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A simple heterogeneous Ni-based catalytic methodology was developed for regioselective hydrosel-
enation of terminal alkynes and stereoselective hydroselenation of internal alkynes. The developed
heterogeneous catalytic system is superior to the known homogeneous and heterogeneous catalysts for
the Se-H bond addition to the triple bond of alkynes. The catalytic transformation was performed under
mild conditions, thus avoiding byproducts formation. The mechanistic study revealed that the yield of
the addition products depends on the catalyst particle size and rapidly increases upon decreasing particle
size into the nanosized region. The present study describes a simple and efficient procedure for the
formation of a self-organized nanosized catalytic system starting from an easily available precursor,
Ni(acac), without any special treatment.

1. Introduction such as investigation of reaction mechanism, multiphase pro-
cesses, and surface studies. However, the challenging problem
of homogeneous catalysis, which limits its practical application,
is catalyst separation and recyclihg.

Catalysis is one of the central fields of modern science and
technology. The majority of modern industrial processes are

based on heterogeneous catalystypically a heterogeneous In addition to classic homogeneous and heterogeneous

giﬁ?;ﬁt g:);:lzgs"gfssumal(ljrrtezg:;g/e s:rg(;laet%g'scﬁet[%ego(i%a Efslcatalysis, the field of nanocatalysis has undergone tremendous
ensures an im ortantpgdvénta Z of% heterogeneous ca&l Si rowth during the past decadelsing nanoparticles as catalysts
p 9 9 y ade it possible to achieve important goals, such as improved

catalysF recyqllng. The main d!sgdvantages of.heterqgeneousactivity and selectivity, low metal loading, and high surface to
catalysis are insufficient selectivity, the necessity to find and

ST . - .~ volume ratio, while still maintaining the advantage of eas
maintain the optimal ratio of large surface area and high g 9 Y

orosity. and catalvst leachidf course. an important problem separation and recyclingPreparation of nanoparticles often
P Y, y X @ ’ P pre . requires specially designed procedures. An important issue to
of heterogeneous catalysis concerns the great difficulty in

studying and understanding the reaction mechanfsms. be considered is stabilization of nanoparticles toward aggrega-
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Scheme 1 catalytic system utilizing phosphine complexes of platinum led
R R to 51-60% of 2. It was not possible to further increase the
=R + PhSeH—= + —/ . =+ yield of product? in this system due to conversion of PhSeH
SePh  PhSé PhSé R to PhSe (20—-25%)1* The heterogeneous catalytic system
1 2 3 4

based on a Pd catalyst avoided formationSpfout led to a
R R mixture of 2, 6, 7, and8.1° Compounds’ and8 were formed

~ * SePh + as a result of double-bond isomerization of prod@ctThe
PhSe SePh SePh o . — . . .
5 8 contribution of the isomerization reaction rapidly increases at
elevated temperatuté.An excellent methodology developed
SePh R(__ SePh recently by A.Ogawa et al. has utilized Pd(OA@) pyridine
Rl _ R = CH,R' under harsh reaction conditions (100, 15 h)l7
7

The catalytic systems developed so far operate at high
temperature (80100 °C) and require long reaction time (£3
tion.8 A specific feature of nanoparticles is the strong depen- 20 h). Obviously, under such conditions it is rather difficult to
dence of activity and selectivity on the size, shape, and surfacesuppress the side-reactions and avoid byproducts formation.
structure. For example, metal atoms located in corners and edgeg\nother problem, which limits synthetic application of the
can be most reactive (due to free valence), while simultaneouslyknown catalytic systems, is the increasing cost of Pd- and Pt-
they are likely to tear off from the particle (due to weaker based catalysts. Recently, it was shown that nickel species are
bonding) or undergo a morphology change toward a more stablea cost-efficient replacement for traditional palladium catalysts
shapé€’ Losing metal atoms from the corners and edges makesin hydrothiolation of terminal alkyne’$2181t is important to
the whole nanoparticle unstable and may cause quick degradanote that all catalytic systems discussed above describ¢iSe
tion. Rapid development of electron microscopy provided a bond addition to terminal alkynes, while the similar reaction
convenient tool for studying these phenomena in détail. involving internal alkynes has not been reported so far. In

In the present article we describe a new approach for addition to regioselectivity, which is of primary importance for
designing a catalytic system with nanosized structural organiza-the addition reaction to terminal alkynes, the same process
tion. The performance of the catalytic reaction was investigated involving internal alkynes should be stereoselective as well.
on the model reaction of SéH bond addition to alkynes  Therefore, the catalyst of choice should accomplish both regio-
(Scheme 1). Synthetic application of this reaction has beenand stereoselectivity as well as high activity, since internal
extensively studied in recent years, since the addition processalkynes are noticeably less reactive. Obviously, a general

proceeds in an atom-efficient manner without wasté.De-
pending on the reaction conditions, several prodet8, might

synthetic method is required to perform selective-Sebond
addition to terminal and internal alkynes without byproducts

be obtained (Scheme 1). The desired Markovnikov-type product formation and isomerization side-reactions.

2 can be synthesized only in a transition metal-catalyzed

reaction, while the anti-Markovnikov produc® and 4 are
usually formed as a result of noncatalytic-S¢ bond addition

In the present study we developed a new Ni-based catalytic
system for stereo- and regioselective-$tbond addition to
terminal and internal alkynes. The reaction was performed under

to alkynes'® Therefore, the noncatalytic side-reaction leading unusually mild conditions, therefore avoiding byproducts forma-
to 3 and4 should be suppressed under catalytic conditions. Both tion. The active form of the catalyst is generated in situ from
homogeneodd and heterogeneotfscatalytic systems were  easily available nickel compounds. We have found that optimal
developed to carry out this reaction. Homogeneous catalytic size and shape of the catalyst particles can be maintained by
reaction was carried out using phosphine complexes of pal- selecting different strategies at the metal compound activation

ladium. Unfortunately, in addition to the desired prod2i¢20—
49%), a considerable amount of another byproda(25—40%),
was also formed in this reactidfh. Another homogeneous

(8) (a) Nanoparticles and Nanostructured Films. Preparati@harac-
terization and ApplicationsFendler, J. H., Ed.; Wiley-VCH: Weinheim,
1998. (b)Nanoparticles: from Theory to Applicatiprschmid, G., Ed.;
Wiley-VCH: Weinheim, 2004.

(9) (@) Narayanan, R.; El-Sayed, M. Nano Lett 2004 4, 1343. (b)
Narayanan, R.; El-Sayed, M. A. Am. Chem. SoQ004 126, 7194. (c)
Narayanan, R.; EI-Sayed, M. A. Phys. Chem. B004 108 5726. (d) Li,

Y.; El-Sayed, M. A.J. Phys Chem. R001, 105 8938.

(10) (a) Datye, A. KJ. Catal.2003 216, 144. (b) Topsoe, H]. Catal.
2003 216, 155. (c) Hansen, T. W.; Wagner, J. B.; Hansen, P. L.; Dahl, S;
Topsoe, H.; Jacobsen, C. J. Bcience2001, 294, 1508. (d) Sachs, C.;
Hildebrand, M.; Volkening, S.; Wintterlin, J.; Ertl, Gcience2001, 293
1635.

(11) (a) Alonso, F.; Beletskaya, I. P.; Yus, l@hem. Re., 2004 104,
3079. (b) Beller, M.; Seayad, J.; Tillack, A.; Jiao, Angew. Chem., Int.
Ed. 2004 43, 3368. (c) Kondo, T.; Mitsudo, TChem. Re. 200G 100,
3205.

(12) For a similar reaction of -SH bond addition to alkynes see: (a)
Ananikov, V. P.; Malyshev, D. A.; Beletskaya, I. P.; Aleksandrov, G. G.;
Eremenko, I. LAdv. Synth. Catal2005 347, 1993. (b) Malyshev, D. A.;
Scott, N. M.; Marion, N.; Stevens, E. D.; Ananikov, V. P.; Beletskaya, I.
P.; Nolan, S. POrganometallics2006 25, 4462. (c) Han, L.-B.; Zhang,
C.; Yazawa, H.; Shimada, 3. Am. Chem. So2004 126, 5080. (d) Ogawa,
A.; lkeda, T.; Kimura, K.; Hirao, TJ. Am. Chem. Sod.999 121, 5108.

