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Catalyst Leaching as an Efficient Tool for Constructing New Catalytic
Reactions: Application to the Synthesis of Cyclic Vinyl Sulfides and Vinyl
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Catalyst leaching from Pd and Ni particles stabilized by or-
ganic sulfur and selenium ligands occurs in solution in the
presence of phosphanes. This process has been monitored in
real time by 1D and 2D NMR spectroscopy and the nature of
the metal species established. This catalyst leaching is shown
to be a powerful tool for generating new catalytic activity
from species formed in situ where the parent bulk particles

are inactive. The catalytic system developed has been suc-
cessfully implemented in a novel synthetic procedure that
provides new types of cyclic sulfur and selenium compounds
in high yields through the reaction between alkynes and di-
chalcogenides.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

The development of nanoparticle catalysts is an area of
tremendous growth with several well-established possibil-
ities and promises for the chemical industry. Recent studies
have emphasized that the leaching of metal atoms from
nanoparticles is a key problem in understanding the mech-
anistic picture of catalytic cycles involving nanoparticles.
The leaching of metal species, and the relationship between
the resulting homogeneous and heterogeneous pathways,
are recognized as the most important factors which deter-
mine the efficiency, stability, and practical usability of cata-
lytic systems.[!]

Recently, we have found that nanosized Pd and Ni par-
ticles stabilized with organic sulfur or selenium ligands
[M(ER'),], are excellent catalysts for the regioselective ad-
dition of S-H and Se-H bonds to terminal alkynes such as
1 (Scheme 1, path A).”l These nanoparticles (2) were syn-
thesized from M° or M precursors in a self-organized
manner (no catalyst support was required for the synthesis
and operation of the catalyst). The catalyst was found to be
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inactive in S-S or Se-Se bond addition to alkynes
(path B).I>31 Surprisingly, catalyst leaching facilitated by
phosphane ligands initiated this chemical transformation,
which furnished product 3 via path C with excellent stereo-
selectivity and yields. The presence of a phosphane ligand
was also found to be important to facilitate C-E reductive
elimination as a final product-releasing step in path C in-
stead of C—H bond formation as a final step in path A.

Pd” or Pd"
precursor 1
= R E-ER' or T
EH R',P. RE-ER'
RS
RE H / R Path C
Path A | PR3 R
s Path B =
RE , ER'
R, 1+ RE ER 3
[M(ER' )Z]n

o M(ER'); M = Pd, Ni; E = S, Se

Scheme 1. Catalytic E-H and E-E bond addition to alkynes under
heterogeneous and homogeneous conditions.

Herein we utilize a catalyst leaching process to solve an
important problem, namely the synthesis of cyclic vinyl
chalcogenides from readily available alkynes and dichalcog-
enides.! In this study, the active form of the catalyst was
prepared in situ from a convenient Pd® source [Pd,(dba)s]
and the desired nature of the metal species was maintained
by adjusting the type and relative amount of phosphane
ligand present. In addition, we have developed an efficient
NMR methodology to distinguish between mono- and
polynuclear metal species in situ. It should be noted that the
present study highlights an unusual application of catalyst
leaching towards the development of “smart” multipurpose
catalytic systems.
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2. Results and Discussion

Several ligands were tested in the model reaction between
I-hexyne (1a) and 4a to optimize the performance of the
catalytic reaction (Scheme 2). Disulfide 4a was chosen as a
model compound because it proved to be the most stable of
the compounds studied towards polymerization (additional
advantages of 4a for mechanistic studies will be discussed

later).
R! R! R!
&s o Pda(dba)s S\, -nBu S
st = "B Thcypn ' * '
S S nBu
4a 1a 5a' 5a"

R' = (CH,)4COOMe
Scheme 2. Pd-catalyzed addition of 4a to 1a (140 °C, 8 h).

The yields observed with the studied ligands are given in
Table 1. The ligands PCy; and DPPE performed poorly in
the catalytic reaction, giving product yields of only around
1% after 8 h at 140 °C (entries 1, 2). Better results were ob-
tained with PPh; and PCyPh, (19%, entries 3, 4) as well as
DPPM, which gave 35% of 5a (entry 5). More promising
results were observed with several other phosphane ligands
(45-53%, entries 6-8) and the phosphite ligand P(OiPr),
(65%, entry 9). The best results, however, were achieved
with PCy,Ph, which gave complete conversion of 4a under
these conditions (entry 10).

Table 1. Various ligands used in the Pd-catalyzed addition of 4a to
1a.[l

Entry Ligand % Yield®!
1 PCy, ~1
2 DPPE =
3 PPh, 19
4 PCyPh, 19
5 DPPM 35
6 PMe,Ph 45
7 P(allyl),Ph 47
8 PCy(0-MePh), 53
9 P(OiPr)s 65
10 PCy,Ph 99

[a] 1 mmol of 4a, 1 mmol of 1a, 1.5 mol-% of Pd,(dba)s;, 30 mol-
% of ligand, 0.6 mL of toluene, 140 °C, 8 h. [b] Yield of 5a’+5a"’
determined by NMR spectroscopy and calculated based on initial
amount of 4a.

As can be seen from Table 1, the steric effect of the phos-
phane ligand increases the performance of the catalytic sys-
tem [PCy(o-MeCegHy), (53%) > PCyPh, (19%) and
PCy,Ph (99%) > PMe,Ph (45%)]. However, the overall li-
gand effect is rather complicated and depends on both the
electronic and steric properties of the phosphane ligands, as
exemplified by the series of PCy,Ph, ligands [PCy,Ph
(99%) > PCyPh, (19%), PPh; (19%) > PCys; (1%)]. Thus,
ligand screening revealed that the high performance cata-
lytic reaction of interest is possible with Pd species and
PCy,Ph.[>% The overall NMR yield of product 5a was 99%
(89% yield of isolated product).
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Surprisingly, we observed an unexpected influence of the
ligand amount on the performance of the catalyst in the
studied catalytic reaction. For the purpose of this study the
same model reaction as described above (1a + 4a, 140 °C,
toluene) was utilized, except it was carried out for a shorter
time (2 h) to ensure correct comparison of catalytic system
performance (Table 2). We found that the yield of 5a in-
creased upon increasing the concentration of the ligand in
solution, and even a 20-fold excess of the ligand did not
suppress the catalytic activity. The highest amount of ligand
led to the best performance under these conditions
(Table 2).

Table 2. Ligand effect on Pd-catalyzed addition of 4a to 1a.[*b!

Entry Ligand (amount, mol-%) L/Pd ratio % Yield
1 PCy,Ph (6) 2 15
2 PCy,Ph (15) 5 40
3 PCy,Ph (30) 10 67
4 PCy,Ph (45) 15 84
5 PCy,Ph (60) 20 94

[a] I mmol of 4a, 1 mmol of 1a, 1.5 mol-% of Pd,(dba)s, 0.6 mL of
toluene, 140 °C, 2 h. [b] A control experiment was carried out to
confirm the catalytic nature of the system — no reaction between
the alkyne and disulfide occurred in the absence of palladium.
[c] Yield of 5a’+5a’’ determined by NMR spectroscopy and calcu-
lated based on the initial amount of 4a.

For economic and environmental reasons it is desirable
to use as small an amount of ligand as possible. However,
decreasing the amount of ligand in this system would in-
crease the reaction time significantly and facilitate side-re-
actions. We therefore chose the catalytic system with
30 mol-% of ligand (L/Pd = 10:1), which provides a reason-
able compromise between these opposing factors.

