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A novel homogeneous catalytic system has been developed for the regioselective hydrothiolation of
alkynes based on CpNi(NHC)CI complexes (NHECN-heterocyclic carbene). The designed catalyst
was efficient for the selective addition of a single ArS group to an alkyne and was suitable for the
synthesis of vinylsulfides, without side reactions leading to bis(arylthio)alkenes. Furthermore, this catalytic
system allowed for the-SH bond addition to alkynes to be performed with high regioselectivity (up to
31:1) and in good yields (6187%). A mechanistic study showed that this reaction involved three steps:
(1) a nickel-based substitution of chloride for the ArS group, (2) alkyne insertion into th& lKbond,
and (3) protonolysis of the NiC bond. The intermediate CpNi(NHC)(SAr) complexes were unambigu-
ously characterized by X-ray analysis.

1. Introduction Scheme 1
Sulfur—hydrogen bond addition to alkynes is a well- M :(R isomerization_ _(/ :
recognized synthetic method i< bond formation, resulting | S R=CHA Nl
in vinyl sulfides with 100% atom efficiency. When this reaction =—R + ArSH —
is performed without transition metal catalysts, anti-Markovni- R
kov products2 and3 are obtained in different ratios as a function e radicalor  ” ArS/:/ Y oad R
of the substituents and reaction conditions (Schenid b)date, nucieophile additon 2 3

several procedures have been developed for the synthegis of
and 3 that are based on free radical or nucleophilic addition (PhCN)} was used, a mixture of intern&dans’cis alkenes 4)
reactions:2 However, a different reaction outcome is achieved was obtained. The latter product is a result of s bond
when transition metal catalysts are employed, causing a changeaddition to alkynes followed by double-bond isomerization
in regioselectivity of the ArSH addition and formation bf (Scheme 1). In both instances, an insoluble polymeric species,
It has been demonstrated that Pd-catalyzed benzenethiolPd(SPhiln, was proposed as the active catafysowever, due
addition to terminal alkynes proceeds with high regioselectivity t0 the heterogeneous nature of the postulated reaction intermedi-
and good yield$.While using the catalyst precursor Pd(OAc) — ate, mechanistic studies were not reported.

resulted in only the Markovnikov-type produttwhen PdGH The addition_r_eaction _has also been performed unde_r homo-
geneous conditions using Pd complexes incorporating PR
*To whom correspondence should be addressed. E-mail: beletska@ /19ands>® However, it was noticed that in addition to the
org.chem.msu.ru; snolan@uno.edu. expected product being formed, an extra byproduct, tHebis-
Ignl'_\/ef't)l’ Oi,tN?W ?geans-_ Chemist (arylthio)alkenes, was obtained (Scheme 2).
elinsky Institute of Organic Chemistry. . : -
s Lomonosov Moscow State University. The r_eport(_ad reaction mechanism was thought to prc_>ceed via
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toward nickel complexes for catalyzing the regioselective
hydrothiolation of alkynes. Initially, NiGland Ni(acac)were
examined as precatalysts. For NiGhe addition of EN was
required to generate the active catalyst artdrpinene was used

to suppress free-radical addition leading to anti-Markovnikov
products2 and 3.5 In the case of Ni(acag) catalysis was
achieved using a new nanosized system under mild conditions.

Both nickel-based systems are heterogeneous. While the addition

of phosphine ligands to Niglallowed the homogeneous Ni-
catalyzed hydrothiolatioh,the presence of PRliigands also
facilitated the formation of byprodu@ (in the same manner
as for Pd-catalyzed reaction discussed above). Moreover, th
problem of isomerization ofl leading to4 was difficult to
control and as a result decreased the overall yield of Mark-
ovnikov product and afforded an inseparable mixture of
compounds. For both Pd- and Ni-catalyzed reactions, special
optimization of experimental conditions and careful catalyst
selection are required to suppress the isomerizatidnto#.*>
Here, we report a homogeneous catalytic system for the
selective hydrothiolation of alkynes that excludes the side
reaction leading t&-bis(arylthio)alkeneb as well as prevents
the isomerization reaction of the desirgdo the undesired.
This new catalytic system is based on Ni complexes incorporat-
ing N-heterocyclic carbene ligands (NH®);-11 (Scheme 3).
Transition metal complexes containing NHC ligands have

several important advantages over analogous phosphorus sys-

tems, for example, increased thermal stability, stromgeéona-
tion, and increased stability toward oxygen and wéfer.
Furthermore, the greaterdonation of NHC ligands has resulted
in the stabilization of highly reactive metal complexes, a crucial
factor for gaining mechanistic insight into the current homo-
geneous hydrothiolation of alkynes.
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Table 1. Transition Metal Catalyzed PhSH Addition to
1-Heptynex>

T, time, vyieldsofl(4),c vyield of (2+3),
entry catalyst °C % %
1 CpNi(IMes)CI 80 1 65 (0) 9
2 NiCl 80 1 30(7) 7
3 PdCh 80 1 32(5) 10
4 Pd(OAc)» 80 1 57 (9) 4
5 CpNi(IMes)CI 60 6 66 (0) 8
6 NiCl, 60 6 34 (0) 7

a Experimental conditions: 0.5 mmol of 1-heptyne, 0.75 mmol of PhSH,
3 mol % of catalyst, 6 mol % of BN in 0.5 mL of tolueneds. ® The yields

gwere determined byH NMR and calculated on the basis of the initial

amount of alkyne¢ The yield of4 is given in parentheses.

