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The treatment of a ligand, 2,6-bis((4-(pyridin-2-yl)pyrimidin-2-ylthio)methyl)-4-chlorophenol (CIPPT2), with cuprous
chloride under a weak base condition led to the formation of a neutral Cu';-centered cluster [Cus(PPT2),], whose
X-ray diffraction analysis indicated that C—S bonds of the ligand were cleaved in the course of the reaction. To
explain the C-S bond cleavage, a reasonable mechanism has been proposed. In support of it, four additional
ligands, 2,6-bis((4-(pyridin-2-yl)pyrimidin-2-ylthio)methyl)-4-methylphenol (MePPT2), 2,6-bis((4-(pyridin-3-yl)pyrimidin-
2-ylthio)methyl)-4-methylphenol (MePPT3), 2,6-his((4-(pyridin-3-yl)pyrimidin-2-ylthio)methyl)-4-chlorophenol (CIPPT3),
and 5-((4-(pyridin-3-yl)pyrimidin-2-ylthio)methyl)-2-hydroxybenzaldehyde (HBPPT2) were further tested to undertake
the analogous reaction, and the cleaved products in these experiments were detected by electrospray ionization
mass spectrometry techniques to clarify the process.

interesting chemical and physical phenomeéwdhich intrigue
researchers to design organic ligands with specific structures
1and versatile potential donors. The interest in the activation
(or cleavage) of chemical bonds via transition-metal com-
plexation is justified by its potential application of organic
synthesis, since the formation of new bonds is based upon
the breaking of old ones. To our knowledge, it has been

Introduction

Supramolecular chemistry, connecting inorganic and or-
ganic chemistry as a whole, has been an important area o
modern chemistry for more than a decade. Upon its concepts,
scientists have been trying to produce materials with multiple
functions, such as electronic, optical, magnetic, and catalytic
properties, far beyond their purely inorganic or organic " . _ i > X X
building-block compound&? The metat-ligand interaction widely investigated in activation of single or multiple bonds

in the course of spontaneous self-assembly may lead t0°f C—H, C=C, CN, C=X, and so for.tl'ff. As far as the
activation of C-S bonds is concerned, it is of fundamental
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Scheme 1. Synthetic Methods for Thioether Ligands
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of C—S lyasé€® also of importance in removing the organo-

sulfur compounds present in petroleum-based feedstock.

Several kinds of €S bond cleavage within ligands mediated
by metals (e.g., Cu, Co, Pd, Re, Zr, and Nb) were repdited,;
however, its mechanism was poorly studfé.In our

CIPPT3 MePPT3

the generation of the cuprous cluster,,RPT2),, whose

structure was determined by X-ray crystallography. In
contrast with that of the original thioether ligands, the
molecular structure of the cluster strongly indicated the
rupture of C(benzylicyS(thioether) bonds. To learn more

previous efforts, we reported a series of ligands, containing about the nature of €S bond cleavage in our compounds,

arms of H-imidazole, 1,2,4-triazole, orH-tetrazole!®to
explore the activation of €C bonds in the course of

studying their supramolecular self-assembly. For further

study, 4-(pyridin-2-yl)pyrimidine-2-thiol (RPT2) and 4-(py-
ridin-3-yl)pyrimidine-2-thiol (HPPT3) have been introduced

a reasonable mechanism is proposed.

Experimental Section

Materials and Measurements.All solvents and reagents were
of analytical reagent grade and used as purchased without further

to the ligand system to extend our research on the abovepurification unless otherwise stated?HT2,'* HPPT3,124-chloro-

aspects.

