH»(CH2)1sCH3: ™H NMR (300 MHz, GDg, 293 K): o
9.0 (br s, 1H, NH), 2.862.68 (m, 4H, CH), 2.65-2.58 (m, 2H,
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CHj), 2.07-1.03 (m, 31H, Cy+ CH;), 0.93-0.89 (m, 3H, CH).
13C{1H} NMR (75.42 MHz, GDg, 293 K, plus APT, COSY, and
HETCOR): 6 47.8, 47.4, 45.6 (Ch), 39.7 (CH Cy), 33.2, 32.4,
32.3, 30.2, 29.6, 28.7, 27.6, 27.1, 26.7, 26.4, {;H4.4 (CH).
MS: m/z 295 (M), 280 (M* — CHy).