(e) Backvall, J.-E.; Ericsson, Al. Org. Chem1994 59, 5850. (f) Kuniyasu,
H.; Ogawa, A.; Sato, K.; Ryu, I.; Kambe, N.; Sonoda, N.Am. Chem.
Soc.1992 114, 5902.

stage. An electron microscopy study has suggested that catalyst
organization on a nanosize scale is a key factor for achieving
high catalytic activity and selectivity.

2. Results and Discussion

The performance of various catalytic systems was studied
using model reaction of PhSeH addition to 2-methyl-3-butyn-

(13) Noncatalytic addition of a SeH bond to alkynes leads to anti-
Markovnikov isomers3 and 4; see: (a) Potapov, V. A.; Amosova, S. V.
Russ. J. Org. Chemi996 32, 1099. (b) Ogawa, A.; Obayashi, R.; Sekiguchi,
M.; Masawaki, T.; Kambe, N.; Sonoda, Retrahedron Lett1992 33, 1329.
(c) Kataoka, T.; Yoshimatsu, M.; Shimizu, H.; Hori, Metrahedron Lett.
199Q 31, 5927. (d) Comasseto, J. V.; Brandt, C. 3ynthesis987 146.
(e) Renard, M.; Hevesi, LTetrahedron1985 41, 5939. (f) Tsoi, L. A.;
Patsaev, A. K.; Ushanov, V. Zh.; Vyaznikovtsev, L.J/.Org. Chem. USSR
(Engl. Transl) 1984 1897. (g) Comasseto, J. ¥.Organomet. Cheni983
253 131. (h) Kataev, E.G.; Petrov, V. Nl. Gen. Chem. USSR (Engl.
Transl) 1962 32, 3626.

(14) Ananikov, V. P.; Malyshev, D. A.; Beletskaya, I. P.; Aleksandrov,
G. G.; Eremenko, I. L.J. Organomet. Chen2003 679 162.

(15) (a) Ogawa, AJ. Organomet. Chen200Q 611, 463. (b) Kuniyasu,
H.; Ogawa, A.; Sato, K.-l.; Ryu, |.; Sonoda, Netrahedron Lett1992
33, 5525.

(16) The isomerization reaction may proceed under transition metal-
catalyzed, radical, or photochemical conditions (see refs 12, 14, 15).

(17) Kamiya, |.; Nishinaka, E.; Ogawa, A. Org. Chem2005 70, 696.

(18) Ananikov V. P.; Orlov N. V.; Beletskaya I. Prganometallic2006
25, 1970.
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Table 1. Various Metal Complexes as Catalyst Precursors
for the PhSeH Addition to 1a

OH OH
Cat
= OH + PhSeH — + —
SePh PhSe
1a 2a 3a
entry catalyst precursor yield @2 % 2a3aratio®
1 Pd(PPB). 2d
2 Pd(OAC) 17 99:1
3 NiCl 6 75:25
4 Ni(OAc), 21 91:9
5 NiCly EtsN° 38 94:6
6 Ni(OAGC),, EtsN® 59 92:8
7 Ni(acac) 74 93:7
8 Ni(acac), EtsN°¢ 56 93:7

aUsing 1.2 mmol of PhSeH, 1 mmol of alkyne, and 2 mol % of the
catalyst under solvent-free conditions at Z5 for 10 min.P Determined
by NMR. ¢ With 4 mol % of EgN. 9About 1% of5a was also formed.

2-ol (14). The absence of allylic hydrogens avoids isomerization
of 2to 7 and8, thus simplifying conditions for optimization of
catalyst activity and selectivifi’. The model reactions were
carried out under solvent-free conditions at “Z5 for a short
time of 10 min. The well-studied Pd catalytic system was chosen
as a reference for comparison (entries 1, 2; Table 1). Homo-
geneous reaction with Pd(Pfhprecursor under mild conditions
gave only 2% of the PhSeH addition product (entry 1; Table
1). Using Pd(OAg) as a catalyst precursor in heterogeneous
reaction resulted in 17% @&a (entry 2, Table 1). NiGlshowed
rather poor performance, giving 6% 2dand 75:25 selectivifi?
(entry 3, Table 1). Better results were achieved using Ni(@Ac)
as a catalyst precursor: 21% 2 and 91:9 selectivity (entry

4, Table 1).

We have found that a catalytic amount ogEtdramatically
increases the yield and selectivity of PhSeH additiorlao
Utilizing 2 mol % of NiCl, and 4 mol % of EiN led to a 6-fold
increase in the yield a2a (38%) and improved the selectivity

Anariket al.

elimination, the key stage of compouBdormation22 The31P
NMR monitoring has confirmed the presence of the dinuclear
complexes under catalytic conditions at 25, in agreement
with the mechanistic study performed at 8D.2

Under heterogeneous conditions (entries42 7; Table 1)
insoluble polymeric [M(SePHl), specie®® were formed accord-
ing to the following substitution reaction (M Ni, Pd; X =
Cl, OAc, acac):

MX,+ 2 PhSeH= [M(SePh})], + 2 HX 1)

Scanning electron microscopy (SEM) study of the palladium
catalyst has revealed the particles to be in micrometer size scale,
3—6 um (entry 1, Table 2). A typical SEM image is shown in
Figure 1A. Catalyst particles possess different shapes with non-
uniform structure. Similar morphology was observed for the
catalyst formed from NiGland Ni(OAc) precursors (entries
2, 3, Table 2; Figures 1B and 1C). In the later case somewhat
smaller particles were observed with more “crumbly” structure.
Smaller particle size results in higher surface-to-volume ratio,
while “crumbly” structure ensures more accessible sites. Accor-
ding to elemental analysis complete ligand substitution (eq 1)
takes place for Pd(OAg)xand Ni(OAc) precursors (entries 1,

3; Table 2). For NiCG] only a small amount of chloride ligands
were replaced by SePh (entry 2, Table 2). Most likely, these are
the reasons for the higher catalytic activity in the reaction invol-
ving Ni(OAc), compared to NiGl (cf. entries 3, 4, Table 1).

Very surprising results were achieved upon investigation of
the NiCL/EtzN catalytic system. As shown on a low-magnifica-
tion SEM image of the catalyst (Figure 2A), it is a complex
three-dimensional network consisting of nanosized crystals with
supported particles. Washing the catalyst with water or methanol
resulted in the disappearance of network structure (Figure 2B).
The remaining insoluble part was identified as [Ni(SeRh)
according to elemental analysis, while an NMR study of the
methanol solution confirmed the presence ofl]*CI~. There-
fore, the catalyst consists of [Ni(SeBR)particles adsorbed on

to 94:6 (entry 5, Table 1), compared to the same reaction without the [E&NH]*CI™ crystals. Analysis of the SEM images with

EtsN (6% of 2a, 75:25 selectivity; see entry 3, Table 1).

Significant enhancement was also observed in the case of Ni-

(OAcC), (cf. entries 4 and 6, Table 1). The catalytic system
utilizing Ni(acac) as a catalyst precursor made it possible to
achieve a high yield of 74% and excellent selectivity (93:7)
under the same conditions (entry 7, Table 1). Addition gNEt
did not further improve the performance of the catalytic system;
moreover the yield decreased to 56% (entry 8, Table 1). To
understand the observed large difference in catalytic activity
of various metal complexes, we have performed a detailed
mechanistic study.

Under homogeneous conditions (entry 1, Table 1) the active
form of the catalyst is represented by dinuclear compleies
andtrans{Pdx(SePh)(PPh),],2* which catalyze both SeH and
Se-Se bond addition to alkynes, leading 2cand 5, respec-
tively.22 Phosphine ligands facilitate the <Se reductive

(19) The possibility of the2 — 7 + 8 isomerization will be elaborated
later on the other alkynes.