Scheme 3
S NHC = IMes (8)
, SIMes (9)
Ni IPr (10)
¢’ “NHC SIPr (11)
/\ I\
NYN NYN
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N,N-bis(2,4,6-trimethylphenyl)-
imidazolin-2-ylidene
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SIPr
N,N-bis(2,6-diisopropylphenyl)-
imidazolin-2-ylidene

2. Results and Discussion

We have observed that CpNi(NHC)CI complexes (Scheme
3) catalyze the regioselective Markovnikov-type addition of the
S—H bond to alkynes. Using a model reaction of PhSH addition
to 1-heptyne in toluene catalyzed by comp&xve performed
a comparative study with the previously reported NIPACh,
and Pd(OAcy* catalysts (Table 1). We have also limited our
comparison to phosphine-free catalytic systems in order to
discard the pathway leading to byprodi&ct

After 1 h of reaction at 80°C, the Markovnikov productl
was obtained in 65% yield and 7:1 selectiVtyTable 1,entry
1). Using NIC} as a catalyst precursor resulted in 37% yield
and 5:1 selectivity under the same conditions (Table 1, entry
2). Although using Pd(OAg)as catalyst resulted in similar
(66%) and even better selectivity, 16:1 (Table 1, entry 4), the
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Table 2. NHC Ligand Effect on CpNi(NHC)CI-Catalyzed Table 3. Solvent Effect on CpNi(IMes)CI-Catalyzed PhSH
PhSH Addition to 1-HeptyneP Addition to 1-HeptyneaPb
entry catalyst yield ofl, % yield of 2+3), % yield of 1 (4),c vyield of (2+3), vyield of12,
1 CpNi(IMes)Cl @) 66 8 entry solvent % % %
2 CpNi(SIMes)CI 9) 54 9 1 chloroformd 5(80) 7 0
3 CpNi(IPr)CI 10) 28 10 2 acetoneds 56 (0) 10 15
4 CpNi(SIPr)CI 1) 21 10 3 dmsoels 65 (0) 11 10
a Experimental conditions: 0.5 mmol of 1-heptyne, 0.75 mmol of PhSH, 4 toluenee 350 5 0
3 mol % of catalyst, and 6 mol % of £ in 0.5 mL of tolueneds were a Experimental conditions: 0.5 mmol of 1-heptyne, 0.75 mmol of PhSH,
heated at 60C for 6 h.? The yields were determined Y4 NMR and 3 mol % of catalyst, and 6 mol % of &4 in 0.5 mL of solvent were heated
calculated on the basis of the initial amount of alkyne. at 50°C for 20 h.? The yields were determined Bid NMR and calculated

on the basis of the initial amount of alkyrfeThe yield of4 is given in

important advantage of the CpNi(NHC)CI catalyst is the absence P2"entheses.
of isomerized internal alkené (Table 1, entry 1), which is
observed when Pd(OAg)s employed. Scheme 4

Carrying out the reaction at lower temperature, comg@ex _ — R — R R
also showed good catalytic activity: a 66% yield and 8:1 LaNIZ8Ph —— Ni/:<SPh -, Ni/:§:<R
selectivity were observed afté h at 60°C (Table 1, entry 5). " " SPh
Under the same conditions Niiesulted in 34% yield and 5:1 19 20
selectivity (Table 1, entry 6). PhSH

Therefore, CpNi(IMes)Cl is an efficient catalyst for the PhSH
addition to alkynes. It is important to note that the catalytic

reaction involving N-heterocyclic carbene complexes of Ni L Ni—SPh

(Table 1, entries 1 and 5) took place under homogeneous

conditions. This contrasts with the heterogeneous reactions using R R

other transition metal catalysts studied (Table 1, entried 2 =<SPh :§:<R

and 6). SPh
It was important to study the catalytic activity of Ni 1 12

complexes8—11with various NHC ligands (Scheme 3). Indeed,
we found that all studied complexes catalyze regioselective  Table 4. Influence of EtEN on CpNi(IMes)Cl-Catalyzed
Markovnikov-type addition under mild conditions (8G, 6h). PhSH Addition to 1-Heptyne*®

However, the catalytic activities of the complexes significantly entry EgN, %  yieldof 1, %  yield of +3), %  yield of12, %
vary as a function of NHC ligand (Table #).Complexes8

. . ; . _ 1 0 33 5 30
and9, with IMes and SIMes ligands, displayed higher catalytic > 3 58 10 0
activity than10and11, containing IPr and SIPr ligands (Table 3 6 66 8 0
2, entries +2 and 3-4). The greater steric hindrance of the 4 15 36 7 0

IPrand SIPr ligands is the most likely reason for lower catalytic 2 Experimental conditions: 0.5 mmol of 1-heptyne, 0.75 mmol of PhSH,
activity. Among each pair of ligands, the unsaturated NHC 3 mol % of catalyst, and a given amount ogtin 0.5 mL of tolueneds
complexes (IMes, IPr) were slightly more active compared to Were heated at 68C for 6 h." The yields were determined B NMR
complexes containing saturated NHC ligands (SIMes, SIPr) and calculated on the basis of the initial amount of alkyne.

(Table 2). For all studied complexes, the isomerization of  Good yields and selectivity were observed in DMSO and
productl to internal alkene was not observed. The selectivity  5cetone (Table 3, entries 2 and 3). However, in these instances
of the catalytic reaction decreased in the following order: IMes an aqditional byproduct,2, was formed by insertion of a second
(8:1) > SIMes (6:1)> IPr (3:1) > SIPr (2:1). Obviously, upon  ajkyne molecule into the NiC bond (Scheme 4% Although
decreasing catalytic activity of the metal complex, the contribu- the reaction in toluene at @ gave the lowest yield (35%), it
tion of noncatalytic anti-Markovnikov addition increases and produced the best selectivity (7:1) and limited the formation of
decreases the overall selectivity of the reaction. We therefore pyproducts4 and 12. Therefore, we decided to employ this
selected complex8 for further optimization studies since it solvent and pursued our studies.
resulted in the highest activity and selectivity for the present  sjnce the presence of fit is important to generate the PhS
catalytic system. anion from PhSH and facilitates the substitution of the chloride
To find optimal conditions for the synthetic procedure, the jon in CpNi(NHC)CI complexes, we undertook an optimization
following parameters were optimized: (1) solvent; (2) alkyne; study dealing with the amount of triethylamine required to
PhSH ratio; and (3) amount of &. As shown in Table 3,  effectively perform this transformation. As previously reported,
solvent effects play a significant role on the yields and selectivity Et;N plays a dramatic role in the benzenethiol addition to
of the catalytic reaction. The largest yield for the catalytic alkynes catalyzed by chloride complexes of transition métals,
reaction (85%) and the highest selectivity (12:1) were observed resylting in a mixture o and3 when E¢N is not employed.
in chloroform. However, the major part of producisomerized | the CpNi(IMes)Cl system, a less pronounced effect was
to the internal alkend during the reaction (Table 3, entry 1).
It appears that latent acidity of chloroform facilitated the (12) The structure of dien&2 was proposed according to GC-MS data
isomerization reaction (for a discussion of possible isomerization (e = 302 (M*, 33); 231 (M" — CsHay, 100)) and key signals 6H NMR