/ = —
_\ LN 7\ LN
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SH SH
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A number of thioether ligands have been designed an
synthesized in our laboratory, includit@jPPT2, CIPPTS3,
MePPT2, andMePPT3, that can be abbreviated B®PTn
(R=Clor Me;n= 2 or 3) (Scheme 1). Each ligand bears
a potential NOS; donor site consisting of substituted phenaol,
thioether, pyridine, and pyrimidine functionalities. Herein,

2,6-bis(chloromethyl)phené?,2,6-bis(chloromethyl)-4-methylphe-
nol** and 5-(chloromethyl)-2-hydroxybenzaldehjtlevere syn-
thesized according to literature methods. NMR spectra were
recorded on a Bruker DRX500 spectroscopy instrument in GDCI
or (CD5),SO using SiMg as the interior standard. Elemental
analyses for C, H, N, and S were performed on a CHN-O-Rapid
analyzer and an Elementar Vario MICRO analyzer. Electrospray

d ionization mass spectrometry (ESI-MS) spectra were carried on a

Mariner mass spectrometer. Thermal analysis (TA) data were
collected on a Perkin-Elmer Pyris 1 TGA analyzer. Infrared spectra
were performed on a Bruker Vector 22 spectrophotometer with KBr
pellets in the 4064000 cnt? region.

Preparation of 4-Chloro-2,6-bis(chloromethyl)phenol.A por-
tion of 37% formaldehyde (18 mL, 0.25 mol) was slowly added to

we report the preparation of these new thioether ligands anda mixture of 4-chlorophenol (16.1 g, 0.125 mol) and 20% aqueous

(5) Tarbell, D. S.; Harnish, D. RChem. Re. 1951, 49 (1), 1-90.

(6) (a) McCarthy, R. I.; Lock, E. A.; Hawksworth, G. M.oxicol. Ind.
Health 1994 10 (1-2), 103-112. (b) Tomisawa, H.; Suzuki, S.;
Ichihara, S.; Fukazawa, H.; Tateishi, M. Biol. Chem.1984 259
(4), 2588-2593.

(7) (a) Bianchini, C.; Meli, A.Acc. Chem. Red.998 31, 109-116. (b)

Choudhary, T. V.; Malandra, J.; Green, J.; Parrott, S.; Johnson, B.

Angew. Chem., Int. EQ00§ 45 (20), 3299-3303.

(8) (a) Fujisawa, K.; Moro-oka, Y.; Kitajima, Nohem. CommuriL994
623-624. (b) Han, L.; Hong, M.; Wang, R.; Wu, B.; Xu, Y.; Lou,
B.; Lin, Z. Chem. Commun2004 2578-2579. (c) Shimizu, D.;
Takeda, N.; Tokitoh, NChem. Commur2006 177-179. (d) Li, M
Ellern, A.; Espenson, J. HAngew. Chem., Int. EQR004 43 (43),
5837-5839. (e) Li, M.; Ellern, A.; Espenson, J. B.. Am. Chem. Soc.
2005 127 (29), 10436-10447. (f) Reynolds, M. A.; Guzei, I. A.;
Angelici, R. J.Inorg. Chem2003 42, 2191-2193. (g) Coucouvanis,
D.; Hadjikyriacou, A.; Lester, R.; Kanatzidis, M. Gnorg. Chem.
1994 33(17), 3645-3655. (h) Coucouvanis, D.; Al-Ahmad, S.; Kim,
C. G.; Koo, S.-MlInorg. Chem1992 31 (14), 2996-2998. (i) Lpez-
Torres, E.; Mendiola, M. A.; Pastor, C.lhorg. Chem2006 45 (7),
3103-3112.

(9) (a) Adams, R. D.; Kwon, O.-S.; Perrin, J. Organometallic2000
19(12), 2246-2248. (b) Mullen, G. E. D.; Went, M. J.; Wocadlo, S.;
Powell, A. K.; Blower, P. JAngew. Chem., Int. EAL997, 36 (11),
1205-1207.

(10) Gou, S.; Hu, DFaming Zhuanli Shenging Gongkai Shuoming2606
CN 1736976 (in Chinese).

(11) Zhu, H.; Huang, C.; Huang, W.; Gou, I8org. Chem. Commui2004
7, 1095-1099.