(20) The selectivity of the addition reactions is reflected by the ratio of
Markovnikov and anti-Markovnikov product2){(3+4).

(21) (a) Hannu-Kuure, M. S.; Wagner, A.; Bajorek, T.; Oilunkaniemi,
R.; Laitinen, R. S.; Ahlgren, MMain Group Chem2005 4, 49. (b) Hannu-
Kuure, M. S.; Paldan, K.; Oilunkaniemi, R.; Laitinen, R. S.; Ahlgren, M.
J. Organomet. Chen2003 687, 538. (c) Oilunkaniemi, R.; Laitinen, R.
S.; Ahlgren, M.J. Organomet. Chen2001, 623 168. (d) Dey, S.; Jain, V.
K.; Varghese, B.J. Organomet. Chen001, 623 48. (e) Oilunkaniemi,
R.; Laitinen, R. S.; Ahlgren, MJ. Organomet. Chen1999 587, 200.

higher magnification (Figures 2C and 2D) gave the following
size of the [EfNH]*CI~ crystals: 0.2-3 um width, 10-70um
length, and 56250 nm thickness. The size of the nickel-
containing particles was 0-3L.5 um (entry 4, Table 2).

A high degree of networking prevents aggregation of the
nickel particles, maintaining a high surface-to-volume ratio of
the catalyst during the addition reaction. Interconnected and
periodically spaced features of the network with certain 3D void
spaces made the catalyst sites more accessible by the substrate
molecules. As a result, much better yield and selectivity were
observed in the presence of;Nt(cf. entries 3 and 5; Table 1).

It should be noted that both catalyst and support were formed
in a single step upon reaction of the precursor compound with
the substrate in the presence of§NEt

NiCl, + 2 PhSeH+ 2 Et;N —
[Ni(SePh)],, + 2 [Et,NH]"CI™ (2)

(22) (a) Ananikov, V. P.; Kabeshov, M. A.; Beletskaya, I. P.; Khrustalev,
V. N.; Antipin, M. Yu. Organometallic2005 24, 1275. (b) Ananikov, V.
P.; Beletskaya, I. P.; Aleksandrov, G. G.; Eremenko, IOkganometallics
2003 22, 1414. (c) Ananikov, V. P.; Kabeshov, M. A.; Beletskaya, I. P.;
Aleksandrov, G. G.; Eremenko, I. . Organomet. Chen2003 687, 451.
(d) Ananikov, V. P.; Beletskaya, |. ®Org. Biomol. Chem2004 2, 284.

(23) For a related discussion concerning the structure and formation of
polynuclear transition metal arylselenolates see refs 21 and 22.
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Table 2. Scanning Electron Microscopy Study of the Catalysts

catalyst catalyst active
entry precursor procedute formP particle sizé morphology
1 Pd(OAc) 1) alkynela; [Pd(SePhyn 3—6um nonuniform shape,
2) PhSeH amorphous structure
2 NiCl, 1) alkynels; Ni(SePh):NiCl,= 3—10um nonuniform shape,
2) PhSeH 1:9 amorphous structure
3 Ni(OAc), 1) alkynela; [Ni(SePh}], 2-5um nonuniform shape,
2) PhSeH amorphous structure
4 NiCl, 1) alkynela [Ni(SePh)]/ 0.3-1.5um nonuniform shape,
2) PhSeH; 2n[EtsNH]TCI~ aggregated particles
3) EtN supported on the
[EtsNH]*CI~ crystal$
5 Ni(acac) 1) alkynela; [Ni(SePh)], 200-400 nm uniform shape,
2) PhSeH nanostructured building
units
6 Ni(acac) 1) PhSeH; [Ni(SePh}], 2—-8um nonuniform shape,
2) alkynela amorphous structure,

wide distribution of
particles sizes

7 Ni(acac) recycled [Ni(SePh)n 0.2-1.0um nonuniform shape,
nanostructured building
units and aggregated
particles

aSee Experimental Section for other detafisccording to elemental analysis data (see Experimental Sectidihe range of particle sizes estimated by
SEM. 9 See text for the [BNH]*CI~ crystal size.

[
Figure 1. SEM images of catalyst particles prepared from different precursors: Pd{@®o)4000x); NiCl, (B) (2000x); Ni(OAc), (C)
(2000x); Ni(acac) (D) (4000x); Ni(acac) (E) (10000«).

Therefore, EiN plays a dual role in the studied system. On The smallest catalyst particles were prepared utilizing Ni-
one hand it shifts the equilibrium and ensures complete chloride (acac) as catalyst precursor. In this case approximately spheri-
ligand substitution by SePh (cf. eq 1), on the other hand it leads cally shapeé uniform patrticles (Figures 1D, 1E) of 26@&00
to formation of the [E§NH]*CI~ catalyst support (see eq 2). nm size were formed (entry 5, Table 2). The order of reagent
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Figure 2. SEM images of the catalyst prepared in the MIEE,N system at various magnification levels: (A) 500(C) 2000k, (D)
9000x; (B) catalyst prepared in the NiZEN system and washed with water (8600

Figure 3. SEM images of the catalyst prepared form Ni(agaming reversed sequence of reagent addition (A) (4QCind recycled
catalyst (B) (450&).

addition plays crucial role in the formation of these catalytic at the same magnification (4080 clearly outlines principal
sites. If the catalyst precursor Ni(acaw)as mixed and stirred  differences between these systems.
with alkyne followed by addition of PhSeH, an active catalyst  The study of the catalyst structure and morphology clearly
with nanosized structural organization was formed (entry 5, showed that immobilization of the catalyst particles into a solid
Table 2). The reversed order of reagent addition, i.e., stirring sypport increases catalyst activity and selectivity. However, even
Ni(acac) with PhSeH, followed by addition of the alkyne, leads petter results can be obtained without any support in the case
to aless active catalyst. In this case about 45%eofias formed of smaller spherically shaped catalyst particles. It is worthy of
after 10 min at 25C (cf. 74%, entry 7, Table 1). Comparing note that spherically shaped particles have the most stable
SEM images of both catalysts (Figures 1E and 3A, respectively) g rface toward reconstruction during the course of the reaction.
clearly indicates that the reversed order of reagent addition gave As shown in Table 2, all the catalysts have the same chemical
I(arger particlsls si;es without nano?if)edhstructlural organization composition [M (SePb}’n' however the catalytic activity dra-
entry 6, Table 2). Examination of both catalyst preparation . . ’ . .
procecres shouec i Ni(acaparaly so n alones oL dErs (Table ) n e studed catayto systes e
Precipitation of [Ni(SePh), from the suspension of Ni(acac) | pen les has b pb gf h icle sizh
in alkyne provides the best conditions for nanosized building cata y;t particles has )een observed for the particle N

um (Figure 4). Interestingly, both Ni and Pd complexes lie on

unit formation. NiC and Ni(OAc) are less soluble in alkynes h indicating that si frect i .
and, consequently, gave another catalyst structure (cf. entries"€ Same curve, indicating that size e ect is more 'mF’O”a”t
2,3, and 5; Table 2) with lower catalytic activity in the reaction compared to the metal effect. Decreasing particle size into the

of interest (cf. entries 3, 4, and 7; Table 1). Comparing SEM nanoregion greatly increases catalyst activity, in an exponential
images of Pd and Ni catalysts (Figures 1A and 1D, respectively) Manner, as shown for the catalyst generated from Ni(acac)