- : (ds-toluene, 400 MHz¢ (ppm)): 5.20 (s, 1H), 5.28 (s, 1H), 6.20 (s, 1H);
mechanisms, see refs 4 and 5 and references therein). see: (a) Guittet, E.: Julia, Synth. Commi981 11, 697708, (b) Oida,

T.; Tanimoto, S.; lkehira, H.; Okano, MBull. Chem. Soc. Jprl983 56,
(10) Selectivity of the catalytic reaction was determined ag-e4)/ 959-960. (c) Jacobs, T. L.; Mihailovsky, Aletrahedron Lett1967, 27,
(2+3) ratio (see Scheme 1). 2607-2611. (d) Blatcher, P.; Warren, 8. Chem. Soc., Perkin Trans. 1
(11) The plot of observed yield vs time and calculated rate constants 1985 1055-1065. (e) Ager, D. J.; East, M. Bl.. Org. Chem1986 51,

are given in the Supporting Information. 3983-3992.
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Scheme 5
ArSH + EtgN PhSH + EtgN
i
Ve / V) \ D
\ /O/R PhMe ~ | PhMe | /@
Ni y _Ni_ _Ni_
IMes” S [ 2 NHC™ CI 2h, \) NHC™ s
R /
R = p-OMe (17) [EtsNH]*CI NHC = IMes (8) [EtsNH]*CI NHC = IMes (13)
p-NO> (18) SIMes (9) SIMes (14)
IPr (10) IPr (15)
SIPr (11) SIPr (16)

Table 5. Influence of the Alkyne:PhSH Ratio on
CpNi(IMes)ClI-Catalyzed PhSH Addition to 1-Heptyne*b

alkyne:PhSH yield of1, vyield of 2+3), vyield of 12,
entry ratio % % %
1 2.0:1.0 36 21 15
2 1.0:1.0 31 11 8
3 1.0:1.5 66 8 0
4 1.0:2.5 70 6 0

a Experimental conditions: 1-heptyne, PhSH, 3 mol % of catalyst, and
6 mol % of EgN in 0.5 mL of tolueneds were heated at 60C for 6 h.
b The yields were determined B NMR and calculated on the basis of
the initial amount of PhSH (entry 1) and alkyne (entries42.

observed (Table 4). Even without addition of base, product
was formed using normal catalytic conditions at®Din 6 h
(entry 1, Table 4). However, the yield of the reaction was poor
(33% of 1) due to the contribution of side reactions leading to
byproduct12 (Table 4, entry 1). Conversely, the addition of

in reasonable time (5 h). Surprisingly, a poor yield of 20% was
observed for the 4-nitrobenzenethiol addition to 1-heptyne
(Table 6, entry 7).

Itis very important to point out that in all reactions examined
(Table 6) the catalytic reaction proceeds under homogeneous
conditions.Therefore, this system represents an excellent model
to gain insight into mechanistic details of-8l bond addition
to alkynes catalyzed via transition metals. To investigate the
mechanism of the catalytic cycle, we performed a sequence of
stoichiometric reactions. The first catalytic step, in the mech-
anism we propose, involves chloride ligand replacement in
CpNi(NHC)CI complexes8—11 by ArS™ (Scheme 5). In the
presence of BN the substitution took place in quantitative yields
for all studied complexes. According to this reaction several
complexes13—18, with different NHC ligands and SAr groups
have been synthesized and isolated.

Monitoring the reaction by'H NMR indicated that the

EtsN suppressed byproduct formation and increased the yield presence of BN was important to increase the rate of

of productl to 58% and 66% when 3 mol % and 6 mol % of
EtzN were used, respectively (Table 4, entries 2 and 3).
However, further increase in the amount ogNetreduced the
yield and selectivity of the catalytic reaction (Table 4, entry 4).
Therefore, 6 mol % of BN appears to be the optimum amount
of base for the present catalytic system.

Of significant importance to the reaction outcome is the

substitution. Without BN, complex8 reacted with PhSH rather
slowly; 81% yield was observed afté h at 60°C in toluene.

In the presence of BNl the reaction was completed within 10
min at 60°C (>98% yield). The decrease in intensity b4
NMR signals of8 was accompanied with an increase in intensity
of corresponding signals df3. The formation of the [ERNH]™CI~
salt was confirmed byH NMR.13

alkyne:PhSH ratio (Table 5). As expected, an increase in the The composition of the nickel arylthiolate complexE3-

alkyne:PhSH ratio facilitated the route to dieh despite the
presence of BN (Table 5, entries 1 and 2). According to

18 was first established usifgd and3C NMR spectroscopies
(Table 7). For comparative purposes, the spectral data of initial

suggested reaction pathways (Scheme 4), an excess of PhSiomplexes8—11 are also listed in Table 7. The NMR data

should trap the intermediate Nivinyl complex before the

clearly indicate the substitution of the chloride ion by an ArS

second alkyne insertion. Therefore, an excess of PhSH wouldgroup with the final ratio ofH integrals for the ligand signals

increase the yield of alkenkand decrease the yield of diene
12. Indeed, the experimental findings have confirmed the

Cp:NHC:SAr= 1:1:1. Furthermore, upon ligand substitution
the carbenic carbon signal shifts downfield (ca:53ppm (cf.

expected relationship. The 1.5-fold excess of PhSH suppressedl3—16 and 8—11; Table 7)) compared to the analogous

the pathway to dien&2 (Table 5, entry 3). A further decrease

of the alkyne:PhSH ratio increased both the yield of Markovni-
kov productl and the selectivity of the reaction (Table 5, entries
3 and 4). Therefore, to achieve good yield and selectivity in

resonance in the corresponding CpNi(NHC)CI complex.

The molecular structures of representative complé@:35,
16, and17 were determined by X-ray analysis. The structures
of the complexes are shown in Figure 1, and selected geometry

the catalytic addition, an excess of PhSH should be presentparameters are given in Table 8.

during the course of the reaction.