This result is in sharp contrast to other known catalytic
systems for E-E bond addition.[”! For example, Sn—Sn
bond addition to alkynes shows the expected ligand depen-
dence, namely that an excess of ligand quickly suppresses
the catalytic activity (Figure 1). Therefore, by analyzing the
influence of the L/Pd ratio on the reaction yield, we can
distinguish between a purely homogeneous system and a
catalyst leaching issue and can assume that, in the case of

=@ Pd-Catalyzed S-S bond addition

-l Pd-Catalyzed Sn-Sn bond addition

0 5 10 15 20 25 30
L : Pd ratio

Figure 1. A plot of product yield vs. L/Pd ratio in S-S and Sn-Sn
bond additions to alkynes.
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Scheme 3. Formation of polynuclear species.

catalyst leaching initiated by the ligand, the larger L/Pd ra-
tio should lead to a higher concentration of active species
in solution.

A mechanistic study was clearly required to understand
the nature of this catalytic reaction and reveal the key prop-
erties of the system. Chalcogenide complexes of Pd are
known to undergo phosphane ligand dissociation followed
by formation of polynuclear species (Scheme 3). Mononu-
clear complexes of Pd are unstable and have been isolated
in only a few cases, whereas di- and polynuclear complexes
are readily formed. One important drawback of this poly-
merization originates from the low solubility of polymeric
species (an insoluble dark brown precipitate was very often
formed in Pd chalcogenide systems), which means that the
transition metal complex is no longer present in solution
and the catalytic reaction stops. This is one of the common
symptoms of catalyst poisoning by sulfur and selenium spe-
cies.l’!

A series of excellent studies on this subject has been car-
ried out recently by Laitinen et al.,”-!%13-15] and a unique
trinuclear Pd complex has been isolated by Tokitoh et al.l'*!
Representative examples of chalcogenide complexes of Pd
and their Pt analogs are shown in Table 3. Unfortunately,
the mechanistic nature of these transformations is rather
difficult to rationalize due to: i) complicated structural
changes, ii) the presence of a number of different species,
and iii) the lack of an appropriate analytic tool for in situ
monitoring. This lack of a suitable analytic tool is a ques-
tion of particular importance. 3'P NMR spectroscopy could
be such a tool, but 3'P chemical shifts are surprisingly
rather insensitive to structural changes in chalcogenide spe-
cies (Table 3). For example, a geometry change from cis to
trans (entries 1 and 2, Table 3), the nature of the organic
group (entries 2 and 3, Table 3), mono- or dinuclear com-
plexes (entries 3 and 4, Table 3), all of which are significant
structural changes, result in very small differences in the 3'P
NMR chemical shifts of around 19-21 ppm. Similarly, no
significant changes in 3'P NMR spectra were noted for the
dinuclear Pd complexes when changing the chalcogen from
S to Se (entries 5 and 6, Table 3) or organic group attached
to the chalcogen (entries 6 and 7, Table 3). Tri- and polynu-
clear species have nearly the same chemical shifts as dinu-
clear complexes with sulfur and selenium ligands, with a
difference in 3'P NMR chemical shifts of less than 2 ppm
(cf. entries 5-9, Table 3).

The sensitivity of *'P NMR chemical shifts to solvent,
temperature, and concentration effects is around 1-
5 ppm,!° therefore it is very difficult, if not impossible, to
distinguish metal species in solution by 3'P NMR spec-
troscopy alone. The unambiguous interpretation of NMR
spectroscopic data currently requires the corresponding X-
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Table 3. Structural and spectral properties of mono-, di-, and poly-
nuclear complexes of Pd and Pt (Th = 2-thienyl).

31 Crystal
Entry Complex PNMR (8, ppm) ¥ e
1 PhsP._ _SePh 18.7[2I (9]
PhsP”" “SePh 19.19

PhsP. __SePh
- 1] ]
2 Phse">pPh, b
PhsP.__SeTh
3 Thse™" " PPh, 2151 "
Th
PhsP /Se\Pt/SeTh
4 Thse™ se” “PPhy 204" "
Th
PhP. 5" _sph
sP._ _S._ . (11 [12]
. 30.4
PhS™ °S" “PPh,
Ph
PhoP. 58 _SePh
sP._ .Se.  _Se [13] (3]
27.
4 PhSe” °Se” PPh, 7
Ph
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PhsP<_ .Se._ _.SeTh
7 Thse” “ge” PPhy  29.3" .
Th
Php, S Sup R
8 Ppd = Pd P’ 28,51 "
RTS"s” PPhy
5 [Pd,(SPh),,(PPhs),] 29.7-30.5!""1 -
n>2

ray analysis to be performed (Table 3). Unfortunately, X-
ray analysis can be carried out only in the case of stable
complexes, whereas reactive intermediate species, which are
generally not isolated, are of most interest for mechanistic
studies.

In order to overcome these difficulties we developed a
special approach which takes advantage of the unsymmetri-
cal nature of the cyclic dichalcogenide 4a. In this case, the
mononuclear Pd complex gives two doublets in the 3!'P
NMR spectrum due to 2Jpp spin-spin coupling, while poly-
meric species give singlets since "Jpp coupling constants
with n = 4 are rather small (Scheme 4).

An sample 3'P NMR spectrum is shown in Figure 2.
Complex 6a can easily be identified at 6 = 25.2 (d, Jpp =
30.7 Hz) and 24.9 ppm (d, Jpp = 30.7 Hz). The remaining
signals in the 3'P spectrum at § = 27-34 ppm are singlets
and correspond to polynuclear species. Note that formation
of several isomeric polynuclear complexes is possible due to
different orientations of the R! group (see Scheme 4). The
1151
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Scheme 4. Polymerization of complex 6a.

other signals detected in the 3'P spectrum at § = 2.5, 42.3,

and 58.9 ppm correspond to PCy,Ph, O=PCy,Pn, and

S=PCy,Ph. For a discussion of a possible mechanism for
the formation of S=PCy,Ph see ref.l!”]

\jwk
WMK\M ~
T T T T T T T T T
34 33 32 31 30 29 28 27 26

T T
25 24 ppm

Figure 2. 3'P{'H} NMR spectrum of the Pd°/PCy,Ph + 4a reaction
mixture.

Unambiguous confirmation that the observed 3'P NMR
signals belong to transition metal complexes formed from
Pd/PCy,Ph and 4a was obtained from the 2D 'H-*'P
HMQC spectrum (Figure 3). This two-dimensional corre-
lation allows all groups in the metal complexes to be iden-
tified: correlation with the proton chemical shifts at 6 = 1.0—
2.0 ppm confirms the presence of a Cy group, those at § =
2.2-4.0 ppm the presence of the cyclic disulfide part, and
those at 0 = 6.9-7.5 ppm the presence of a Ph group. Taking
into account that a '"H-3'P HMQC experiment is inverse
detected, and therefore very sensitive (approx. 15 min on
routine hardware), we consider it to be a very convenient
approach to dealing with this complicated mixture of com-
plexes (a detailed description of the NMR experiment is
provided in the Experimental Section). The use of the un-
symmetrical cyclic dichalcogenide 4a therefore proved to be
of great importance for the mechanistic study since it al-
lowed us to identify mono- and polynuclear species simply
by inspecting the multiplicity of the signals in 3'P NMR
spectrum, thus avoiding the need to analyse non-character-
istic chemical shift values. The mechanistic study has there-

1

,PCy,Ph —PCy,Ph

s “PCy,Ph [Pdn(ER)m(PCy2Ph)2]

fore shown that oxidative addition of 4a to Pd° leads to
complex 6a, which was detected in situ by 2D NMR spec-
troscopy (Figure 3). The NMR study also revealed that 6a
readily polymerizes to form soluble [Pd,(SNS),(PCy,Ph),]
species. The role of the excess ligand is to suppress this po-
lymerization and maintain the active form of the catalyst —
without an excess of the phosphane ligand, only the insolu-
ble metal particles 2 are formed (see Scheme 1) and the
catalytic reaction does not take place.

§0 0o

4 L] 0

31p
099

9
n“m\i T
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80 78 76 74 72 170 4.0 35 30 25 20 L5 1.0 ppm

Figure 3. Two-dimensional '"H-3'P HMQC spectrum of the reac-
tion mixture.