(Figure 4).
(24) The particles obtained in other cases are far from round shaped (see  The scope of the developed catalytic system was investigated
Figure 1A-C). . . . . .
(25) The solubility depends on the alkyne; for example Ni(ac#) for i;lvarlety of ter:cnl;:al alkyn.es with dlﬁererlt(;unctlonal goroups
completely soluble in phenylacetylenghj, while in 2-methyl-3-butyn-2- (Table 3). Most of the reactions were carried out at-20 °C

ol (1a) the suspension was formed. for 20—90 min (entries 5, Table 3). The product&b and
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Yield, % Table 3. Ni-Catalyzed PhSeH Addition to Terminal
80- Alkynes?
70 = Ni(acac), Entry Alkyne Product Conditions Yield,® %
1 :—"OH Se@ 30 min, 20°C 90
60+ s 3/( 92:8:0°
* Y:za:b;)(S? 0.3, R=0.997, n=4 g:
w0] | NCWELN a=4ct], b=-0./20.5, R=0.994, n 2 | ) | 20min 20 87
1b :Q_\_ 84:16:0°
30
2b
201 Ni(OAC), A 3 OH Se@ 50 min, 20°C 87
10. NiCl, 1e :Q_\ 87:13:0°
OH
0 I 1 1 Ll T T 1 2c
0 1 2 3 4 5 6 7 . }’» Se© 30 min, 40°C o
Particles size, um 1d _3/( 90:10:0°
Figure 4. Plot of the producRa yields measured after 10 min of 2d
reaction time vs average sizes of the [Ni(SeRiatalyst particles s }tOH Se—© 1.5k, 20°C 0
(the yields are given in Table 1; particle sizes in Table 2). The ’ 93:7:0°
catalyst precursor is shown for each point; the linear regression 1e ?ﬁ,
analysis has been performed for all points excluding Ni(acac) 2e
2c, with allylic hydrogens, did not undergo an isomerization | N ome Se@ 4h, 60°C o4
reaction to7 and8 during the catalytic reaction (entries 2, 3; 60% 89:11:0°
Table 3). Performing the reaction with sterically hindered alkyne 1
1f required higher temperature and longer heating°®04 h) 2f
for completion of the PhSeH addition (entry 6, Table 3). Alkyne =1, Se@ .
1g, bearing OAc group, was also less active in the addition | 7 — j/( 350, 40°C 97:939:00
reaction (cf. entries 1 and 7, Table 3), resulting in excellent 1g° o
yield (99%) and excellent selectivity (97:3) after 3.5 h at@0 e}
The reaction with activated alkynes deserves special note. 2
To reduce the contribution of the noncatalytic processes, the| s }@ Se‘@ 20 min, -5°C 99
reaction with phenylacetylendllf) was carried out at-5 °C. 1h 49:40:10°
The Markovnikov-type compoungh was the major product
of the addition reaction (entry 8, Table 3). Even in a very 2h _
challenging case of a highly activated alkyraethylpropiolate g | = Soowe Se© 20min,-FC | 2 e
(1i)—some amount of Markovnikov product was obtained (entry cooMe
9, Table 3). The structures of the produ@s—2i were 2i

established using 2D NMR experiments, COSY, NOESY,
HMQC, and HMBC.

The product®a—2g were purified with flash chromatography
for removing trace amounts dda—3g. GC-MS and NMR

formation of small amounts (411%) of dienes with general
formula HLC=CR—-CH=C(SePh)R or HC=CR—-C(SePhjy

CHR. Such dienes might be obtained as a result of condensation

of two alkyne molecules with PhSeH. This interesting feature

of the nickel-catalyzed reaction will be addressed in detail later o — / PhSe  [Ni-SePh IN]  phsé
and reported elsewhere. A ( 3 ) B A 2
Itis interesting to consider the origin of the anti-Markovnikov Ni]
species3 obtained for nonactivated alkyn&a—1gin the studied Phse”  “SePh =
catalytic system. Carrying out the reactions at the same \ Ro_ . -
temperature and time, but without the Ni complex, gave no PhSe-[Ni]  SePh Ni] SePh
B

evidence for the formation 08, while under the catalytic
conditions small amounts &-isomers3 were detected (entries

aUsing 1.2 mmol of PhSeH, 1 mmol of alkyne, and 2 mol % of Ni(agac)
under solvent-free conditions (see Experimental Section for detailéje
yield of addition products2+3+4) determined by NMR after completion
of the reaction (the isolated yields are given in the Experimental Section).

examination of late Chromatography fractions revealed the ¢ The ratio of the2:3:4 isomers (see Scheme 1) determined by NMR after
completion of the reaction.

Scheme 2

R

)=\

S

R

>=

1-7, Table 3)6 Therefore, we have proposed that isorBer The developed catalytic system was successfully utilized for
was formed as a result of Ni-catalyzed transformation. The major the PhSeH addition not only to terminal alkynes but to an
productz was formed via pathway A and the minor prod@ct internal G=C bond as well. In the case of internal aIkyne four
via pathway B (Scheme 2). Steric repulsion between the R groupisomers might be expected depending on the regio- and

and metal center in the intermediate metal Comp|ex makes StereoselectiVity of the reaction (SCheme 3) In the studied case
pathway B less favorabfe. only synaddition productsq and 10) were formed with high

(26) The compound8 and 4 can be easily distinguished Bi4 NMR
taking into account that th&)(H—H) coupling constant is 1216 Hz for3
and 711 Hz for 4.

(27) Electronic effect and coordination of oxygen atom to Ni could also
make some contribution to the relative stability of the intermediate
complexes.



746 Organometallics, Vol. 26, No. 3, 2007

Scheme 3

Anariket al.

R R R R R PhSe
R'—=—R" + PhSeH — \=< + >=/ + \=< + —
SePh  Phsé R
1 9 10 1 12
Table 4. Ni-Catalyzed PhSeH Addition to Internal Alkynest
Entry Alkyne Product Conditions Yield,” %
1 Ty _(S“‘@ 6h, 25°C 99
9
2 o 9‘@ Se 5h,25°C 93
/_Q_\ )_\_\ 66:34°
9k 10k
OH s
3 —__ @ R 16, 25°C 86
1 /_S_\ >_>_\ 79:21°
HO
91 101
4 \—0H ‘@ @‘Se 7h, 40°C 92
1m /=<_\ )_\_\ 60:40°
OH OH
9m
5 ~ oH @‘39 3h,40°C 88
In /_Q—ou >_\—OH 62:38°
10n
OH c
1o dKOH 68:32
100
= Se 0
7 <:> \ @ @ 5h,25°C 99
1p d_& d_L 78:22°

ayUsing 1.2 mmol of PhSeH, 1 mmol of alkyne, and 2 mol % of Ni(agaoper solvent-free conditions (see Experimental Section for detail$je yield
of addition productsg—12) determined by NMR after completing the reaction (the isolated yields are given in the Experimental Sedtenjatio of the
9 and 10 isomers (see Scheme 3) determined by NMR after completing the reaction.

stereoselectivityX99:1). The formation o&nti-addition prod- did not govern the regioselectivity of the addition reaction in
ucts L1 and12) was not observed. The geometry of the double the studied catalytic system.
bond was established by a 2D NOESY experiment, and the The plausible mechanism of the catalytic reaction is shown
structures of the products were determined using 2D COSY, in Scheme 48 The catalytic cycle involves (i) catalyst activation
HMQC, and HMBC experiments. Under solvent-free conditions via acac ligand substitution by PhSeH in the presence of alkyne;
at 25-40 °C the reaction with 2 mol % of Ni(acactatalyst (ii) coordination of alkyne on the polymeric catalys8 and
precursor was carried out with excellent yields of-8®% alkyne insertion into the NiSe bond; and (iii) protonolysis of
(Table 4). Internal alkynes were less reactive than terminal onesthe Ni—C bond by PhSeH leading to regeneration of the catalyst
and required a longer time of-2L6 h (Table 4). and formation of produc® (9, 10). Stereochemistry of the

A single product was prepared in the case of symmetric products9 and 10 clearly confirms that the addition reaction
alkynelj (R = R’ = Et), and a mixture of isomerg and 10 proceeds in aynrmanner involving alkyne insertion into the
was obtained in the reactions involving nonsymmetric alkynes metal-selenuim bond.
(cf. entries 1 and 27; Table 4). The regioisome® and 10 To confirm the proposed mechanism, a sequence of stoichio-
were separated with flash chromatography on silica and isolatedmetric reactions was carried out (Scheme 5). The polymeric
in pure form. It is interesting to note that dienes were not complex [Ni(SePh)], was prepared according to reaction of
detected in the case of internal alkynes (see discussion aboveNi(acacy with PhSeH and was isolated (see Experimental
for terminal alkynes). The absence of the side-reaction leading Section for details). In the presence of 1 equiv of PhSeH
to dienes resulted in better yields of addition products compared compound?awas formed in good yield at 48C (80%). In the
to the terminal alkynes (cf. Table 4 and Table 3). absence of PhSeH the formation 24 from [Ni(SePh)], and