For 13, 16, and 17, a single molecule is found in the

To examine the synthetic scope of the developed catalytic asymmetric unit. Howeverl3 contains a toluene of crystal-
system, we carried out several reactions with substituted alkynesjization, while 15 has two independent molecules comprising

and arylthiols (Table 6). PhSH addition to 1-heptyne and
1-ethynylcyclohexanol was performed with fair yields of 73%

the asymmetric unit (one of which is presented in Figure 1).
The metal environment in the complexes CpNi(IMes)(SRB),(

and 61% and good selectivity of 7:1 and 8:1, respectively (Table CpNi(IPr)(SPh) 15), CpNi(SIPr)(SPh) 16), and CpNi(IMes)-
6, entries 1 and 2). 4-Methoxybenzenethiol reacted with various (p-SGH,OMe) (17) is best described as trigonal planar (sum

alkynes in very good yields of 6787% and excellent selectivity
in the range 26:£31:1 (Table 6, entries -36). The final

products 1la—1f were isolated via purification by column
chromatography in 6387% yields. For economical and eco-

of bond angles using the Cp ring centrei860°) comprised
of a #5-Cp ligand, a NHC ligand, and an arylthiolate group.
The Ni—=NHC bond lengths lie in the range 1:83.92 A and
are similar to those reported for CpNi(NHC)CI (1:85.92 A;

logical reasons, we have also developed a synthetic procedureN\HC = IMes, SIMes, IPr, SIPr}*15 This trend was also

utilizing a 1:1 ratio of the reagents under solvent-free conditions.
To maintain an excess of the arylthiol, the alkyne was added in

three portions. Increasing the reaction temperature f€80ade
possible the catalytic reaction using only 1 mol % of catalyst

observed for the NiS bond distances (ranging from 2.19

(13)*H NMR data for [E§NH]*CI~ (CDCls, 500 MHz,8 (ppm)): 1.35
(t, J= 7.5 Hz, 9H, G3), 3.06 (q,d = 7.5 Hz, 6H, Gy).
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Table 6. Scope of the CpNi(IMes)Cl-Catalyzed ArSH Addition to Alkyneg

— Rl
— CpNi(IMes)Cl 8 (1 mol %) s ) ~ 2
Q—SH + =R — \_Fg * A
R EtsN, T =80°C, t=5h /= 3
R' !
1 AS R
entry ArSH alkyne vinylsulfide yields 1?2 (%) 1r:(a;i(+);)
v
1 @SH :—\_L 1a :Q_\_\ 73 82:12
. )
> @SH = 1b 61 72:9
OH
3 Meo—Q—SH :—\_\_ 1c :Qj_\ 87 94:3
4 —HO 1d 67 783
MeO SH ?O OH :
5 MeOOSH = 1e :<S—\;{ >*0Me 72 83:3
CN cN
6 MeOOSH = 1t :C< > OMe 75¢ 8239
NMe, NMe,
e
7 OZNOSH }& 1g 20f 317

aReaction conditions: alkyne (2.0 mmol, in 3 portions); ArSH (2.0 mmol); CpNi(IMe8)@ mol %); EtN (1 mol %); T = 80°C;t =5 h. P Isolated
yields, average of 2 run&Ratio determined byH NMR. ¢ No EtN was addedéIsolated as an oxalate salt (see Experimental Section for details).
f Approximately 30% of diend2gwas formed.

Table 7. SelectedH and 3C NMR Data for the CpNi(NHC)(SAr) Complexes 13-18 and CpNi(NHC)CI Complexes 8-11 in
Chloroform-d at Room Temperature?

H, ppm 13C, ppm
complex Cp NG NCH; Cp NCH NCH3 N-C-N
CpNi(IMes)(SPh) 13) 4.69 7.01 92.1 124.3 171.1
CpNi(SIMes)(SPh)14) 4.64 3.85 925 51.3 205.0
CpNi(IPr)(SPh) 15) 4.56 7.09 92.4 125.4 174.7
CpNi(SIPr)(SPh)16) 4.49 3.97 93.0 53.7 208.0
CpNi(IMes)(-MeOGCsH4S) (17) 4.63 7.01 92.3 124.2 171.4
CpNi(IMes)(p-NO-CeH4S ) (18) 4.75 7.01 92.2 124.6 169.0
CpNi(IMes)CI @) 455 7.08 92.4 124.6 168.0
CpNi(SIMes)CI @) 4.54 3.90 92.7 51.2 201.0
CpNi(IPr)CI (10) 451 7.11 92.0 124.0 169.3
CpNi(SIPr)CI (L1) 4.48 3.99 92.7 53.6 203.2

aFor complete NMR data see Experimental Section.

to 2.20 A), which is similar to the analogous distance in CpNi- for 15; 42.45(3} for 16, 42.67(7) for 17), resulting in a
(PPh)(SPh) (2.192(1) A¥® The aryl substituents on the NHC  favorable steric arrangement with regard to the metal center.
ligand are twisted (by 43.90(1jor 13; 39.46(2} and 41.92(2) The same observation is made for CpNi(NHC)CI compléxés.
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15)

(16)

17)

Figure 1. Ball-and-stick structures of CpNi(IMes)(SPH)3j, CpNi(IPr)(SPh) 15), CpNi(SIPr)(SPh)16), and CpNi(IMes)p-SCGH4sOMe)

(17); most hydrogen atoms have been omitted for clarity.

Table 8. Selected Bond Lengths (A) and Angles (deg) for CpNi(IMes)(SPh) (13), CpNi(IPr)(SPh) (15), CpNi(SIPr)(SPh) (16),
and CpNi(IMes)(p-SCsH,OMe) (17)

13 15 16 17
Ni—NHC 1.870(5) 1.920(5), 1.826(6) 1.893(7) 1.877(2)
Ni—S 2.202(2) 2.201(3), 2.193(2) 2.192(2) 2.192(1)
Ni—Cp(c) 1.772(6) 1.759(8), 1.777(8) 1.778(5) 1.782
NHC—Ni—Cp(c) 135.1(2) 135.1(3), 134.87(3) 138.35 136.33
S—Ni—Cp(c) 129.99(12) 130.21, 130.05 130.11 130.57
NHC—Ni—S 94.06(15) 93.93(10), 94.38(10) 90.72 92.31(11)

aTwo independent molecules were present in the asymmetric unit.

Scheme 6
Ar
| >
S.
| Ar'SH L N \H -ArSH |
Ni aNiL Ni
-Ar'SH ArSH
IMes/ SAr ? IMes/ SAr'
Ar'

However, the twist angles are slightly larger than those found
for CpNi(NHC)CI due to the greater steric hindrance caused
by the presence of the arylthiolate group.

Itis interesting to point out that heatid@ with a large excess
of p-MeOGsH,4SH (80°C, 2 h) resulted in formation af7 in
guantitative yield (Scheme 6). The reverse transformation has
been observed upon heatia@ with an excess of PhSH. GC-
MS analysis of the reaction mixture performed after completing

(14) Abernethy, C. D.; Cowley, A. H.; Jones, R. A.Organomet. Chem.
200Q 596, 3—5.