To investigate the next steps of the catalytic reaction we
carried out a series of stoichiometric reactions. The first
stage — oxidative addition of 4a to Pd® — was studied by
'H and 3'P NMR monitoring in an NMR tube in C¢Dy
solution (Scheme 5). The formation of complex 6a (40%
yield) was observed at room temperature after 30 min and
the nature of the metal complexes was again confirmed by
2D '"H-3'"P HMQC spectroscopy.

The second stage — alkyne coordination and insertion —
was studied after addition of la to the NMR tube
(Scheme 5). Formation of 5a was not observed at room
temperature, although a 90% yield of 5a was observed after
3 h at 140 °C.

1 — R! R!
R s S PCy,Ph _1a"Bu S._nBu S
PdY/PCy,Ph + {:é - Pd, T * ]\
rt; CeDg S PCys,Ph 140 °C; CsDg s s~ nBu
4a 6a 5a’ 5a"
R = (CH,),COOMe

Pd/L=1/10

Scheme 5. NMR spectroscopic monitoring of the stoichiometric reactions.
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Scheme 6. Alkyne insertion into the M—E bonds of complex 6.

Coordination of the alkyne to compound 6 may lead to
two different m complexes and deserves a further note
(Scheme 6) as both Pd-S bonds should be available for the
alkyne insertion, which means that two products (5’ and
5'") should be formed. Indeed, our findings are in excellent
agreement with the proposed mechanism since a nearly 1:1
ratio of 5" and 5'' was observed in the reaction of 4a with
the studied alkyne. If symmetrical cyclic dichalcogenides
were involved in the reaction only one product would be
expected.

Two different alkyne-insertion pathways are possible for
polynuclear derivatives — insertion into the terminal Pd-S

bond and insertion into the bridging Pd-S bond
(Scheme 7).
path ii ||
RS RS/ + |
NS / )
_Pd >Pd/ >Pd - pathi
\SR \SR \SR

Scheme 7. Alkyne insertion into the terminal (path i) and bridging
(path ii) Pd-S bonds.

The relative reactivity of the terminal and bridging Pd—
S bonds in dinuclear complexes was recently estimated by
theoretical calculations at the B3LYP level®® using a model
system, which showed that reaction via pathway (i) encoun-
ters only a small activation barrier and is exothermic,
whereas reaction via pathway (ii) encounters a much higher
barrier and is endothermic. According to these calculations,
pathway (i), which involves insertion into the terminal Pd-
S bond, is more favorable.

Taking into account the relative reactivity of different
sulfur groups discussed above, we can analyze the nature of
the catalytic species. In mono- and dinuclear species, all Pd
atoms have terminal SR groups attached, therefore the
number of catalytically active sites is equal to the number
of Pd atoms (Scheme 8). In the trinuclear complex, how-
ever, only two (out of three) Pd atoms would demonstrate
catalytic activity in the reaction of interest.

The relationship between the percentage of catalytically
active Pd atoms in solution versus the total number of Pd
atoms in the [Pd,(ER),,L,] species is shown in Figure 4. It
is evident that the number of catalytically active sites de-
creases rapidly with increasing length of the polymeric
chain. The solubility of Pd complexes is also an important
issue which should be taken into account. Several studies
have shown that an increase in size of the polynuclear com-
plex results in a decrease of solubility in common organic

Eur. J. Inorg. Chem. 2009, 1149-1161
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Scheme 8. Mono- and polynuclear complexes containing catalyti-
cally active terminal Pd-S bonds (blue) and relatively inactive
bridging Pd-S bonds (red).

solvents.®#111 Thus, a small size of the metal species is fa-
vorable for both reasons (number of active sites and solubil-
ity). We can therefore now rationalize the observed influ-
ence of the amount of phosphane ligand on the perform-
ance of the catalytic reaction studied (Figure 1) — an excess
of phosphane ligand shifts the equilibrium towards the for-
mation of smaller complexes and increases the number of
catalytically active sites.

1001

80

% of active Pd centers

40

20

0  J
0 50 100 150 200
n

Figure 4. A plot of the estimated percentage of active Pd atoms vs.
the total number of Pd atoms (n) in the [Pd,(ER),,L,] polymer (see
Scheme 8 for examples of n = 1, 2, and 3).

We also investigated the catalytic activity of the Ni com-
plex with a view to obtaining a cheaper analog of the Pd
catalyst for the studied system. A variety of ligands showed
catalytic activity, with different yields, in the Pd-catalyzed
reaction discussed above (see Table 1). In contrast to Pd,
however, the Ni-catalyzed transformation with Ni(acac), as
catalyst precursor proved possible with only a few ligands
(Table 4). Most of the studied ligands gave no product (en-
tries 1-6) or only traces of product (entries 7, 8). A notice-
1153
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able improvement with the Ni-based catalytic system was
observed with P(OiPr); (13%, entry 9) and the best per-
formance was achieved with PMe,Ph (64 %, entry 10).

Table 4. Various ligands used in the Ni-catalyzed addition of 4a to
la.la]

% Yield™

sl
j=3
-t
=
<

Ligand

PCys

DPPE

PPh;
PCy(0-MePh),
P(allyl),Ph
DPPM
P(OiPr),

10 PMe,Ph

[a] 1 mmol of 4a, 1 mmol of 1a, 3 mol-% of Ni(acac),, 30 mol-% of
ligand, 0.3 mL of toluene, 100 °C, 4 h. [b] Yield of S5a’+5a’" deter-
mined by NMR spectroscopy and calculated based on the initial
amount of 4a.

O 01O\ W Wi —
Rowloocococoo

To estimate the influence of the L/Ni ratio on the per-
formance of the catalytic system the model reaction was
carried out for a shorter time of 1 h to prevent several en-
tries having a complete conversion of around 99%. We
found that, similar to the Pd system (see Table 2), increasing
the L/Ni ratio improved the performance of the catalytic
system (Table 5). For practical reasons, we chose the cata-
lytic system with 30 mol-% of ligand (L/Ni = 10:1), which
provides a reasonable compromise between the yield of
product, the reaction time, and the amount of ligand con-
sumed.

Table 5. Ligand effect on the Ni-catalyzed addition of 4a to 1a.[l

Entry Ligand (amount, mol-%) L/Niratio % Yield®!
1 PMe,Ph (6) 2 1
2 PMe,Ph (15) 5 16
3 PMe,Ph (30) 10 37
4 PMe,Ph (45) 15 56
5 PMe,Ph (60) 20 63

[a] 1 mmol of 4a, 1 mmol of 1a, 3 mol-% of Ni(acac),, 0.3 mL of
toluene, 100 °C, 1h. [b] Yield of 5a’+5a’"" determined by NMR
spectroscopy and calculated based on the initial amount of 4a.

Unfortunately, we were unable to repeat the mechanistic
NMR spectroscopic study for the Ni complexes due to the
very broad lines observed in the 'H, '*C, and *'P NMR
spectra in the presence of nickel species. This is a well-
known phenomenon in spectroscopic studies and is due to
the paramagnetic contribution of the metal.['8] Neverthe-
less, a similar dependence on the L/Ni ratio is an indication
of the formation of polymeric species in the case of Ni cata-
lysts as well.

To obtain clear evidence for catalyst leaching we synthe-
sized the polymeric Ni species 2 from Ni(acac), and 4a.
This species is insoluble in common organic solvents and
was isolated as a dark brown solid. Structural characteriza-
tion of the solid was carried out by scanning electron micro-
scopy (SEM), as shown in Figure 5. According to the SEM
study, the solid has a flaky structure and the smallest ob-
served structural units are 100-500 nm in size and 40—
90 nm thick. The isolated solid species was successfully uti-
lized as a catalyst for the addition of 4a to 1a. The solid
phase dissolved in the presence of an excess of phosphane
ligand and the resulting soluble Ni species catalyzed forma-
tion of the same product (5a) with a similar efficiency (65 %
after 4 h at 100 °C) to the in situ formed catalyst (cf. en-
try 10, Table 4). A high yield of 5a (ca. 95%) was observed
upon increasing the reaction time. Without phosphane li-
gand, the polymeric Ni species did not dissolve and did not
catalyze the reaction of 4a and 1a under similar reaction
conditions.