5538 Inorganic Chemistry, Vol. 46, No. 14, 2007

NaOH solution (25 mL, 0.125 mol) under vigorous stirring. It was
heated to 55C for 3 h and was then cooled to room temperature.
The mixture was then filtered and washed with saturated brine three
times to give the crude product as a reddish solid. The solid was
added to water (100 mL), and the resulting mixture was acidified
to pH 3 with acetic acid. It was then filtered to give 4-chloro-2,6-
bis(hydroxymethyl)phenol (11.80 g, yield 50%) as a pink solid,
which was washed with water and dried under vacuum. The
resulting 4-chloro-2,6-bis(hydroxymethyl)phenol (8.20 g, 0.04 mol)
was dissolved in diethyl ether (100 mL), and then S&@0.0 mL,
0.27 mol) was carefully added. The mixture was stirred at room
temperature for 24 h, filtered, and concentrated under reduced
pressure to give 4-chloro-2,6-bis(chloromethyl)phenol as an oil,
which afforded a white solid (7.22 g, yield 80%) by addmbexane
(30 mL). Mp: 89-91° (lit.’3 91.0-91.6)
2,6-Bis(chloromethyl)-4-methylphenol. Reaction of p-cresol
(10.8 g, 0.10 mol) with 37% formaldehyde (18 mL, 0.25 mol) and

(12) Wang, F.; Schwabacher, A. Wetrahedron Lett1999 40, 4779
4782,

(13) Reiner, L.; Ping, H.; Jiutian, Z.; Licheng, S.; Leif, H.; Bjorn, A.;
Stenbjorn, SEur. J. Inorg. Chem2002 11, 2965-2974.

(14) Rodia, J. SJ. Org. Chem1961, 26 (8), 2966-2969.

(15) Woehrle, D.; Bohlen, H.; Aringer, C.; Pohl, Blakromol. Chem1984
185(4), 669-685.



Cleavage of C-S Bonds

20% aqueous NaOH solution (25 mL, 0.125 mol) as described to room temperature, filtered, and washed with acetone. The filtrate
above gave 2,6-bis(hydroxymethyl)-4-methylphenol (15.9 g, yield was concentrated under reduced pressure to near dryness, then water

95%) as a white solid. The resulting phenol (15.0 g, 0.073 mol)
was treated with SO€(26.8 mL, 0.36 mol) in an analogous way
that the preparation of 4-chloro-2,6-bis(chloromethyl)phenol gave
2,6-bis(chloromethyl)-4-methylphenol (4.32 g, yield 32%) as a white
solid. Mp: 79-80° (lit.*4 80°).
2,6-Bis((4-(pyridin-2-yl)pyrimidin-2-ylthio)methyl)-4-chlo-
rophenol (CIPPT2).NaOH (0.88 g, 22 mmol) was added to acetone
(30 mL) with vigorous stirring for 10 min, then a solution oPRT2
(3.78 g, 20 mmol) in acetone (70 mL) was added to the above.
After the mixture was refluxed for 1 h, another solution of 4-chloro-
2,6-bis(chloromethyl)phenol (2.03 g, 9.0 mmol) in acetone (40 mL)

(50 mL) was added to givielBPPT2 as a white solid (0.43 g, yield
67%).H NMR (500 MHz, (CD;),S0): 6 = 10.68 (s, 1H, OH),
10.23 (s, 1H, CHO), 8.78 (d, 1H), 8.75 (d, 1H), 8.44 (d, 1H), 8:05
8.01 (m, 2H), 7.79 (s, 1H), 7.64 (m, 1H), 7.59 (m, 1H), 6.95 (d,
1H), 4.49 (s, 2H, CH. Anal. Calcd for G;H13N30,S: C, 63.14;

H, 4.05; N, 12.99. Found: C, 63.05; H, 4.12; N, 13.68. IR (KBr,
cm™1): v = 3440w, 1659vs, 1570vs, 1535s, 1486m, 1427s, 1342s,
1218s, 799w, 767m.