We found that the regioselectivity of the reaction does not 1adid not take place even after heating at®Dfor 4 h.
depend in a substantial way on the presence of oxygen atoms Catalyst recycling in Ni-based catalytic systems is less
for both alkyl-substituted (cfLk with 11 and1m; Table 4) and ~ €conomically important compared with Pd, Pt, and Rh ana-

aryl-substituted (cfloandlp; Table 4) alkynes. This suggests (28) The reaction pathway leading to the minor prodiigior R’ = H)
that alkyne coordination to the metal complex in chelate fashion was omitted for simplicity.
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Scheme 4 selectivity than corresponding homogeneous reactions involving
Ni(acac), suspension in 1 metal complexes with phosphine ligands. It was found that the
PhSeH y@eld of the Qddi.tion reaction depends on the catalyst partigle
0 < size and rapidly increases upon decreasing the particle size into

acacH the nanosized region. The findings show that catalyst activity

and selectivity can be controlled by adjusting the size and shape

Ph of catalyst particles rather than varying metals and ligands.
PhSe\Ni Se\Ni We have developed a very simple and practical Ni-based

e
Se

Se catalytic system for the SeH bond addition to alkynes. High

selectivity and yields were achieved under solvent-free condi-
tions at mild temperature. On the basis of the studied catalytic
system a new synthetic procedure has been developed for PhSeH
addition to the triple bond of terminal and internal alkynes. It

is the first example of transition metal-catalyzed-$tbond
addition to internal alkynes. For synthetic purposes it was very

13

) gg\Ni useful to replace expensive Pd and Pt catalysts by easily
sé available Ni complexe®
PR, A mechanistic investigation revealed that insoluble [Ni-
14 (SePh)], species represent an active form of the catalyst,
involving alkyne insertion into the NiSe bond as a key step
Scheme 5 of the catalytic cycle. It is important to note that no additional
OH ligands are required for the developed catalytic systems: one
i 1a SePh of the reagents (PhSeH) acts as a suitable ligand to maintain
[Ni(SePh)]y ———-— ¥ — L .
PhSeH 80%  Phse % proper structure of th.e catalyst. Investigation of the catalyst with
2 OH 2 scanning electron microscopy revealed two unusual features of

the catalytic system: (1) the formation of support and catalyst

in a single chemical stage upon reacting the catalyst precursor
with substrate in the case of NiEEt;N and (2) the formation

of a self-organized catalytic system consisting of nanosized

building units in the case of Ni(acac)

Table 5. Catalyst Recycling in the PhSeH Addition to 1a
Catalyzed by Ni Complexes

catalyst isolatiof “fresh start®

cycle vyield of2a% 2a3aratic* yield of2a°% 2a3araticd®

1 90 93:7 90 93:7 ; :
> 61 037 76 937 4. Experimental Section
3 41 93:7 68 93:7

. . 4.1. General ProceduresUnless otherwise noted, the synthetic
aFirst cycle: using 1.2 mmol of PhSeH, 1 mmol of alkyne, and 2 mol

% of the catalyst under solvent-free conditions at’@0for 10 min; other work was carried out under an argon atmosphere. The alkififes

cycles: recycled catalyst in the same conditions (see Experimental Section@nd 1g** were prepared according to published procedures. Other
for further details)® First cycle: using 1.2 mmol of PhSeH, 1 mmol of ~ reagents were obtained from Acros and Lancaster and used as

alkyne, and 2 mol % of the catalyst under solvent-free conditions 840  supplied (checked by NMR before use). Ni(agawps dried in a

for 10 min; other cycles: new portions of PhSeH drdvere added without vacuum (0.0%0.02 Torr, 60°C, 30 min) before use. Solvents were
catalyst isolation (see Experimental Section for further det&ilBgtermined purified according to published methods.

by NMR. All NMR measurements were performed using a three-channel

logues. Anyway we have investigated the possibility of catalyst Bruker DRX-500 spectrometer operating at 500.1, 125.8, and 95.4

recycling in order to understand the process of catalyst aging. MHz for 'H, **C, and’’Se nuclei, respectively. The spectra were

Recycled catalyst was less active in the PhSeH additidrato processed on a Silicon Graphics workstation using t_he XW_INMR

the yield of the reaction decreased from 90% to 61% and 41% Software package. All 2D spectra were recorded using an inverse

at the second and third cycles, respectively, after 10 min a€40 triple resonance probe_head with an active ;hlelded Z-gradient 90|I.

(entries 1-3, Table 5). SEM study of the recycled catalyst H and13Q chemical shlfts_are reported relative to the corresponding

indicated that nanosized building units still are the major form SO'Zem signals used as internal reference; externgd&ICDCl;

of the catalyst (Figure 3B), although there is a clear tendency ((jé =463.0 ppmt)) Vga;&SREd fdfsfégstlez}ed f"grss 'géthﬂeld

of their aggregation to form larger particles (cf. entries 5 and 77eSterlTll\;|]at(|:onsd9NOESY \[/\1V(|\§/|r§ 0 (. a ?S + 35). ed out

7, Table 2). de:cribec?prg\r/]iousﬁﬁ experiments were carried out as
Another. approach to catalyst reusage qulves addltlon.of 4.2. General Synthetic Procedure for 2 2i, 9j—9p, and 10k-

fresh portions of the reagents after completing the reaction 10p. The alkyne (1.0x 103 mol) was added to Ni(acac2.0 x

(“fresh start”). Catalyst activity was also decreased at the second;

. ’ § » 0-°>mol), and the reaction mixture was stirred at room temperature
and third cycles under “fresh start” conditions; however the i a uniform green suspension was formed (ca16 min).

yields were significantly higher compared to the catalyst phseH (1.2« 1072 mol) was added to the stirred mixture at ca.
isolation case (Table 5). This study indicates that catalyst agings °c (water/ice bath). The stirring was continued for additional
takes place during the course of the reaction and during the
catalyst isolation from the native media. The latter process is  (29) Consider the cost of 1 mmol of Ni(acacPd(acag) and Pt-

more harmful for the catalyst than the former. (acac): $2, $17, and $102, respectively (Aldrich Catalog, 2006).
(30) Scaott, L. T.; DeCicco, G. J.; Hyun, J. L.; ReinhardtJGAm. Chem.

. Soc, 1985 107, 6546.
3. Conclusions (31) Chakraborti, A. K.; Sharma, L.; Gulhane, R.; Shivargtrahedron
. . 2003 59, 7661.
The present catalytic system is a rare case where heteroge- 33y ananikov, V. P.; Beletskaya, I. Russ. Chem. Bull. Int. E2003

neous reaction conditions provide higher activity and better 52, 811.
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10 min, and the color of the suspension changed from green to 113.53; 128.20; 128.64; 129.31; 135.77; 149.70; 16962 NMR

dark. The reaction was carried out at-280 °C under stirring until
complete conversion of the alkyd&See Tables 3 and 4 for the
estimation of reaction time and temperature.

(95 MHz, CDCE; o, ppm): 399.5. Anal. Calcd for gH;60,Se:
C 55.13; H5.69; Se 27.88. Found: C55.12; H 5.65; Se 28.12. MS
(El): m/e 284 (M* 7%).