The influence of the phosphane ligand on the catalyst
state was also studied for this catalytic system without isol-
ating solid particles. In the first step, the polymeric Ni spe-
cies 2 was obtained as described above. Heating the reaction
mixture containing the insoluble metal species at 100 °C for
4 h resulted in the formation of a trace amount of product
5a (ca. 5%), as observed by NMR spectroscopy. Subse-
quent addition of a further amount of ligand (30 mol-% in
total) led to dissolution of the insoluble metal species and
the yield of product 5a quickly increased to 56 %, 72%, and
90% after heating for 1, 2, and 4 h at 100 °C, respectively.
These studies of the reaction mechanism provide a clear
demonstration of the leaching effect in the studied catalytic
system.

(b)

Figure 5. Low- (a) and high-magnification (b) SEM images of the insoluble nickel particles (1000 X and 50000 X, respectively).
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Although the Pd system was a good model for the mech-
anistic study, we found that the corresponding Ni-catalyzed
reaction is superior for synthetic purposes as, since the Pd-
catalyzed reaction requires harsh conditions (140 °C, 8 h),
it may facilitate the side reaction of cyclic dichalcogenide
(4) polymerization. Suppressing this polymerization is a
rather difficult issue, therefore as the Ni-catalyzed reaction
requires much milder reaction conditions (100 °C), it suffers
less from the polymerization of 4.

The scope of the developed synthetic methodology was
investigated for various substrates (Table 6). Excellent prod-
uct yields of 50-91% were obtained and the products were
isolated in a pure form. A single product was formed for
all symmetric dichalcogenides studied (4b-4d), while an
equimolar mixture of products was observed with 4a, in
total agreement with the proposed reaction mechanism (see
Scheme 6 and discussion therein). Both S-S and Se-Se
bonds were found to react with the triple bond of alkynes
under the catalytic conditions to give good product yields
(Table 6). The lower yields observed for the cyclic diselenide
4d compared to the isostructural disulfide 4b are due to the
high reactivity of the former and decomposition via side
reactions (see entries 2, 5, 8 and entries 1012, Table 6).

Table 6. Ni-catalyzed addition of alkynes to cyclic disulfides and
diselenides.™!

Ni(acac) R~ E
¢ v = )
€2
1 RE” R
R’ 5
S S  R=nC4Hy 1a  R'=(CH,),COO0Me
s S CHOMe 1b n=1,2
4a 4b CH2NM62 1c E= 31 Se
S NS
S Se
4c 4d

Entry Alkyne E-E Product % Yield®!
1 la 4a 5a’ + 5a’’ 89
2 la 4b 5b 86
3 la 4c 5S¢ 62
4 1b 4a 5d' + 5d" 73
5 1b 4b Se 91
6 1b 4c 5f 59
7 1c 4a 5g’ + 5g"' 77
8 1c 4b 5h 72
9 1c 4c 5i 74
10 la 4d 5§ 50
11 1b 4d 5k 64
12 1c 4d 51 56

[a] 3 mol-% of Ni(acac),, 30 mol-% of PMe,Ph, 0.3-0.5 mL of tolu-
ene, 100 °C, 4-10 h. [b] Yield of isolated 5.

We found that the purity of the cyclic dichalcogenides 4
was one of the key factors in obtaining high product yields,
therefore we revized the available synthetic procedures and
provide optimized synthetic routes to 4 (see Experimental
Section for details). In fact, having a pure compound in
hand we were able to determine the first X-ray structure of
a five-membered diselenide. Unambiguous confirmation of
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the products’ structure was obtained by X-ray analysis of
5i and 5h.

Compound 4d is the first example of a structurally char-
acterized 1,2-diselenolane not fused with other cyclic sys-
tems and containing a free diselenide group that is not in-
volved in complex formation.!°]

The crystal structure of 4d consists of discrete molecules
with no short intermolecular contacts. The shortest inter-
molecular Se-Se distance is 3.989(3) A, which is larger
than the sum of the van der Waals radii of selenium atoms
(3.80 A; see the Supporting Information for geometric pa-
rameters).

A perspective view of the molecular structure of 4d is
shown in Figure 6 along with the atomic numbering
scheme. The crystal packing of molecules of 4d involves
stacking along the b axis (Figure 6). Each molecule of 4d
adopts an envelope conformation with four atoms (Sel,
Se2, C3, and C5) forming a plane and one carbon atom
(C4) at the envelope flap. The degree of deviation of the
ring from planarity can be evaluated from the distance be-
tween the C4 atom and the mean plane of the other four
ring atoms (0.678 A). Considering the geometrical dimen-
sion of the five-membered ring it can be seen that the two
C-Se bond lengths [1.971(2) and 1.966(2) A] are nearly
identical and the same is true for the two C-C bonds
[1.528(2) and 1.535(2) A]. The endo angles at the selenium
atoms [91.90(5)° and 91.64(5)°] and at C3 and C5[111.5(1)°
and 110.8(1)°] are also similar to each other. A pseudomir-
ror plane which bisects the Se-Se bond and passes through
the C4 atom at the flap can be defined on the basis of these
features. Interestingly, 4d adopts a twist conformation upon
coordination to the metal atoms through the Se-Se
bridge.[?!

Figure 6. Molecular structure of 4d and crystal packing.

An interesting correlation between a decrease of the tor-
sion angle around the disulfide bridge and an increase of
the S-S bond length has been reported by Bock et al.?!l It
is now well established that the major contribution to the
enhanced reactivity of 1,2-dithiolanes arises from the small
dihedral angle around the S-S bond associated with the re-
duced size of the ring and by the resulting unfavorable in-
teraction between the adjacent sulfur lone pairs.l*?! Accord-
ingly, the S-S bond in 1,2-dithiolanes is longer and weaker
than that found in open-chain disulfides, whose dihedral
angle is close to 90°. Similar geometrical peculiarities are
also characteristic for the related compound 4d, in which
the dihedral angle around the diselenide bridge is 0.57(7)°
and the Se-Se bond length [2.3580(3) A] is longer than that
in strain-free, open-chain diselenides (2.340 A). Thus, the
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Figure 7. Molecular structures of Sh-HOOC-COOH and 5i-HOOC-COOH and the crystal packing.

investigated 1,2-diselenolane 4d should possess a high reac-
tivity, as confirmed by its chemical properties described
herein.

The crystal structures of compounds 5h and 5i are shown
in Figure 7, along with the atomic numbering schemes (see
the Supporting Information for geometric parameters).
These compounds were crystallized as salts involving am-
monium sulfur-containing [(RS)HC=C(SR)CH,NHMe,]*
cations and oxalate [HOOC-COO] anions, which form
tight ionic pairs due to the bifurcated hydrogen bonds be-
tween the amino-H atom of the cation and two oxygen
atoms of the anion. It is interesting to note that compounds
5h and 5i contain rare structurally characterized seven-
membered 6,7-dihydro-5H-1,4-dithiepine and eight-mem-
bered 5,6,7,8-tetrahydro-1,4-dithiocine rings, respectively,
neither of which are fused with other cyclic systems.
Whereas only two X-ray structures of two- or three-substi-
tuted 6,7-dihydro-5H-1,4-dithiepine derivatives are avail-
able,>’ no structures containing a substituted 5,6,7,8-tetra-
hydro-1,4-dithiocine ring have been reported.