(15) Kelly, R. A., 1ll; Scott, N. M.; Dez-Gonz&z, S.; Stevens, E. D;
Nolan, S. P.Organometallic2005 24, 3442-3447.

(16) Taube, R.; Steinborn, D.; Hobold, \@. Organomet. Cheni.985
284, 385-394.

the substitution reaction revealed the presence of symmetric
(PhS) and p-MeOGH,4S), and asymmetrip-MeOGH4S—SPh
disulfides!” which are the products of arylthiolate groups
coupling on the Ni center. The experiment clearly indicates the
labile nature of the NS bond in this system.

To confirm that the arylthiolate complex is involved in the
catalytic cycle as an intermediate, we carried out the model
reaction of PhSH addition to 1-heptyne using 3 mol % of CpNi-
(IMes)(SPh) 13) as catalyst® Interestingly, after ol 6 h of
reaction at 60°C, productla was obtained in 67% yield and
8:1 selectivity. This result is analogous to that observed for
CpNi(IMes)CI @), which was activated in situ by &4 (Table
1, entry 1), and suggests that compl&é® is a plausible
intermediate in the catalytic cycle we propose.

The next stage of the mechanistic study was to explore the
reactivity of CpNi(IMes)(SPh) with alkynes. Accordingly, the
reaction of a 1:1 mixture of7 and 1-heptyne in toluene at 70

(17) In addition to disulfides, GC-MS analysis revealed the presence of
two other compounds, withWe = 204 and 336 (see Experimental Section
for details), which will be discussed later.

(18) The reaction was carried out withoutEtadditive.
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Scheme 7
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Table 9. Substitution Effect in p-RCgH4SH Arylthiols on the
Yields of CpNi(IMes)Cl-Catalyzed S-H Bond Addition to

1-Heptynexb
entry R time,h vyieldofl, % yield of 2+3), % vyield of12 %
1 OMe 0.5 57 <3 0
2 H 0.5 18 <3 0
3 NOC 05 8 <3 10
4 OMe 3 78 <3 0
5 H 3 51 8 0
6 NO* 3 13 <3 20

a Experimental conditions: 0.5 mmol of 1-heptyne, 0.75 mmol of ArSH,
3 mol % of catalyst, and 6 mol % &4 in 0.5 mL of tolueneds were heated
at 60°C. P The yields were determined Bi# NMR and calculated on the
basis of the initial amount of alkynéHeterogeneous mixture has been
formed due to low solubility ofp-NO,CsHsSH.

°C for 4 h was monitored vidH NMR. After this time, no
formation of productlc was observed. Signals corresponding
to the alkyne and.7 remained unperturbed, with no formation

Malyshet al.

Finally, we studied the stability of the catalyst and the
possibility of recyclability. After completing the catalytic
reaction involvingo-methoxybenzenethiol addition to 1-heptyne
(82% of 1c, 5 h at 80°C), the catalystl3 was recovered in
60% yield based on the initial amount of CpNi(IMes)CI. The
isolated catalyst was then used in a second catalytic cycle of
p-methoxybenzenethiol addition to 1-heptyne, leading to 18%
of 1c, 26% of 2c+3c, and 38% of4c after 5 h at 80°C.
However, further recycling could not be performed due to
catalyst decomposition. Analysis of the reaction mixture using
GC-MS revealed the presence of compouBfsand21 (GC-

MS, m/e = 204 and 336), which may shed some light on
possible catalyst decomposition pathways. For example, com-
pound20 can be formed by reductive elimination of cyclopen-
tadienyl and phenylthiolate ligands. The mechanism for sulfur
atom transfer to the IMes ligand (leading2d) is still uncertain,
although this finding reveals very unusual reactivity in the
present systents.

O LA
- @Q)Q

of side products. No product was observed even after increasing A plausible catalytic cycle of arylthiol addition to alkynes is

the temperature to 8%C. Conversely, the addition of 2 equiv
of p-MeOGsH4SH, followed by heating at 78C for 4 h, resulted
in 96% yield oflc (Scheme 7). The final reaction mixture was
composed of produdtc, 17, andp-MeOGHSH in a 1:1:1 ratio.
The appearance df9 was not detected via NMR. However,
these experiments seem to indicate th@tmight be a very

unstable reaction intermediate and that alkyne insertion, con-

verting 19to the isolablel7 (Scheme 7), is in equilibrium. The
addition of another equivalent of arylthiol enables the trapping
of intermediatel9 and leads to the formation of produtt.
The conversion ofl9 to 1c is irreversible under the studied
experimental conditions.

To confirm thatlc is the final product of the reactiofi,
complex13 was heated wittic and PhSH (1:1:2 molar ratio)
at 80°C in toluene for 5 h. The reaction mixture remained
unchanged, and formation @& was not observed.

Next, we investigated the influence of electronics on the
aromatic ring of arylthiol on the yield of product. A
preliminary study of the effect of varying the electronic
parameters of the arylthiols revealed the following reactivity
order: p-MeOGsH4sSH > CgHsSH > p-NO,CgH4SH (Table 9).

The measured reactivity order contrasts with the acidic properties

of the arylthiols p-NO,Ce¢H4SH > CgHsSH > p-MeOGsH,-
SH), which are expected to play a major role in the protonolysis
step because of their supposed ability to break the@bond
(Scheme 4). It is of note that the low solubility pINO,CeH4-

SH may be the reason for a decreased vyield of prodgct
Furthermore, the formation of dienE2g seems to indicate
insufficient activity in trapping the intermediatevinyl nickel
complex formed after insertion of the alkyne into the—Ii
bond. The difference between theMeOGH4SH and GHsSH

is less clear and will be addressed in future studies.