The General Procedure of C-S Bond Cleavage and Forma-
tion of Cu4(PPT2), (described by an example treatmenGiPPT2
with commercially available CuClz99%). To a suspension of

was added dropwise. Then the resulting solution was refluxed for c|ppT2 (0.051 g, 0.10 mmol) in methanol (20 mL) was added

24 h. In the course of refluxing, an extra 130 mL of acetone was

Et;N (0.1 mL, 0.7 mmol). Under an Natmosphere, the resulting

added. Finally, the solution was cooled to room temperature and go|ytion was heated to 6, and then a solution of CuCl (0.020
filtered. The resulting solid was washed with acetone several times g 0.20 mmol) in CHCN (20 mL) was added. The mixture was

and dried under vacuum (4.35 g, yield 91%).NMR (500 MHz,
CDCl): ¢ = 10.3 (br, 1H, OH), 8.74 (d, 2H), 8.70 (d, 2H), 8.48
(d, 2H), 8.11 (d, 2H), 7.88 (t, 2H), 7.44 (t, 2H), 7.29 (s, 2H, PhH),
4.45 (s, 4H, CH). Anal. Calcd for GeH1sCINeOS:: C, 58.80; H,
3.61; N, 15.83. Found: C, 58.76; H, 3.59; N, 16.10. IR (KBr,€m

v = 3431w, 1572s, 1537s, 1420m, 1346s, 1202m, 830w, 766m.

MePPT2, MePPT3, and CIPPT3, prepared via an analogous
way to the above method, were characterized as follows:

2,6-Bis((4-(pyridin-2-yl)pyrimidin-2-ylthio)methyl)-4-meth-
ylphenol (MePPT2). Yield: 93%.H NMR (500 MHz, CDC}):
0 = 10.19 (s, 1H, OH), 8.72 (d, 2H), 8.70 (d, 2H), 8.49 (d, 2H),
8.06 (d, 2H), 7.86 (t, 2H), 7.42 (t, 2H), 7.12 (s, 2H, PhH), 4.48 (s,
4H, CH,), 2.23 (s, 3H, CH). Anal. Calcd for GH2:NgOS,: C,
63.51; H, 4.34; N, 16.46. Found: C, 63.50; H, 4.46; N, 16.31. IR
(KBr, cm™1): v = 3417vs, 1557s, 1537s, 1417m, 1344m, 1200m,
830w, 764m.

2,6-Bis((4-(pyridin-3-yl)pyrimidin-2-ylthio)methyl)-4-meth-
ylphenol (MePPT3J). Yield: 85%.'H NMR (500 MHz, CDC}):
0 = 10.04 (s, 1H, OH), 9.29 (s, 2H), 8.76 (d, 2H), 8.67 (d, 2H),
8.45 (d, 2H), 7.51 (t, 2H), 7.45 (d, 2H), 7.11 (s, 2H, PhH), 4.45 (s,
4H, CH,), 2.22 (s, 3H, CH). Anal. Calcd for GH2:NgOS;: C,
63.51; H, 4.34; N, 16.46; S, 12.56. Found: C, 63.50; H, 4.25; N,
16.43; S, 12.59. IR (KBr, cml): v = 3422w, 1559s, 1537s, 1402m,
1344m, 1204m, 829w, 775w.

2,6-Bis((4-(pyridin-3-yl)pyrimidin-2-ylthio)methyl)-4-chlo-
rophenol (CIPPT3). Yield: 71%.H NMR (500 MHz, CDC}):
0 = 10.40 (s, 1H, OH), 9.26 (d, 2H), 8.76 (t, 2H), 8.66 (d, 2H),
8.41 (d, 2H), 7.48 (d, 2H), 7.46 (d, 2H), 7.28 (s, 2H, PhH), 4.42
(s, 4H, CH). Anal. Calcd for GgH1sCINgOS,: C, 58.80; H, 3.61;
N, 15.83; S, 12.08. Found: C, 58.23; H, 3.33; N, 16.02; S, 12.76.
IR (KBr, cm™1): v = 3418m, 1560s, 1537m, 1422m, 1345m,
1203m, 828w, 774w.