The seven-membered ring in Sh has a twisted conforma-
tion with a planar S1-C2-C3-S2/C5 moiety. The carbon
atoms C4 and C6 deviate from the plane containing the
other atoms of the ring by —0.895 and +0.881 A, respec-
tively. The dihedral angle between the S1-C2-C3-S2/C5
and C4-C5-C6 planes is 44.9°. The local symmetry is C,,
with the pseudo twofold axis passing through the middle of
the C2-C3 bond and the carbon C5 atom.

The conformation of the eight-membered ring in 5i is
tub-shaped, with three planar C4-S1-C3-C2-S2, C4-C5/
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C7-S2 and C5-C6-C7 moieties. The dihedral angles be-
tween the C4-S1-C3-C2-S2 and C4-C5/C7-S2 planes and
the C5-C6-C7 and C4-C5/C7-S2 planes are 67.9° and
54.9°, respectively. There are no intermolecular S-S con-
tacts shorter than 3.7 A in the crystals of either compound.

3. Conclusions

According to the study reported herein, the overall cata-
lytic cycle involves the following steps: 1) oxidative addition
(6); 2) alkyne coordination to form m complex 7; 3) alkyne
insertion into the M-E bond (8); and 4) reductive elimi-
nation from the phosphane complex 8 to give product 5
and regenerate the metal species (Scheme 9). A series of
stoichiometric reactions has been carried out to confirm the
proposed mechanism of the catalytic reaction. For clarity
reasons only mononuclear metal complexes are shown in
Scheme 9, although other metal species may also contribute
to product formation with varying degrees of success.

It should be pointed out that the excess of phosphane
ligand might be expected to decrease the performance of
the catalytic reaction due to coordination to the metal, as
shown in Scheme 9, and that the catalyst is totally inactive
in the absence of phosphane ligand. Therefore, even if the
reaction rate is decreased by the ligand excess, this seems to
be the best way of maintaining the catalyst in its active
form. We have shown that both types of ligand effect are
possible (see also Figure 1).

To summarize, we have developed a novel synthetic pro-
cedure to access new types of sulfur and selenium com-
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Scheme 9. Plausible mechanism for the catalytic reaction.

pounds (5) in high yields and have revealed the origins of
the extraordinary properties of the catalytic system. This
methodology is likely to be of great interest for synthetic
purposes and could also draw further attention to catalyst
leaching as a flexible tool for enhancing the catalytic appli-
cations of nanoparticles.

The multipurpose catalytic systems studied herein govern
different reactions — S—-H, Se-H (bulk nanoparticles)®! and
S-S, Se-Se (leached catalyst) bond additions to alkynes —
with high selectivity, in contrast to previous reports, where
bulk and leached catalysts were assumed to catalyze the
same reaction.

Experimental Section

General Procedures: Unless otherwise noted, all synthetic work was
carried out under argon. Pd,(dba); was prepared according to a
published procedure.”*! Ni(acac), was dried under vacuum (0.1
0.05 Torr, 60 °C, 30 min) before use. Other reagents were obtained
from Acros and Lancaster and used as supplied (checked by NMR
spectroscopy before use). Solvents were purified according to pub-
lished methods. The reaction was carried out in PTFE screw-
capped tubes or flasks.

All NMR measurements were performed using a three-channel
Bruker AVANCE 500 spectrometer operating at 500.1, 202.5, and
125.8 MHz for 'H, 3'P, and '3C, respectively. The spectra were pro-
cessed on a Linux workstation using the TOPSPIN software pack-
age. All 2D spectra were recorded using an inverse triple-resonance
probehead with an active-shielded Z-gradient coil. The 'H and '3C
chemical shifts are reported relative to the corresponding solvent
signals used as internal reference. Estimated errors in the yields
determination by 'H NMR are less than 2%. The SEM study was
carried out with a JEOL JSM-6380 microscope.

Pd-Catalyzed Sn-Sn Addition: This reaction (see Figure 1) was car-
ried out according to the literature method*’! as follows. Sn,Meg
(0.5 mmol), 1-ethynyl-1-cyclohexanol (1.0 mmol), the appropriate
amount of PPhs (L/Pd ratios of 2:1, 5:1, 10:1, 15:1, 20:1, 25:1, and
30:1 were examined), and 2.5 mol-% of Pd,(dba); were stirred in
0.3 mL of toluene at 16 h for 85 °C. The yield was measured by 'H
NMR spectroscopy. The syn-addition product was formed.

Synthesis of Substrates 4a—4d: Cyclic dichalcogenides (4) are rather
prone to polymerization,?®! and we found that the polymeric mate-
rials were inactive in the catalytic reactions of interest. Moreover,
even a small amount of polymer contamination dramatically re-
duced the performance of the catalytic reaction. Special care should

Eur. J. Inorg. Chem. 2009, 1149-1161

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

therefore be taken to prevent polymerization of the substrates (pref-
erably by using freshly synthesized species in the reaction). The
compounds should not be exposed to a daylight for a long time,
although they can be stored at —17 °C for a short time (1 week).

Among the studied compounds, 4¢ and 4d proved especially sensi-
tive to polymerization. We found that monomeric and polymeric
species have rather similar NMR chemical shifts and cannot be
clearly distinguished spectroscopically.

It proved useful to check the m.p. of 4¢ before each synthesis (28—
30 °C271), while >100 °C for the corresponding polymer.

Compound 4d should be used as pure crystals (m.p. 26 °C%l) with-
out oil contamination (the polymer seems to be partially oily).

The original synthetic procedures available in the literature were
therefore carefully checked and modified to avoid polymerization
during preparation and purification of these compounds (refer-
ences for the original procedures are provided in each case).

Methyl (*)-a-Lipoate®! (4a): pL-thioctic acid (10.0 g, 48 mmol)
and 100 mL of diethyl ether were placed into a 300-mL glass beaker
equipped with a magnetic stir bar and cooled in a water/ice bath.
Stirring was continued until a homogeneous yellow solution had
formed. A solution of diazomethane in 120 mL of diethyl ether was
prepared separately from (9.17 g, 88.9 mmol) of nitrosomethyl urea
(distillation of diazomethane was not required).*”) This solution
was slowly added to the solution of DL-thioctic acid and stirred for
15 min. The color of the reaction mixture remained yellow. The
solution was then warmed to room temperature whilst stirring and
kept at room temperature until evaporation of 1/5 of its volume.
The rest of the solvent was then removed in vacuo and the pure
product obtained by distillation (89 °C, 0.04 Torr), yield 9.6 g

(90 AJ) Of yellOW 011
MeOOC
V\/t?
4a S

Caution! Due to the potentially hazardous and toxic nature of diazo-
methane, great care is required during synthesis and all manipula-
tions. See the appropriate safety regulations for detailed information.

The product was identified based on the published 'H and 3C
NMR spectroscopic data.l!