(19) For examples of transition metal catalyzed¢ £bond activation,
see: (a) Kuniyasu, H.; Ohtaka, A.; Nakazono, T.; Kinomoto, M.; Kurosawa,
H. J. Am. Chem. So200Q 122, 2375-2376. (b) Egi, M.; Liebeskind, L.
S.Org. Lett.2003 5, 801—-802. (c) Kusturin, C.; Liebeskind, L. S.; Rahman,
H.; Sample, K.; Schweitzer, B.; Srogl, J.; Neumann, WOkg. Lett.2003
5, 4349-4352. (d) Fausett, B. W.; Liebeskind, L. $.0rg. Chem2005
70, 4851-4853.

depicted in Scheme 8. Initially, the chloride ion8rundergoes

Scheme 8
I
Ni_ 8
IMes/ Cl
ArSH + Etz;N
oR+ Bl [EtNHICI
I
=<SAr /Ni\
R IMes SAr _
22 =-R
1
ArSH l

Ni SAr
IMes/ E(
24 R

substitution, resulting i22. Then,22 reacts by alkyne insertion
to afford the unstable intermedia23, which is then trapped
by another equivalent of ArSH, yielding the desired product
and regenerating2.

3. Conclusions

We have described Ni complexes with N-heterocyclic carbene
ligands capable of behaving as excellent homogeneous catalysts
for the selective transfer of a single ArS group to alkynes. The
side reaction leading to a transfer of two thioaryl groups to
alkyne does not take place in the studied systems. Hydrothi-

(20) An example of transition metal promoted sulfur atom transfer to
the triphenylphosphine ligand has been recently reported; see: Ananikov,
V. P.; Orlov, N. V.; Beletskaya, I. FRuss. Chem. Bull., Int. EQ005 54,
576-587.
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olation of alkynes has been performed with high regioselectivity
of 7:1 and 28:1 for PhSH ang-MeOGH,SH addition,
respectively?! The products of the-SH bond addition reaction
were isolated in good yields of 687%. In the developed
catalytic system, the Markovnikov-type product does not

Organometallics, Vol. 25, No. 19, 20069

J= 7.2 Hz, 2H), 1.57 (tJ = 7.2 Hz, 2H), 2.03 (tJ = 7.2 Hz,

2H), 3.28 (s, 3H), 4.71 (s, 1H), 4.86 (s, 1H), 6.64 Jc= 8.0 Hz,

2H), 7.27 (d,J = 8.0 Hz, 2H).13C NMR (dg-toluene, 100.6 MHz,

5): 15.9, 24.6, 35.4, 55.1, 111.1, 115.6, 119.3, 123.0, 136.9, 146.2,
161.0. Anal. Calcd for GH;sNOS: C 66.92, H 6.48, N 6.00.

isomerize to internal alkyne. We were also successful in isolating Found: C 66.67, H 6.36, N 5.87.

the proposed intermediate CpNi(NHC)(SAr) complexes formed
after chloride ion substitution in CpNi(NHC)CI. A number of

2-(4-Methoxyphenylthio)-N,N-dimethylprop-2-en-1-amine
HOOC—COOH, 1f*HOOC—COOH: white solid. Yield: 0.470

these were analyzed by single-crystal X-ray analysis. The g (75%). The reaction mixture was dried under vacuum, and the
stoichiometric reactions carried out using the isolated complexesresidue was dissolved in 2 mL of THF. Oxalic acid (0.303 g in 3

confirmed important steps in the proposed catalytic cycle, which
consists of alkyne insertion into the N6 bond and protonolysis
of the Ni—=C bond by trapping with arylthiol.

4. Experimental Section

General Considerations.All reactions were carried out under

mL of THF) was then added, resulting in the immediate precipita-
tion of a white solid. The solid was washed with THF %35 mL)

and dried in a vacuumH NMR (ds-DMSO, 400 MHz,0): 2.61

(s, 6H,), 3.61 (s, 2H), 3.79 (s, 3H), 4.78 (s, 1H), 5.47 (s, 1H), 7.04
(d,J= 6.0 Hz, 2H), 7.44 (dJ = 6.0 Hz, 2H), 9.24 (br s, 2H}3C
NMR (ds-DMSO, 100.6 MHz0): 42.7, 55.1, 60.4, 115.5, 115.8,
120.6, 136.3, 139.9, 160.2, 164.1. Anal. Calcd fasHGoNOsS:

a nitrogen atmosphere. The reagents and solvents were purchaseff 53.66, H 6.11, N 4.47. Found: C 53.28, H 5.97; N 4.64.

from commercial sources and used as received. Column chroma-

tography was performed on silica gel-463 mm (2306-400 mesh),
and hexanes/MTBEtért-butyl methyl ether) mixtures were used

Hept-1-en-2-yl(4-nitrophenyl)sulfane (1g): yellow oil. The
compound was isolated with the mixture2gd + 3g and the diene
12g The yield oflgis 0.101 g (20%)*H NMR (CDCls, 500 MHz,

as eluent. Solvents for NMR spectroscopy were degassed withd): 0.87 (t,J = 6.2 Hz, 3H), 1.26 (m, 4H), 1.52 (d,= 7.0 Hz,

nitrogen and dried over molecular sieves. NMR spectra were

recorded using 300, 400, and 500 MHz Varian spectrometers.

Chemical shifts are reported relative to TMS sign)(or the
corresponding solvent signals’€) as internal reference.

General Synthetic Procedure for Arylthiols Addition to
Alkynes. CpNi(IMes)CI @) (1 mol %, 9.3 mg, 0.02 mmol), ArSH
(2.0 mmol), and triethylamine (1 mol %, 2.0 mg, 0.02 mmol) were
placed in a scintillation vial fitted with a Teflon-sealed screw cap
and purged with nitrogen. The color of the solution changed from
crimson to dark brown upon addition of &t The alkyne was added
in three portions after 15 min, 1 h, @2 h (1.0, 0.5, and 0.5 mmol,

respectively) while the reaction mixture was stirring and heated at

80 °C. Total reaction time was 5 h. After completion, the reaction
mixture was adsorbed on silica gel and the product was purified
by column chromatography.

Hept-1-en-2-yl(phenyl)sulfane, la:light yellow oil. Yield:
0.301 g (73%). The identity of this compound was confirmed by
comparison with literature spectroscopic d#ta.

1-(1-(Phenylthio)vinyl)cyclohexanol, 1b:yellow oil. Yield:
0.286 g (61%). The identity of this compound was confirmed by
comparison with literature spectroscopic d&ta.

Hept-1-en-2-yl(4-methoxyphenyl)sulfane, 1c:yellow oil.
Yield: 0.411 g (87%)!H NMR (ds-toluene, 400 MHzp): 0.85
(t, J= 6.8 Hz, 3H), 1.22 (m, 4H), 1.60 (quintel,= 7.6 Hz, 2H),
2.25 (t,J = 7.6 Hz, 2H), 3.22 (s, 3H), 4.81 (s, 1H), 5.02 (s, 1H),
6.64 (d,J = 8.0 Hz, 2H), 7.42 (dJ = 8.0 Hz, 2H).13C NMR
(dg-toluene, 100.6 MHz)): 14.6, 23.2,29.1, 31.8, 37.2,55.1, 109.3,
115.5, 123.9, 137.0, 148.6, 160.7. Anal. Calcd fayH;,0S: C
71.14, H 8.53. Found: C 71.40, H 8.52.