5-(Chloromethyl)-2-hydroxybenzaldehyde A mixture of 2-hy-
droxybenzaldehyde (9.30 g, 0.076 mol), polyformaldehyde (5.05

kept at 60°C for 2 h togive dark red crystallites, which were
washed with methanol and dried under vacuum (0.097 g, yield
48%). Crystals suitable for X-ray crystallography were obtained
from the filtrate by slow evaporation over several days. The
characterizations of the resulting crystallites and crystals showed
that they were identical in compositiotd NMR (500 MHz, (CQy)»-

SO): 6 = 8.74 (br, 4H), 8.33 (br, 8H), 8.07 (br, 4H), 7.74 (br,
8H). Anal. Calcd for GeH24CwN12Ss: C, 42.94; H, 2.40; N, 16.69.
Found: C, 42.65; H, 2.59; N, 16.58. IR (KBr, cA): v = 3433s,
1626w, 1557m, 1535m, 1397m, 1326m, 1193m, 760w. The
compound exhibits remarkable thermal stability. TA analysis
indicated that it had an onset temperature for decomposition at ca.
370°C.

The reaction oMePPT2, MePPT3, CIPPT3, or HBPPT2 with
CuCl (or Cul) was the same as the above sample procedure
involving C—S bond cleavage.

Cw(PPT2), can also be easily obtained by simply mixing
HPPT2with CuCl. To a solution of IPPT2(0.189 g, 1.00 mmol)
in MeOH (100 mL) was added g (0.3 mL, 2.0 mmol). The
mixture was vigorously stirred until PPT2 was fully dissolved,
then a solution of CuCl (0.100 g, 1.00 mmol) in gEN (100 mL)
was added at room temperature. The resulting dark red solution
was stirred for 1 min and left for 3 days. Dark red crystals were
obtained (0.210 g, yield 83%). Further experiments showed that
the addition of NaM or KSCN to the above reactants did not help
to yield other kinds of products containing counteranions. Char-
acterizations ofH NMR and IR spectra showed almost identical
signals, with identified crystals within experimental errors.

Crystallographic Studies.The single-crystal data were collected
on a Bruker Smart Apex CCD diffractometer using graphite-
monochromated Mo & radiation ¢ = 0.71073 A) at room
temperature. Thé range for data collection was 2-:@5.C°. Of
the 21 371 reflections, 7701 were uniqu@,( = 0.098). The

g, 0.168 mol), and concentrated hydrochloric acid (50 mL, 0.6 mol) absorption correction was applied by a multiscan. The space group
was stirred at room temperature for 20 h to give a large quantity Was determined from the systematic absences and further verified
of pink solids. The solids were washed with water until the pH by the refinement results affLATON?® The structures were solved

was close to 7 and then dried under vacuum. They were further by direct methods and refined using a full-matrix least-squares

recrystallized from petroleum ether to give white needle crystals
(5.83 g, yield 45%). Mp: 8485° (lit.15 88°).
5-((4-(Pyridin-3-yl)pyrimidin-2-ylthio)methyl)-2-hydroxyben-
zaldehyde (HBPPT2).A suspension of RPT2 (0.39 g, 2.05
mmol) and dry NaCOs; (3 g, 28 mmol) in acetone (90 mL) was
refluxed for 1 h, then a solution of 5-(chloromethyl)-2-hydroxy-

benzaldehyde (0.34 g, 2.0 mmol) in acetone (25 mL) was added

dropwise. The mixture was kept refluxing overnight, then cooled

technique witlSHELXL-97:6 All non-hydrogen atoms were refined
with anisotropic displacement parameters, whereas the hydrogen
atoms of the ligands were placed at idealized positions. Experi-

(16) (a) SAINTplus version 6.0; Bruker AXS: Madison, WI, 1999.
SHELXTL, version 6.1; Bruker AXS: Madison, WI, 2001. (b) Blessing,
R.; Acta Crystallogr., Sect. A995 51, 33. (c) Spek, A. LPLATON,
A Multipurpose Crystallographic TopUtrecht University: Utrecht,
The Netherlands, 1999.
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Table 1. Crystal Data and Structure Refinement fors(RPT2)4