4,4-Dimethyl-1,2-dithiolane®®!  (4b): Refined sulfur (1.67 g,
6.5 mmol of Sg), powdered NaOH (3.13 g, 78.3 mmol), and 50 mL
of dmf were placed into a 100-mL two-necked flask equipped with
a magnetic stir bar (under argon) and 0.71 mL of 100% hydrazine
hydrate (14.6 mmol) was added slowly (over 30 min using syringe
pump). After nitrogen evolution had ceased a dark-green solution
was obtained. The solution was stirred for 6 h at room temperature
then a solution of 1,3-dibromo-2,2-dimethylpropane®? (6.0 g,
26.1 mmol) in 15 mL of dmf was added slowly (over 30 min using
a syringe pump). The temperature of the solution was raised by
10-15 °C and then lowered to room temperature, Stirring was con-
tinued for 3 h and the mixture was then left to stand for 12 h at
room temperature to give an almost colorless solution and a white
solid. The reaction mixture was added to 200 mL of distilled water
and extracted three times with 40 mL of dichloromethane. The or-
ganic phase was washed twice with 40 mL of 6 M HCI, then with
200 mL of distilled water and dried over Na,SO,. The pure product
was obtained after chromatography on silica with a hexanes/dichlo-
romethane gradient (9:1—1:1), yield 1.7 g (50%) of yellow oil. The
product was identified based on the published '"H NMR spectro-
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scopic data.’3 13C{'H} NMR (126 MHz, CDCl;): § = 51.37,

47.29, 27.06 ppm.
X3
S 4b

1,2-Dithiane!®* (4¢): Silica (15:40, 100 g) was placed into a 1-L
flask and 50 mL of distilled water was slowly added with rigorous
stirring until a uniform suspension had formed. Dichloromethane
(500 mL) and a solution of 1,4-butanedithiol (4.89 g, 40 mmol) in
50 mL of dichloromethane were added to this suspension whilst
stirring. A solution of Br; (7.03 g, 44 mmol) in 40 mL of dichloro-
methane was slowly added to the stirred suspension to give a color-
less solution. The addition of bromine was terminated when the
color of the suspension turned light yellow and did not disappear
after 10 min of stirring. This reaction mixture was filtered into a
flask containing a solution of 12 g of NaOH (300 mmol) in 240 mL
of distilled water (whilst stirring). The colorless organic phase was
separated, washed three times with 150 mL of distilled water and
dried over Na,SO,. The solvent was removed in vacuo and the
crude product crystallized from hexanes at —17 °C, yield 4.1 g
(85%) of a white crystalline solid. The product was identified based
on the published 'H and '*C NMR spectroscopic data.l>7-34

¢
S 4c

4,4-Dimethyl-1,2-diselenolane!*®! (4d): Selenium (200 mesh; 4.12 g,
52.2 mmol), powdered NaOH (3.13 g, 78.3 mmol), and 50 mL of
dmf were placed into a 100-mL two-necked flask equipped with a
magnetic stir bar (under argon) and 0.71 mL of 100% hydrazine
hydrate (14.6 mmol) was added slowly (over 30 min using a syringe
pump). After nitrogen evolution had ceased a dark brown solution
was obtained. This solution was stirred for 6 h at room temperature
and then a solution of 1,3-dibromo-2,2-dimethylpropane (6.0 g,
26.1 mmol)*? in 15 mL of dmf was added slowly (over 30 min
using a syringe pump). The temperature of the solution was raised
by 10-15°C and then lowered to room temperature. Stirring was
continued for 3 h and the mixture was then allowed to stand for
12 h at room temperature. The color of the solution remained un-
changed. The reaction mixture was added to 200 mL of distilled
water and extracted three times with 40 mL of dichloromethane.
The organic phase was washed twice with 40 mL of 6 m HCI, then
with 200 mL of distilled water and dried over Na,SO,4. The product
was purified by chromatography on silica with a hexanes/dichloro-
methane gradient (9:1—4:1). Further purification was achieved by
crystallization from hexanes at —17 °C (twice) followed by washing
with cold hexanes, yield 3.0 g (50%) of magenta colored crystals.
The product was identified based on the published 'H and '3C
NMR spectroscopic data.[333]

-
Se 4d

2D 'H-3'P HMQC NMR Experiment: The spectrum was collected
with 90° 'H and 3'P pulses of 12.5 and 9.5 ps respectively, a relax-
ation delay of 2's, A = (2* Jyyp)"! = 25 ms (optimized for coupling
constant of 20 Hz), a 0.28-s acquisition time, and spectral windows
of 4000 and 20000 Hz for the 'H(F2) and *'P(F1) dimensions,
respectively. Four transients were averaged for each of 256 in-
crements on ¢,. The 1-ms sine-shaped pulse field gradient pulses
with the ratio 50.0:30.0:52.3% were followed by a 100-pus recovery
delay. The data were zero-filled to a 2048 X 2048 matrix and pro-
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cessed with the QSINE (SSB = 2) window function for both the
F2 and F1 dimensions. Linear prediction was applied to enhance
the quality of the spectrum.

Stoichiometric Reactions Under NMR Monitoring (Scheme 5):
Pd,(dba);  (0.0200 g, 1.93X 103 mol), Cy,PhP (0.0530 g,
1.93 X 10 * mol), and  methyl (*)-a-lipoate (0.0085 g,
3.86 X 10~° mol) were placed into an NMR tube and dissolved in
0.5 mL of C¢Dg. The 'H, *P{'H}, and 2D "H-3'P HMQC spectra
of the dark-brown solution were recorded after shaking the tube
for 30 min at room temperature. The reaction mixture was then
placed into a PTFE-sealed tube equipped with a magnetic stir bar,
1-hexyne (0.0032 g, 3.86 X 107> mol) was added and the mixture
stirred for 3 h at 140 °C. Product 5a was formed in 90% yield, as
determined by NMR spectroscopy.

Synthetic Procedure for 5a, 5b, 5d, 5e, 5g, Sh: Ni(acac), (7.7 mg,
3X 10> mol), the five-membered dichacogenide (4a or d4b;
1x103mol), 0.3mL of toluene, and PMe,Ph (42 mg,
3% 10* mol) were placed into a PTFE-sealed tube equipped with
a magnetic stirr bar and the mixture stirred at room temperature
until a homogeneous dark-brown solution had formed (ca. 2—
3 min). Alkyne (1.2X 103 mol) was then added and the mixture
stirred for 4 h at 100 °C.

Synthetic Procedure for 5S¢, 5f, 5i: Ni(acac), (7.7 mg, 3 X 10> mol),
4c (120 mg, 1 X 103 mol), 0.5 mL of toluene, and PMe,Ph (42 mg,
3% 10* mol) were placed into a PTFE-sealed tube equipped with
a magnetic stir bar and the mixture stirred at room temperature
until a homogeneous dark-brown solution had formed (ca. 2—
3 min). The alkyne (3 X 103 mol) was then added and the mixture
stirred for 10 h at 100 °C.

Synthetic Procedure for 5j-5I: Ni(acac), (11.6 mg, 4.5X 10-° mol),
4d (228 mg, 1 X 103 mol), 0.3 mL of toluene, and PMe,Ph (62 mg,
4.5 10~* mol) were placed into a PTFE-sealed tube equipped with
a magnetic stir bar and the mixture stirred at room temperature
until a homogeneous dark-brown solution had formed (ca. 2—
3min). Alkyne (2X 107 mol) was then added and the mixture
stirred for 4 h at 100 °C.

Compound Purification and Characterization: After completion of
the reaction, the products were purified by dry column flash
chromatography on silica.?® Dry column flash chromatography
has several practical advantages: i) only small amounts of silica are
required; ii) quick elution; iii) economy of solvents. However,
slightly better yields of isolated products (5-10%) can be achieved
by using conventional column chromatography.

Hexanes/dichloromethane (for 5a, 5b, 5S¢, 5§, 5k), hexanes/chloro-
form (for Se), and hexanes/ethyl acetate (for 5d, 5f, S5g, 5i, Sh, 5I)
elution gradients were used. Prior to chromatography of products
5g, 5h, 5i, 51, the silica was washed with a solution of 5-6 drops of
Et;N in 20 mL of hexanes. Pure products were obtained after dry-
ing in vacuo. The products were isolated as colorless or light brown
oils and the isolated yields given below were calculated based on
the initial amount of 4.