1-(1-(4-Methoxyphenylthio)vinyl)cyclohexanol, 1d:pink solid.
Yield: 0.354 g (67%)* NMR (dg-toluene, 500 MHzp): 1.11
(m, 1H), 1.34 (s, 1H), 1.46 (m, 2H), 1.58 (m, 1H), 1.77 (m, 6H),
3.24 (s, 3H), 4.61 (s, 1H), 5.32 (s, 1H), 6.64 Jd= 8.8 Hz, 2H),
7.36 (d,J = 8.8 Hz, 2H).13C NMR (ds-toluene, 125.9 MHz¢):

2H), 2.25 (t,J = 7.0 Hz, 2H), 5.42 (s, 1H), 5.54 (s, 1H), 7.41 (d,
J = 8.9 Hz, 2H), 8.12 (dJ = 8.9 Hz, 2H).13C NMR (CDCk,
125.9 MHz,6): 14.0, 22.4, 28.0, 31.1, 36.9, 121.9, 123.9, 129.3,
138.9, 142.1, 145.2. GC-MSw/e 251 (M+, 31); 154 (SAr, 100).

NMR Monitoring of the Catalytic Reaction. The catalyst (3
mol %), ArSH (0.75 mmol), a given amount of triethylamine, and
1-heptyne (48.1 mg, 0.50 mmol) were dissolved in 0.5 mL of
tolueneds, placed in an NMR tube, and purged with nitrogen. The
color of the solution changed from crimson to dark brown upon
addition of EgN. The NMR tube was placed in an orbital shaker
and was heated at 8C. The reaction was monitored Vil NMR.

General Procedure for the Synthesis of NHC Nickel Aryl-
sulfide Complexes (13-18). Arylthiol (0.60 mmol) and triethyl-
amine (0.084 mL, 0.60 mmol) were added to a solution of
CpNi(NHC)CI (0.50 mmol) in 10 mL of toluene. Upon 4Et
addition the color of solution changed from crimson to dark brown
and a precipitate formed (#4-HCI). The reaction mixture was then
purged with nitrogen and left stirring f@ h atroom temperature.
The solution was then filtered through Celite using toluene as eluent,
the solvent removed under vacuum, and the residue extracted with
solvent (see below) and left in an opened vial. In the cas&3pf
15, 16, and 17, X-ray quality crystals were formed on standing
after 2 days. The crystals were collected by filtration, washed with
hexanes (3x 3 mL), and dried in vacuo.

CpNi(IMes)(SPh) (13).Black crystals were grown from 2 mL
of toluene/CHCI, (1:1). Yield: 0.234 g (87%)H NMR (CDCls,
400 MHz, 9): 2.15 (s, 12H), 2.38 (s, 6H), 4.69 (s, 5H), 6.69 (m,
3H), 6.98 (s, 4H), 6.99 (m, 2H), 7.01 (s, 2H¥C NMR (CDCB,
100.6 MHz,0): 18.7,21.4,92.1,120.1, 124.3, 126.5, 129.4, 132.5,
136.0, 137.0, 139.1, 147.4, 171.1. MS (MALDIjr/e 536 (M',

3); 427 (Mt — SPh, 59); 305 (IMes- H*, 100).

CpNi(SIMes)(SPh) (14):green solid. Yield: 0.214 g (79%).
IH NMR (CDCls, 300 MHz,0): 2.33 (s, 12H), 2.35 (s, 6H), 3.85

22.7,26.4,37.9,55.1, 74.9, 107.5, 115.6, 124.6, 137.3, 158.7, 160.9.S, 4H), 4.64 (s, 5H), 6.68 (m, 3H), 6.90 (m, 2H), 6.93 (s, 4F(].

Anal. Calcd for GsH»00,S: C 68.14, H 7.62. Found: C 67.94, H
7.59.

5-(4-Methoxyphenylthio)hex-5-enenitrile, 1epink oil. Yield:
0.336 g (72%)*H NMR (dg-toluene, 400 MHzg): 1.42 (quintet,

(21) Averaged values for PhSH (Table 6, entries 1 and 2) and
p-MeOGsH4SH (Table 6, entries-36) addition to alkynes.

(22) Ogawa, A.; Kawakami, J.; Sonoda, N.; Hirao,JI.Org. Chem.
1996 61, 4161-4163.

(23) Yus, M.; Gutierrez, F. A.; Foubelo, Fetrahedror2001, 57,4411~
4422.

NMR (CDCl, 75.4 MHz,0): 18.7,21.3,51.3,92.5, 120.1, 126.4,

129.6, 132.6, 136.8, 137.4, 138.2, 147.5, 205.0. MS (MALDije

538 (M*, 6); 429 (M" — SPh, 40); 307 (SIMes H*, 100).
CpNi(IPr)(SPh) (15). Dark brown crystals were grown from 4

mL of toluene/hexanes (1:1). Yield: 0.256 g (79%H NMR

(CDCl;, 300 MHz,6): 1.08 (d,J = 6.9 Hz, 12H), 1.39 (dJ = 6.9

Hz), 2.90 (m, 4H), 4.56 (s, 5H), 6.64 (m, 3H), 6.86 (m, 2H), 7.09

(s, 2H), 7.30 (dJ = 7.8 Hz, 4H), 7.46 (tJ = 7.8 Hz, 2H).13C

NMR (CDCls, 75.4 MHz,0): 22.6, 26.4, 29.0, 92.4, 120.2, 124.1,

125.4,126.4,130.1, 133.2, 137.3, 146.4, 148.4, 174.7. Anal. Calcd
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for CsgHaeN2NiIS: C 73.43, H 7.46, N 4.51. Found: C 73.12, H
7.18, N 4.27.