After completion of the reaction the products were purified by 1-(Phenylseleno)-1-phenylethene, &£=C(SePh)Ph (2h):yel-
flash chromatography on silica with hexane/ethyl acetate gradient low oil, 75%. *H NMR (500 MHz; CDC¥§; 8, ppm;J, Hz): 5.36
elution. After drying in a vacuum the pure products were obtained. (s, 1H); 5.88 (s, 1H); 7.167.31 (m, 6H); 7.48-7.64 (m, 4H). MS
The isolated yields given below were calculated on the basis of (El): m/e 260 (M" 4%). Isolated as a mixture of produ@s—4h.

initial amounts of the alkyne. In all cases the structures of the prod-
ucts were confirmed withH,**C, and’’Se NMR. The stereochem-
istry was determined using 2D NOESY, LR-COSM—13C HSQC,
1H-13C HMBC, and!H—-""Se HMQC NMR experiments.

2-(Phenylseleno)-3-hydroxy-3-methyl-1-butene, }£=C(SePh)-
C(OH)(CH ) (2a): colorless oil, 65%H NMR (500 MHz; CDC¥;
o, ppm;J, Hz): 1.51 (s, 6H); 2.28 (s, 1H); 4.93 (s, 1H); 5.72 (s,
1H); 7.29-7.33 (m, 3H); 7.5%7.61 (m, 2H) 3C{H} NMR (126
MHz; CDCls; 6, ppm): 29.69; 74.48; 113.63; 127.90; 129.27;
129.53; 135.00; 153.267Se NMR (95 MHz, CDJ; o, ppm):
381.6. Anal. Calcd for gH,40Se: C 54.78; H 5.85; Se 32.74.
Found: C 54.68; H 5.84; Se 33.10. MS (Ehve 242 (M 20%).

2-(Phenylseleno)hexene, £=C(SePh)CHCH,CH,CH3 (2b):
yellow oil, 62%. The product was identified according to the
published dat&*

2-(Phenylseleno)-4-hydroxy-1-butene, FC=C(SePh)-
CH,CH,OH (2c): yellow oil, 72%.*H NMR (500 MHz; CDC};
o, ppm;J, Hz): 2.06 (br s, 1H); 2.51 (t, 2H] = 5.50); 3.74 (t,
2H,J=5.50); 5.25 (s, 1H); 5.59 (s, 1H); 7.28.32 (m, 3H); 7.52
7.57 (m, 2H).23C{*H} NMR (126 MHz; CDC}; o, ppm): 41.12;
60.85; 119.06; 127.89; 128.99; 129.24; 134.53; 13982 NMR
(95 MHz, CDCE; 6, ppm): 420.2. Anal. Calcd for gH,,0Se: C
52.87; H 5.32; Se 34.76. Found: C 53.07; H 5.45; Se 34.58.
(ED): m/e 228 (M 15%).

2-(Phenylseleno)-3-methyl-1-butene, ¥£=C(SePh)C(CH)s
(2d): light yellow oil, 71%.*H NMR (500 MHz; CDC}; 9, ppm;
J, Hz): 1.23 (s, 9H); 4.91 (s, 1H); 5.60 (s, 1H); 7-26.30 (m,
3H); 7.54-7.59 (m, 2H).23C{H} NMR (126 MHz; CDC}; o,
ppm): 29.93; 38.97; 113.97; 127.53; 129.18; 130.57; 134.79;
155.43.77Se NMR (95 MHz, CDCJ; 6, ppm): 385.9. Anal. Calcd
for CioHq6Se: C 60.25; H 6.74; Se 33.01. Found: C 60.29; H 6.83;
Se 33.25. MS (El):m/e 240 (M 17%).

2-(Phenylseleno)-3-hydroxy-3-methyl-1-pentene, j&=C-
(SePh)C(OH)(CHs)CH,CHj3 (2€): light yellow oil, 74%.*"H NMR
(500 MHz; CDC}; 6, ppm;J, Hz): 0.92 (t, 3HJ = 7.33); 1.46 (s,
3H); 1.80 (g, 2H,J = 7.33); 2.26 (s, 1H); 4.94 (s, 1H); 5.66 (s,
1H); 7.30-7.34 (m, 3H); 7.59-7.63 (m, 2H).23C{H} NMR (126
MHz; CDClg; 6, ppm): 8.24; 27.25; 34.16; 77.00; 113.65; 128.00;
129.25; 129.38; 135.44; 151.93Se NMR (95 MHz, CD(; o,
ppm): 389.1. Anal. Calcd for GH;¢0Se: C 56.47; H 6.32; Se
30.94. Found: C 56.70; H 6.43; Se 30.67. MS (Et)te 256 (M*
11%).

1-(Phenylseleno)-1-(1-methoxycyclohexyl)ethene, ,8=C-
(SePh)GH11(OCH3) (2f): light yellow oil, 88%.H NMR (500
MHz; CDClg; 6, ppm;J, Hz): 1.17-1.27 (m, 1H); 1.52-1.68 (m,
7H); 2.03-2.10 (m, 2H); 3.18 (s, 3H); 4.86 (s, 1H); 5.55 (s, 1H);
7.29-7.35 (M, 3H); 7.59-7.62 (m, 2H) 13C{H} NMR (126 MHz;
CDCl3; 6, ppm): 21.82; 25.84; 34.40; 49.81; 79.03; 113.37; 128.11;
128.93; 129.25; 136.56; 152.73Se NMR (95 MHz, CDG; o,
ppm): 403.8. Anal. Calcd for gH,0OSe: C 61.01; H 6.83; Se
26.74. Found: C 61.06; H 6.94; Se 27.02. MS (Et)e 296 (M*
3%).

2-(Phenylseleno)-3-acetoxy-3-methyl-1-butene ;,86=C(SePh)C-
(OOC—CH3)(CHa), (29): light yellow oil, 85%.H NMR (500
MHz; CDClg; 6, ppm;J, Hz): 1.68 (s, 6H); 2.02 (s, 3H); 4.88 (s,
1H); 5.64 (s, 1H); 7.287.34 (m, 3H); 7.5%7.62 (m, 2H).13C-
{H} NMR (126 MHz; CDC}; 9, ppm): 22.06; 27.32; 82.96;

MS

(33) NMR monitoring (or GC) is the easiest way to determine appropriate
reaction time.

E-3-(Phenylseleno)-3-hexene, CHCH,—CH=C(SePh)CH-
CH3 (9)): light yellow oil, 73%.*H NMR (500 MHz; CDC}; o,
ppm;J, Hz): 1.00 (t, 3H,J = 7.33); 1.02 (t, 3H,J = 7.33); 2.13
(m, 2H,J, = J, = 7.33); 2.26 (q, 2H,) = 7.33); 5.93 (t, 1H) =
7.33); 7.1#7.25 (m, 3H); 7.42-7.47 (m, 2H)13C{*H} NMR (126
MHz; CDCl;; 6, ppm): 13.87; 14.09; 22.60; 26.14; 126.56; 128.91;
130.98; 132.18; 132.93; 139.19Se NMR (95 MHz, CDCJ; o,
ppm): 424.1. Anal. Calcd for gHsSe: C 60.25; H 6.74; Se 33.01.
Found: C 60.33; H 6.77; Se 32.79. MS (Ehve 240 (M" 18%).

E-3-(Phenylseleno)-2-hexene, CHCH=C(SePh)CHCH,CH3;
(9Kk): light yellow oil, 53%.H NMR (500 MHz; CDC}; 6, ppm;
J, Hz): 0.86 (t, 3H,J = 7.33); 1.52 (m, 2HJ; = J, = 7.33); 1.71
(d, 3H,J = 6.87); 2.24 (t, 2H,) = 7.33); 6.01 (q, 1H,) = 6.87);
7.16-7.26 (m, 3H); 7.427.47 (m, 2H) 13C{H} NMR (126 MHz;
CDCls; o, ppm): 13.43; 14.99; 21.79; 34.30; 126.63; 128.89;
130.50; 132.11; 132.43; 137.40Se NMR (95 MHz, CDC; o,
ppm): 428.7. Anal. Calcd for gHysSe: C 60.25; H 6.74; Se 33.01.
Found: C 60.46; H 6.95; Se 33.20. MS (Ehve 240 (M" 18%).