Methyl 5-(3-Butyl-6,7-dihydro-5 H-1,4-dithiepin-5-yl)pentanoate
(5a’) and Methyl 5-(2-Butyl-6,7-dihydro-5H-1,4-dithiepin-5-yl)-
pentanoate (5a’’): 'H NMR (500 MHz, CDCl;): § = 0.89 (t, J =
14.7 Hz, 3 H), 0.90 (t, J = 14.7 Hz, 3 H), 1.22-1.35 (m, 4 H), 1.38-
1.71 (m, 16 H), 1.83-1.94 (m, 2 H), 2.08-2.25 (m, 6 H), 2.32 (t, J
= 14.7Hz, 2 H), 2.33 (t, J = 14.7 Hz, 2 H), 2.65-2.77 (m, 2 H),
3.66 (s, 3 H), 3.67 (s, 3 H), 3.96-4.12 (m, 4 H), 5.73 (s, 1 H), 5.82
(s, 1 H) ppm. ¥C{'H} NMR (126 MHz, CDCl;): § = 13.77, 13.79,
21.86, 21.93, 24.66, 24.69, 26.60, 26.64, 30.49, 30.79, 30.88, 30.96,
33.84, 33.86, 34.82, 34.99, 38.28, 38.31, 40.04, 40.05, 40.50, 40.51,
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46.22, 46.24, 51.38, 51.39, 136.42, 137.66, 173.87, 173.88 ppm. MS
(EI): m/z (%) 302 (95) [M*]. Cy5H»60,S, (302.50): caled. C 59.56, H
8.66, S 21.20; found C 59.59, H 8.61, S 20.99, yield 89% (0.252 g).

2-Butyl-6,6-dimethyl-6,7-dihydro-5 H-1,4-dithiepine (5b): 'H NMR
(500 MHz, CDCly): 6 = 0.89 (t, J = 13.7Hz, 3 H), 1.12 (s, 6 H),
1.30 (m, 2 H), 1.45 (quint, J = 14.7, J = 15.2 Hz, 2 H), 2.10 (t, J
= 154 Hz, 2 H), 3.10 (s, 2 H), 3.11 (s, 2 H), 5.65 (s, | H) ppm.
3BC{'H} NMR (126 MHz, CDCl;): § = 13.85, 21.92, 26.87, 30.92,
35.69, 39.88, 43.46, 43.68, 112.59, 134.55 ppm. MS (EI): m/z (%)
216 (90) [M™*]. C;;H50S, (216.41): caled. C 61.05, H 9.32, S 29.63;
found C 61.17, H 9.36, S 29.27, yield 86% (0.175 g).

2-Butyl-5,6,7,8-tetrahydro-1,4-dithiocine (5c): '"H NMR (500 MHz,
CDCls): 0 = 091 (t, J = 7.41 Hz, 3 H), 1.32 (m, 2 H), 1.53 (quint,
Jy =133, J, = 7.60 Hz, 2 H), 2.05 (m, 4 H), 2.22 (t, J = 7.60 Hz,
2 H), 3.21 (m, 2 H), 3.49 (m, 2 H), 6.17 (s, 1 H) ppm. BC{'H}
NMR (126 MHz, CDCls): 0 = 13.78, 22.02, 26.80, 28.72, 31.45,
33.10, 33.73, 41.67, 117.44, 143.99 ppm. MS (EI): m/z (%) 202 (9)
[M*]. C1oH 35S, (202.38): caled. C 59.35, H 8.96, S 31.69; found C
59.31, H 9.06, S 31.37, yield 62% (0.126 g).

Methyl  5-[3-(Methoxymethyl)-6,7-dihydro-5H-1,4-dithiepin-5-yl]-
pentanoate (5d") and Methyl 5-[2-(Methoxymethyl)-6,7-dihydro-5H-
1,4-dithiepin-5-yl]pentanoate (5d’'): '"H NMR (500 MHz, CDCls): 6
= 1.39-1.71 (m, 12 H), 1.87-1.98 (m, 2 H), 2.17-2.26 (m, 2 H),
2.32 (m, 4 H), 2.72 (d, / = 14.8 Hz, 1 H), 2.82 (d, J/ = 14.8 Hz, 1
H), 3.31 (s, 3 H), 3.32 (s, 3 H), 3.67 (s, 3 H), 3.68 (s, 3 H), 3.84 (s,
2 H), 3.86 (s, 2 H), 4.02-4.29 (m, 4 H), 6.03 (s, 1 H), 6.10 (s, 1 H)
ppm. BC{'H} NMR (126 MHz, CDCl5): § = 24.54, 24.56, 26.43,
26.48, 30.06, 30.85, 33.71, 33.72, 34.59, 34.89, 37.77, 37.84, 45.75,
46.56, 51.30, 51.31, 57.30, 57.43, 77.15, 77.45, 118.77, 119.16,
131.51, 132.27, 173.71, 173.73 ppm. MS (EI): m/z (%) 290 (27)
[M*]. C13H2,05S; (290.44): caled. C 53.76, H 7.63, S 22.08; found
C 53.98, H 7.85, S 21.92, yield 73% (0.189 g).

2-(Methoxymethyl)-6,6-dimethyl-6,7-dihydro-5H-1,4-dithiepine (5e):
'"H NMR (500 MHz, CDCl5): 6 = 1.08 (s, 6 H), 3.08 (s, 2 H), 3.10
(s, 2 H), 3.24 (s, 3 H), 3.76 (s, 2 H), 5.89 (s, 1 H) ppm. C{'H}
NMR (126 MHz, CDCls): 0 = 26.77, 35.45, 42.83, 43.77, 57.36,
77.16, 117.62, 130.14 ppm. MS (EI): m/z (%) 204 (73) [M™].
CoH 08, (204.35): calcd. C 52.90, H 7.89, S 31.38; found C 53.02,
H 7.74, S 31.19, yield 91% (0.174 g).

2-(Methoxymethyl)-5,6,7,8-tetrahydro-1,4-dithiocine (5f): 'H NMR
(500 MHz, CDCls): 0 = 2.07 (m, 4 H), 3.10 (m, 2 H), 3.33 (s, 3 H),
3.69 (m, 2 H), 3.89 (s, 2 H), 6.67 (s, 1 H) ppm. *C{'H} NMR
(126 MHz, CDCls): 6 = 24.85, 30.51, 30.91, 34.76, 57.58, 79.07,
128.52, 129.36 ppm. MS (EI): m/z (%) 190 (39) [M*]. CsH,40S,
(190.33): caled. C 50.48, H 7.41, S 33.69; found C 50.70, H 7.67, S
33.59, yield 59% (0.112 g).

Methyl 5-{3-[(Dimethylamino)methyl|-6,7-dihydro-5H-1,4-dithiepin-
5-yl}pentanoate (5g') and Methyl 5-{2-[(Dimethylamino)methyl]-6,7-
dihydro-5H-1,4-dithiepin-5-yl}pentanoate ~ (5g'’'): 'H NMR
(500 MHz, CDCl3): 6 = 1.38-1.72 (m, 12 H), 1.82-1.96 (m, 2 H),
2.20 (m, 2 H), 2.21 (s, 6 H), 2.22 (s, 6 H), 2.32 (m, 4 H), 2.67-2.86
(m, 4 H), 293 (d, J = 12.8 Hz, 1 H), 3.03 (d, / = 12.8 Hz, 1 H),
3.66 (s, 3 H), 3.67 (s, 3 H), 4.00-4.29 (m, 4 H), 5.89 (s, 1 H), 5.98
(s, 1 H) ppm. 3C{'H} NMR (126 MHz, CDCl;): § = 24.38, 24.41,
26.25, 26.32, 30.17, 30.53, 33.52, 33.55, 34.48, 34.71, 37.60, 37.75,
44.57, 44.61, 45.74, 45.81, 51.07, 51.08, 67.97, 68.55, 117.08,
117.22, 132.79, 133.62, 173.45, 173.48. MS (EI): m/z (%) 303 (10)
[M*]. C14H,5NO,S, (303.48): caled. C 55.41, H 8.30, S 21.13; found
C 55.52, H 8.37, S 21.03, yield 77% (0.207 g).