Huang et al.

structure via CuCu interactions with dihedral angle 84.59-

formula GagH24CWN15S, (5)°. Five coppet-copper contacts are classified into two

fw 1007.15 categories: Cul and Cu2 interact with three copper atoms,

cryst syst monoclinic whereas Cu3 and Cu4 interact with two copper atoms. The

space group P2,/c . .

a, 12.870(9) intermetallic distances of CuiCu2 (2.827(2) A), CutCu3

b, A 20.912(15) (2.949(2) A), Cut-Cu4 (2.852(2) A), Cuz2Cu3 (2.642(2)

géeg 19%469(11) A), and Cu2-Cu4 (2.637(2) A) are close to the sum of the

B. deg 97.562(13) van der Waals radii of Cu-Cu (2.80 A)17 however, direct

7, deg 90 Cu—Cu bonding is not thought to be presérf The

\Z/' A 3394(5) relatively longer distance of Ce3Cu4 (3.193(2) A) suggests

peald g CNT3 1.522 that the intermetallic interaction is rather weak. It is noted

u (Mo Ko, mm? 2.140 that Cul, Cu3, and Cu4 exhibit similar distorted-tetrahedral

l'((})<00) 22%11(? coordination environments with 48, donors from three

cryst dimens, mm 0.26 0.10x 0.10 different ligands. For example, as illustrated in Figure 1b,

6 range, deg 2:025.0 Cul is coordinated by two nitrogen atoms of the ligand

index ranges :;Zfﬂfgf (orange colored) and two sulfur atoms from two other

—19<1<19 different ligands (marked with red and blue colors). However,

no. refins collcd 21371 Cu2 lies in a triangular geometry with N8onors that are

o gg :2323 ;me"”’ g(z)é/o.ws also from three different ligands, among which the nitrogen
with 1 > 20(1) atom is from the “red” ligand and the two sulfur atoms are

GOF (?) 1.027 from the “green” and “orange” ligands. It is found that Cu2

Sl (R (1 > 20(1)) 0.0590 is deviated slightly from the N5S1S3 triangular plane

1 (all data) 0.0829

Re (I > 20(1) 0.1761 (0.2624(10) A).

R; (all data) 0.1864 As for the thiolate ligands, two kinds of coordination

'arg‘;fé diff peak/hole 1.373/-0.528 modes are present: one serves as a chelating ligand bonding

three copper atoms with omg-S bridge and a N,N-chelating
site (Figure 2a, corresponding to the orange, green and blue
ligands in Figure 1b), and the other serves as to connect three

Table 2. Selected Distances (A) and Angles (deg) fou@PT2),

Interatomic Distances (A)

Cul-S2 2.267(2) CutS4 2.291(3) copper atoms via an exo-N donor and @i bridge (Figure
gﬂ%:gi 22253?((2)) %‘lﬁgg %12%1((?) 2b, corresponding to the red ligand in Figure 1b). Such
Cu2-N5 2.022(5) Cu3S2 2.304(2) coordination modes in this cluster are quite different from
Cu3-S3 2.297(3) Cu3N10 2.070(5) those in [Cu(pymt)s],*® and [Ags(pymt)s],?° (pymt = pyri-
gﬂigiz géggg gﬂiﬁ% 22.'03:31;((;’)) midine-2-thiolate). The average €% and Cu-N bond
Cu4—N9 2.173(7) CutCu2 2.827(2) lengths are 2.284(3) and 2.104(6) A, respectively, similar to
2“5‘8”3 g-gig% guigui 2225% those found in Clicomplexes and proteins containing-€8
uz—Cu . u u .
Cu3--Cu4d 3.193(2) and Cu-N bonds!®?!