E-2-(Phenylseleno)-2-hexene, CGHC(SePh¥>=CHCH ,CH,CH3
(10Kk): light yellow oil, 28%.*H NMR (500 MHz; CDC}; 6, ppm;

J, Hz): 0.91 (t, 3HJ = 7.33); 1.42 (m, 2HJ; = J, = 7.33); 1.99
(d, 3H,J = 1.37); 2.08 (dt, 2H,); = J, = 7.33); 5.95 (m, 1HJ;
=7.33,J, = 1.37); 7.16-7.26 (m, 3H); 7.42-7.47 (m, 2H).13C-
{H} NMR (126 MHz; CDCE§; 6, ppm): 13.68; 19.94; 22.38; 31.49;
126.70; 128.93; 130.88; 131.90; 132.46; 136.78e NMR (95
MHz, CDCL; 6, ppm): 469.0.

E-3-(Phenylseleno)-4-hydroxy-2-hexene, CHCH=C(SePh)-
CH(OH)CH ,CH3 (91): light yellow oil, 65%.*H NMR (500 MHz;
CDClg; 6, ppm;J, Hz):): 0.88 (t, 3H,J = 7.33); 1.5-1.60 (m,
1H); 1.62-1.72 (m, 1H); 1.80 (d, 3H) = 7.33); 2.04 (d, 1HJ =
7.33); 4.51 (dt, 1HJ, = J, = 7.33); 6.04 (g, 1HJ = 7.33); 7.22-
7.28 (m, 3H); 7.56-7.54 (m, 2H).13C{H} NMR (126 MHz;
CDClg; 6, ppm): 9.87; 15.23; 29.85; 71.76; 126.96; 129.06; 131.10;
132.45; 134.71; 136.687Se NMR (95 MHz, CDJ; o, ppm):
345.3. Anal. Calcd for gH10Se: C 56.47; H 6.32; Se 30.94.
Found: C 56.34; H 6.29; Se 31.02. MS (Ehve 256 (M" 22%).

E-2-(Phenylseleno)-4-hydroxy-2-hexene, CHC(SePhy=CH-
CH(OH)CH ,CH3 (10I): light yellow oil, 17%.*H NMR (500 MHz;
CDCl; 6, ppm; J, Hz): 0.90 (t, 3H,J = 6.87); 1.44-1.53 (m,
1H); 1.57-1.66 (m, 1H); 2.04 (s, 3H); 4.30 (dt, 1H; = 8.71,J,
= 6.87); 5.74 (d, 1HJ = 8.71); 7.26-7.31 (m, 3H); 7.487.54
(m, 2H).13C{H} NMR (126 MHz; CDC}; 6, ppm): 9.59; 20.04;
30.19; 70.33; 127.66; 128.91; 129.17; 130.62; 134.17; 135780.
Se NMR (95 MHz, CD{; 6, ppm): 470.1. Anal. Calcd for gHi6
OSe: C 56.47; H 6.32; Se 30.94. Found: C 56.44; H 6.41; Se
31.24. MS (El): m/e 256 (M" 2%).

E-3-(Phenylseleno)-3-penten-1-ol, CHCH=C(SePh)CH-
CH,OH (9m): colorless oil, 54%'H NMR (500 MHz; CDC}; 6,
ppm;J, Hz): 1.65 (br s, 1H); 1.78 (d, 3H, = 6.87); 2.56 (t, 2H,
J=6.42); 3.73 (t, 2HJ = 6.42); 6.19 (q, 1HJ = 6.87); 7.23-
7.27 (m, 3H); 7.437.48 (m, 2H).13C{*H} NMR (126 MHz;
CDCl;; 6, ppm): 15.23; 35.43; 61.26; 127.06; 128.20; 129.13;
130.27; 132.57; 135.057Se NMR (95 MHz, CD; o, ppm):
430.3. Anal. Calcd for gH.40Se: C 54.78; H 5.85; Se 32.74.
Found: C 54.80; H 5.72; Se 32.51. MS (Ehve 242 (M' 55%).

E-4-(Phenylseleno)-3-penten-1-ol, CHC(SePh¥>CHCH .-
CH,OH (10m): colorless oil, 36%!H NMR (500 MHz; CDC};

d, ppm;J, Hz): 1.79 (br s, 1H); 2.02 (s, 3H); 2.38 (dt, 2B}, =
6.42,J, = 7.33); 3.66 (d, 2HJ = 6.42); 5.89 (t, 1HJ = 7.33);
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7.24-7.29 (m, 3H); 7.457.50 (m, 2H)13C{H} NMR (126 MHz;
CDCls; 6, ppm): 20.00; 32.95; 61.81; 127.18; 129.09; 129.16;
131.51; 133.19; 137.797Se NMR (95 MHz, CDJ; o, ppm):
470.4. Anal. Calcd for gH14OSe: C 54.78; H 5.85; Se 32.74.
Found: C 54.60; H 5.76; Se 32.83. MS (Ehve 242 (M 30%).

E-2-(Phenylseleno)-2-buten-1-ol, Ck+-CH=C(SePh)CHOH
(9n): colorless oil, 51%!H NMR (500 MHz; CDC}; o, ppm; J,
Hz): 1.83 (d, 3H,J = 6.87); 1.96 (t, 1HJ = 5.96); 4.21 (d, 2H,
J=5.96); 6.22 (q, 1H) = 6.87); 7.23-7.29 (m, 3H); 7.457.50
(m, 2H).3C{H} NMR (126 MHz; CDCE}; o, ppm): 15.16; 60.45;
127.19; 129.21; 129.83; 131.92; 132.40; 135.78e NMR (95
MHz, CDCE; 6, ppm): 383.3. Anal. Calcd for {gH;,0Se: C 52.87;
H 5.32; Se 34.76. Found: C 52.99; H 5.34; Se 34.86. MS (El):
m/e 228 (M 35%).

E-3-(Phenylseleno)-2-buten-1-ol, Ck+-C(SePh¥=CHCH ,0OH
(10n): light yellow oil, 32%.*H NMR (500 MHz; CDC}; o, ppm;

J, Hz): 1.51 (br s, 1H); 2.03 (s, 3H); 4.17 (d, 2Bi= 5.50); 5.89
(t, 1H, J = 5.50); 7.27#7.33 (m, 3H); 7.56-7.55 (m, 2H).:*C-
{™H} NMR (126 MHz; CDC}; 6, ppm): 19.60; 59.59; 127.83;
128.70; 129.21; 131.05; 131.85; 134.54Se NMR (95 MHz,
CDClg; 9, ppm): 467.0. Anal. Calcd for {gH;,0Se: C 52.87; H
5.32; Se 34.76. Found: C 53.01; H 5.40; Se 35.08. MS (Eie
228 (M" 29%).

E-3-(Phenyl)-2-(phenylseleno)-2-propen-1-ol, PACH=C-
(SePh)CHOH (90): yellow oil, 62%.*H NMR (500 MHz; CDC};

o, ppm; J, Hz): 2.58 (t, 1H,J = 5.96); 4.36 (d, 2HJ = 5.96);
6.94 (s, 1H); 7.197.31 (m, 8H); 7.53-7.57 (m, 2H).13C{H}
NMR (126 MHz; CDC}; 6, ppm): 61.44; 127.43; 127.69; 128.30;
128.44; 129.04; 129.30; 133.69; 135.84; 136.75e NMR (95
MHz, CDCE; 6, ppm): 409.7. Anal. Calcd for fgH1,0Se: C 62.29;

H 4.88; Se 27.30. Found: C 62.27; H 4.89; Se 27.32. MS (El):
m/e 290 (M 24%).