N-[(6,6-Dimethyl-6,7-dihydro-5 H-1,4-dithiepin-2-yl)methyl]dimeth-
ylamine (5h): 'H NMR (500 MHz, CDCls): 6 = 1.13 (s, 6 H), 2.21
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(s, 6 H), 2.87 (s, 2 H), 3.14 (s, 2 H), 3.15 (s, 2 H), 5.84 (s, 1 H)
ppm. 3C{'H} NMR (126 MHz, CDCLy): § = 26.75, 35.49, 43.17,
43.67, 44.76, 68.18, 116.01, 131.80 ppm. MS (EI): m/z (%) 217 (65)
[M*]. C1oH,oNS, (217.39): caled. C 55.25, H 8.81, N 6.44, S 29.50;
found C 55.58, H 8.80, N 6.19, S 29.35, yield 72% (0.141 g).

N,N-Dimethyl(5,6,7,8-tetrahydro-1,4-dithiocin-2-yl)methanamine
(5i): 'TH NMR (500 MHz, CDCls): 6 = 2.06 (m, 4 H), 2.23 (s, 6 H),
295 (s, 2 H), 3.33 (m, 2 H), 3.46 (m, 2 H), 6.45 (s, | H) ppm.
3C{!H} NMR (126 MHz, CDCls): § = 27.07, 28.64, 32.45, 33.64,
45.10, 70.09, 124.23, 135.77 ppm. MS (EI): m/z (%) 203 (9) [M™].
CoH ;NS (203.37): caled. C 53.15, H 8.43, S 31.53; found C 53.28,
H 8.43, S 31.65, yield 74% (0.150 g).

2-Butyl-6,6-dimethyl-6,7-dihydro-5 H-1,4-diselenepine (5j): '"H NMR
(500 MHz, CDCl3): 6 = 0.90 (t, J = 7.4 Hz, 3 H), 1.17 (s, 6 H),
1.31 (m, 2 H), 1.46 (quint, J = 7.4, 2 H), 2.22 (t, J = 7.3 Hz, 2 H),
3.14 (s, 2 H), 3.15 (s, 2 H), 6.22 (s, J = 55 Hz, 1 H) ppm. *C{'H}
NMR (126 MHz, CDCl;): ¢ = 13.84, 21.90, 27.00, 31.32, 35.07,
37.68, 38.59, 42.28, 107.92, 133.07 ppm. MS (EI): m/z (%) 310 (13)
[M™]. CyH50Se; (310.20): caled. C 42.59, H 6.50, Se 50.91; found
C 42.73, H 6.52, Se 51.04, yield 50% (0.138 g).

2-(Methoxymethyl)-6,6-dimethyl-6,7-dihydro-5 H-1,4-diselenepine
(5k): '"H NMR (500 MHz, CDCl5): 6 = 1.19 (s, 6 H), 3.17 (s, 2 H),
3.21 (s, 2 H), 3.31 (s, 3 H), 3.92 (s, 2 H), 6.53 (s, J/ = 55Hz, 1 H)
ppm. 3C{!H} NMR (126 MHz, CDCl;): 6 = 26.90, 35.04, 37.41,
38.30, 57.38, 79.17, 112.55, 128.88 ppm. MS (EI): m/z (%) 298 (32)
[M™]. CoH 40Se, (298.14): caled. C 36.26, H 5.41, Se 52.97; found
C 36.27, H 5.57, Se 52.84, yield 64% (0.152 g).

N-|(6,6-Dimethyl-6,7-dihydro-5 H-1,4-diselenepin-2-yl)methyl]dimeth-
ylamine (51): '"H NMR (500 MHz, CDCl): 6 = 1.18 (s, 6 H), 2.21
(s,6 H),2.98 (s,2H),3.13(s,2H), 3.19(s,2 H), 6.41 (s, J = 55 Hz,
1 H) ppm. BC{'H} NMR (126 MHz, CDCls): 6 = 26.88, 34.96,
37.54, 37.88, 44.84, 70.45, 110.57, 131.03 ppm. MS (EI): m/z (%)
311 (57) [M*]. C1oH9NSe, (311.18): caled. C 38.60, H 6.15, N
4.50, Se 50.75; found C 38.92, H 6.07, N 4.67, Se 50.75, yield 56 %
(0.135 g).

X-ray Crystal Structure Determination: Single crystals of 4d were
obtained upon slow evaporation of a solution in hexanes. Single
crystals of 5h and 5i were crystallized from MeOH solution as their
oxalate salts. Data were collected on a Bruker three-circle dif-
fractometer equipped with a SMART APEX II CCD detector and
corrected for absorption using the SADABS program.3”! Data re-
duction was performed using the APEX2B81 and SAINTPlus!
programs (see Table 7 for further details). The structures were
solved by direct methods and refined by full-matrix least-squares
techniques on F? with anisotropic displacement parameters for all
the non-H atoms. The amino-H atoms of the cations and hydroxy-
H atoms of the anions in 5h and 5i were localized in the difference-
Fourier syntheses and included in the refinement with fixed posi-
tional and isotropic displacement parameters. The other H atoms
of all compounds were placed in calculated positions and refined
within the riding model with fixed isotropic displacement param-
eters [Uiso(H) = 1.5U,(C) for the CH; groups and Uio(H) =
1.2 U.¢(C) for the other groups]. All calculations were carried out
using the SHELXTL program.i ‘!

CCDC-683560 (for 4d), -683561 (for 5h), and -683562 (for 5i) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Geometric parameters determined from the X-ray
studies.
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Table 7. Crystal data and structure refinement for 4d, Sh and 5i.

4d 5h 5i
Emplrlcal formula C5H10SC_2 C12H21NO452 C] 1 H19NO452
Formula weight 228.05 307.42 293.39
Temperature [K] 1002) 1002) 1002)
Wavelength [A] 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic
Space group P2i/c P2)/c P2)/c

Unit cell dimensions [A, °]

Volume [A?]
Z

Density (calculated) [Mgm™]
Absorption coefficient [mm™]
F(000)

Crystal size [mm]

0 range for data collection [°]
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 30.14° [%]
Absorption correction

Max., min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices

[for 1805 refl. with 7 > 2o([)]
R indices (all data) )
Largest diff. peak and hole [e A~

a = 8.5478(5), a = 90
b = 6.2466(4), § = 98.708(1)
¢ = 134168(8), y = 90°
708.13(7)

4

2.139

10.328

432

0.20 X 0.20 X 0.06

4.0-30.14

-12=h=12

8=k=8

-18=/=18

8789

2047 [R(int) = 0.0366]

98.2

semi-empirical from equivalents
0.536, 0.142

full-matrix least-squares on F>
2047/0/66

1.014

R; = 0.0213,

wR2 = 0.0489

Ry, = 0.0265, wR2 = 0.0511
0.602 and —0.594

a = 169424(17), a = 90
b = 8.3651(8), § = 90.961(2)
¢ =10.5296(11), 7 = 90

a = 164871(8), a = 90
b = 8.4608(4), § = 103.145(1)
¢ = 104518(5), y = 90

1492.1(3) 1419.76(12)

4 4

1.368 1.373

0.366 0.381

656 624
0.14<0.12x0.10 0.30<0.20 X 0.20
2.40-28.00 2.54-30.03
W=h=2N 2=h=23
-11=k=10 -1l =k=11
-13=/=13 4=/i=14
15662 17835

3528 [R(int) = 0.0281] 4099 [R(int) = 0.0296]
98.3 98.8

semi-empirical from equivalents
0.960, 0.951

full-matrix least-squares on F>
3528/0/176

semi-empirical from equivalents
0.928, 0.894

full-matrix least-squares on F>
4099/0/165

1.002 1.003

R, = 0.0388, R, =0.0308,

wR2 = 0.0953 wR2 = 0.0775

Ry = 0.0466, wR2 = 0.1019 R, =0.0364, wR2 = 0.0814
0.662 and —0.347 0.430 and —0.540
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