CpNi(SIPr)(SPh) (16). Black crystals were grown from 2 mL
of ethyl acetate. Yield: 0.277 g (89%H NMR (CDCl;, 400 MHz,
0): 1.22 (d,J=7.2 Hz, 12H), 1.44 (d) = 7.2 Hz, 12H), 3.31 (m,
4H), 3.97 (s, 4H), 4.49 (s, 5H), 6.63 (m, 3H), 6.77 (m, 2H), 7.26
(d,J = 7.6 Hz, 4H), 7.39 (t) = 7.6 Hz, 2H).13C NMR (CDCl,
100.6 MHz,0): 23.3, 27.0, 29.0, 53.7, 93.0, 120.4, 124.5, 126.4,
129.2, 133.5, 138.0, 147.6, 148.6, 208.0. Anal. Calcd fHeN,-
NiS: C 73.19, H 7.76, N 4.49. Found: C 72.96, H 7.66, N 4.36.

CpNi(IMes)(SCeH4-pOMe) (17). Dark red crystals were grown
from 3 mL of toluene/CHCl, (2:1). Yield: 0.197 g (70%):H NMR
(CDCl, 400 MHz,9): 2.16 (s, 12H), 2.39 (s, 6H), 3.69 (s, 3H),
4.63 (s, 5H), 6.33 (dJ = 8.8 Hz, 2H), 6.87 (dJ = 8.8 Hz, 2H),
7.01 (s, 6H)13C NMR (CDCk, 100.6 MHz,0): 18.7, 21.4, 55.4,

Malyshet al.

NMR tube and purged with argon. After the addition of 1-heptyne
(2.6 ml, 0.02 mmol), the solution was heated at’@0for 4 h. No
additional products were formed. The signals attributable to the
alkyne and the initial complet7 remained unchanged in tHel
NMR spectrap-Methoxybenzenethiol (4.9 mL, 0.04 mmol) was
then added to the reaction mixture and the resulting solution heated
at 70°C for 4 h to afford 96% conversion of the 1-heptyne to
productlc (detected vidH NMR).

Confirming that 1C is the Final Product of the Reaction.
CpNi(IMes)SPh 13) (10.7 mg, 0.02 mmol), compourid (4.7 mg,
0.02 mmol), and PhSH (4.1 ml, 0.04 mmol) were dissolved in 0.5
mL of tolueneds. The dark brown solution was then placed into
an NMR tube and purged with argon. After heating at’80for 5
h, the 'TH NMR spectrum was recorded. All reagents remained
unchanged with no evident signals of compourad

92.3,112.6,124.2,129.4, 133.6, 136.1, 137.1, 137.9, 139.0, 154.7, Catalyst Recycling. CpNi(IMes)CI (3 mol %, 13.9 mg, 0.03

171.4. Anal. Calcd for gH3gNoNiOS: C 69.85, H 6.39, N 4.94.
Found: C 70.05, H 6.65, N 4.99.

CpNi(IMes)(SCsH4-pNOy) (18): brown solid. Yield: 0.277 g
(95%). 'H NMR (CDCl;, 400 MHz, 8): 2.13 (s, 12H), 2.32 (s,
6H), 4.75 (s, 5H), 6.92 (s, 4H), 7.01 (s, 2H). 7.10 Jo= 8.8 Hz,
2H), 7.54 (d,J = 8.8 Hz, 2H).13C NMR (CDCk, 100.6 MHz,5):

mmol), p-methoxybenzenethiol (123.0 ml, 1.0 mmol), and triethyl-

amine (3 mol %, 3.0 mg, 0.03 mmol) were placed in a scintillation
vial fitted with a Teflon-sealed screw cap and purged with nitrogen.
The color of the solution changed from crimson to dark brown upon
addition of EtN. Then, 1-heptyne was added in three portions of
0.4 mmol after 5 min, 1 h, ah2 h while the reaction mixture was

18.6, 21.4, 92.2, 121.6, 124.6, 129.4, 131.1, 135.7, 136.7, 139.5,stirring at 80°C. Total reaction time was 4 h. After completing the

140.8, 163.7, 169.0. Anal. Calcd for£l33N3NiO,S: C 65.99, H
5.71, N 7.22. Found: C 65.69, H 5.37, N 7.11.

ArS-Group Exchange in 13 and 17 (Scheme 6L pNi(IMes)-
SPh (3) (10.7 mg, 0.02 mmol) was dissolved in 0.5 mL of toluene-
ds. The dark brown solution was then placed into an NMR tube
and purged with argon. An excesspmethoxybenzenethiol (56.1

reaction, 3 mL of hexanes was added to extract protla¢194.5

mg, 82% yield), and the purity of the product was confirmed by
IH NMR (>95%). In the first recycling, the insoluble residue was
dried under vacuum, new portions pimethoxybenzenethiol and
1-heptyne were added, and catalytic reaction was performed in the
same conditions. Thid NMR analysis of the organic phase showed

mg, 49.2 ml, 0.4 mmol) was then added to the solution. The reaction compoundslc, 2c+3c, and4c with 18%, 26%, and 38% vyields,

was monitored vidH NMR at 80°C. An increase in intensity of

respectively. The second recycling was carried out in the same

the signal attributable to Cp was observed, corresponding to the manner with théH NMR analysis of the organic phase comprising

formation of 17 (tolueneds, 6 4.90 ppm), which was also
accompanied by the decrease of the Cp signadtolueneds, ¢
4.88 ppm). Complete conversion b8to 17 was observed after 2

the compound2c+3c (yield 80%).
CIF files CCDC 289092289095 (compound$3, 15—17) can
be downloaded free of charge via www.ccdc.cam.ac.uk/conts/

h. The solvent was then removed in vacuo and the residue extractedetrieving.hmtl (or from the Cambridge Crystallographic Data
with 2 mL of hexanes. The GS-MS analysis of the hexane fraction Centre, 12 Union Road, Cambridge CB21EZ, U.K.; fax44)

indicated the formation of compoun@® (m/e = 204),21 (me =
336), PhSSPhnfle = 218), ArS-SAr (me = 278), and the
disymmetrical disulfide ArSSPh (We = 248) (where Ar=
p-MeOGH,).

1223-336-033; e-mail deposit@ccdc.cam.ac.uk).
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0.02 mmol) and PhSH (44.1 mg, 41.1 mL, 0.40 mmol).
Stoichiometric Reaction between 17 and 1-Heptyne in the
Presence ofp-Methoxybenzenethiol (Scheme 7)CpNi(IMes)-
(SGH4 p-OMe) (17) (11.3 mg, 0.02 mmol) was dissolved in 0.5
mL of tolueneds. The dark brown solution was then placed in an
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