E-3-(Phenyl)-3-(phenylseleno)-2-propen-1-ol, PAC(SePhj=
CHCH,0H (100): yellow oil, 29%.H NMR (500 MHz; CDC};

0, ppm;J, Hz): 1.90 (br s, 1H); 3.99 (d, 2H] = 6.42); 5.94 (t,
1H,J = 6.42); 7.18-7.29 (m, 8H); 7.46-7.50 (m, 2H).13C{H}
NMR (126 MHz; CDC}; 6, ppm): 60.44; 127.96; 127.99; 128.04;
128.89; 129.14; 130.31; 134.86; 136.87; 137.93e NMR (95
MHz, CDCE; 6, ppm): 481.9. Anal. Calcd for fgH140Se: C 62.29;

H 4.88; Se 27.30. Found: C 62.36; H 4.92; Se 27.23. MS (El):
m/e 290 (M 18%).

E-1-(Phenyl)-2-(phenylseleno)-1-butene, PARCH=C(SePh)-
CH,CH3; (9p): yellow oil, 72%.1H NMR (500 MHz; CDC}; o,
ppm;J, Hz): 1.19 (t, 3H,J = 7.33); 2.49 (q, 2H,) = 7.33); 6.82
(s, 1H); 7.12-7.17 (m, 2H); 7.187.24 (m, 3H); 7.257.28 (m,
3H); 7.54-7.59 (m, 2H).13C{H} NMR (126 MHz; CDC}; 9,
ppm): 14.06; 26.56; 126.81; 127,41; 128.20; 128.29; 129.16;
133.29; 133.76; 137.23; 138.75; 139.36Se NMR (95 MHz,
CDClg; 6, ppm): 437.3. Anal. Calcd for fgH16Se: C 66.90; H
5.61; Se 27.49. Found: C 66.76; H 5.65; Se 27.29. MS (Eie
288 (M" 31%).

E-1-(Phenyl)-1-(phenylseleno)-1-butene, PRC(SePhy=CHCH ,-
CH3 (10p): yellow liquid, 21%.*H NMR (500 MHz; CDC}; o,
ppm;J, Hz): 0.95 (t, 3HJ = 7.33); 2.08 (m, 2HJ; = J, = 7.33),
6.13 (t, 1H,J = 7.33); 7.18-7.28 (m, 5H), 7.29-7.33 (m, 3H),
7.39-7.43 (m, 2H).13C{'H} NMR (126 MHz; CDC}; 8, ppm):
14.15; 24.09; 126.99; 127.19; 127.81; 128.83; 129.10; 129.81;
130.44; 130.52; 131.41; 133.07Se NMR (95 MHz, CD{; 6,
ppm): 487.3. Anal. Calcd for fgHi6Se: C 66.90; H 5.61; Se 27.49.
Found: C 66.76; H 5.65; Se 27.29. MS (Ehve 288 (M* 31%).

4.3. Preparation of [M(SePh}], from Different Precursors
(M = Pd, Ni). A. Pd(OAc),, NiCl,, Ni(OAc),, and Ni(acac)
Precursors. The alkynela (0.084 g, 1.0x 102 mol) was added
to the metal compound (5.6 10°° mol) and stirred until a
homogeneous dark brown suspension was formed (€205%nin).
PhSeH (0.189 g, 1.2« 1072 mol) was added to the stirred
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suspension at ca. & (water/ice bath), and stirring was continued
at 25°C for an additional 10 min. A dark brown suspension was
formed. The precipitate was separated, washed with ether %4
mL), and dried in a vacuum.

Elemental Analysis [Ni(SePh)], Made from Ni(acac), Pre-
cursor. Anal. Calcd for GoH1gNiSe: C 38.87; H 2.72; Ni 15.83;
Se 42.59. Found: C 38.63; H 2.93; Ni 15.59; Se 42.81.

[Ni(SePh}], Made from Ni(OAc), Precursor. Anal. Calcd for
CioH1oNiSe:: C 38.87; H 2.72; Ni 15.83; Se 42.59. Found: C 38.88;
H 2.84; Ni 15.73; Se 42.41.

[Ni(SePh)]n/NiCl, Made from NiCl, Precursor. Anal. Calcd
for Ni(SePh):NiCl, = 1:9: C 9.38; H 0.66; Cl 41.51; Ni 38.18;
Se 10.27. Found: C 9.33; H 0.44; Cl 41.10; Ni 38.40; Se 10.58.
SEM Study. Pd(OAc) precursor: Figure 1A and entry 1 of
Table 2; NiC} precursor: Figure 1B and entry 2 of Table 2; Ni-
(OACc), precursor: Figure 1C and entry 3 of Table 2; Ni(agac)
precursor: Figures 1D and 1E and entry 5 of Table 2.

B. NiCI/Et3N System.The alkynela (0.084 g, 1.0x 103 mol)
and EtN (0.010 g, 1.0x 10~* mol) were added to NiGi6H,O
(0.011 g, 5.0x 10°° mol) and stirred until a uniform suspension
was formed (ca. 510 min). PhSeH (0.189 g, 1.2 10-3 mol)
was added to the stirred suspension at cA&CXwater/ice bath),
and stirring was continued at 2& for an additional 10 min. The
color of the suspension changed from green to dark and an insoluble
brown-lilac precipitate was formed. The precipitate was separated,
washed with ether (5 5 mL), and dried in a vacuum.

Elemental analysis:89% (0.133 g) of a dark brown solid. Anal.
Calcd for G4H4NiISeN,Cly: C 44.61; H 6.55; Ni 9.08; Se 24.44;
Cl 10.97. Found: C 44.25; H 6.33; Ni 9.03; Se 24.11. SEM study:
Figures 2A, 2C, 2D and entry 4 of Table 2.

C. Removing the [EgkNH]TCl~ Support. The same as above
(4.3B), except that after separation the precipitate was washed with
ether (6x 5 mL), water (3x 5 mL), and acetone (4 5 mL) and
dried in a vacuum. SEM study: Figure 2B.

4.4. Different Order of Reagent Addition. A. Normal Order
of Reagent Addition. The alkynela (1.0 x 10-3 mol) was added
to Ni(acac) (2.0 x 1075 mol), and the reaction mixture was stirred
at 25°C until a uniform green suspension was formed (cal®
min). PhSeH (1.2« 103 mol) was added to the stirred mixture at
ca. 5°C (water/ice bath). The stirring was continued for additional
10 min at 25°C, the color of the suspension changed from green
to dark, and an insoluble crimson precipitate was formed. After
that a small aliquot was taken from the mixture and investigated
by IH NMR. Product2a was formed with 74% yield (determined
by 'H NMR).

B. Reversed Order of Reagent Addition.PhSeH (1.2« 1073
mol) was added to Ni(acac)2.0 x 10-° mol), and the reaction
mixture was stirred at 25C until a uniform dark crimson
suspension was formed (ca-%0 min). Alkyne la (1.0 x 1073
mol) was added to the stirred mixture at c€@ (water/ice bath).
The stirring was continued for additional 10 min at Z5. After
that a small aliquot was taken from the mixture and investigated
by IH NMR. Product2a was formed with 45% yield (determined
by IH NMR). The precipitate was separated, washed with ether (4
x 5 mL), and dried in a vacuum. SEM study: Figure 3A and entry
6 of Table 2.

4.5. Reaction of [Ni(SePhy), with Alkyne (Scheme 5).The
alkynela (2.2 x 1074 mol), PhSeH (2.2x 104 mol), and GDe
(0.5 mL) were added to [Ni(SeP#) (1.1 x 10~ mol), and the
reaction mixture was stirred at 2C until complete conversion of
the alkyne (ca. 60 min) as confirmed by NMR.

4.6. Study of catalyst recycling. A. Catalyst Isolation.The
alkynela (1.0 x 10-2 mol) was added to Ni(acacf2.0 x 10°°
mol), and the reaction mixture was stirred at®5until a uniform
green suspension was formed (ca.1® min). PhSeH (1.% 1073
mol) was added to stirred mixture at caG (water/ice bath). The
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stirring was continued for additional 10 min at 40, the color of added to the reaction mixture. Small aliquots were taken from the
the suspension changed from green to dark, and an insolublemixture and investigated byH NMR (see Table 5 for yields).
crimson precipitate was formed. Small aliquots were taken from

the mixture and investigated Bt NMR (see Table 5 for yields). Acknowledgment. The work was supported by the Russian
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