Interestingly, such nonequivalent ECu interactions are

Bond Angles (deg) not common in synthetic multinuclear compleXdsut occur

S2-Cul-S4 122.31(7) S2Cul-N1 126.86(17) ) ) . )

S2-Cul-N3 100.06(17)  S4Cul-N1 109.10(17) in natural _compounds_ I|I_<§ nitrous oxide reductase- (N
S4-Cul-N3 104.68(18) N+Cul-N3 77.7(2) OR)2¢231t is of much significance to note that the 'Coore
S1-Cu2-S3 125.39(8) S3Cu2-N5 121.61(15) ; B i ; ;

o3 CurNe 10861(15)  S2Cu3-S3 119.20(7) of our cluster is quite similar to the gactive site of NOR
S2-Cu3-N10 107.91(15) S2Cu3-N12 108.53(17) (17) Bondi, A.J. Phys. Chemi1964 68, 441—451.

S3-Cu3-N10 130.35(15) S3Cu3-N12 100.82(18) (18) (a) Cotton, F. A.; Feng, X.; Matusz, M.; Poli, R. Am. Chem. Soc.
N10-Cu3-N12 76.9(2) StCud-S4 124.39(7) 1988 110 (21), 7077-7083. (b) Plblet, J.-M.: Beard, M. Chem.
S1-Cu4-N7 104.53(15)  StCu4-N9 107.48(18) Commun199§ 1179-1180. (c) Liu, C. W.; Irwin, M. D.; Mohamed,
S4-Cu4—-N7 129.57(15) S4Cu4—N9 97.6(2) A. A.; Fackler, J. P., Jrlnorg. Chim. Acta2004 357, 3950-3956.
N7—Cu4-N9 76.8(3) (d) Ashfield, L. J.; Cowley, A. R.; Dilworth, J. R.; Donnelly, P. S.

Inorg. Chem 2004 43(14), 4121-4123. _
mental details of the X-ray analyses are given in Table 1. Selected (19) E'gr?"hun'}%r& "2/'5';7\9}/32”597'9'?'; Wu, B.; Xu, Y.; Lou, B.; Lin, Zhem.
interatomic distances and angles are listed in Table 2. (20) Su, W.; Cao, R.; Hong, M.: Wong, W.-T.; Lu, dorg. Chem.
Communl1999 2, 241-243.
(21) (a) Ford, P. C.; Cariati, E.; BourassaChem. Re. 1999 99, 3625~
3647. (b) Brown, K.; Djinovic-Carugo, K.; Haltia, T.; Cabrito, I.;
Saraste, M.; Moura, J. J. G.; Moura, |.; Tegoni, M.; CambillauJC.

Crystal Structure. The reaction ofCIPPT2 and CuCl Biol. Chem 200Q 275 41133-41136. (c) Haltia, T.. Brown, K.
Tegoni, M.; Cambillau, C.; Saraste, M.; Mattila, K.; Djinovic-Carugo,

afforded an electron-neutral cluster of {RPT?2), in moder-

i ; i i K. Biochem. J2003 369, 77—88.
ate yleld' X-ray crystallogr_aphlc anaIyS|s reveafled that the (22) Lee, Y.; Narducci Sarjeant, A. A.; Karlin, K. @hem. Commur2006
cluster was composed of thiolate speceBT2), which were 621-623.
apparently derived fronCIPPT2 by breaking its C(ben-  (23) (a) Brown, K.; Tegoni, M.; Prudiio, M.; Pereira, A. S.; Besson, S.;
zyIic)—S(thioether) bonds. As shown in Figure 1, the Moura, J. J. G.; Moura, |.; Cambillau, ®lat. Struct. Biol.200Q 7,

. 191-195. (b) Chen, P.; Gorelsky, S. I.; Ghosh, S.; Solomon, E. I.
resulting Cly-center of the cluster adopts a V-shaped Angew. Chem., Int. ER004 43, 4132-4140.
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5540 Inorganic Chemistry, Vol. 46, No. 14, 2007



Cleavage of C-S Bonds

Figure 1.

(a) ORTEP drawing (291 K, 30% probability thermal ellipsoids) ofy@#T2)4. All hydrogen atoms are omitted, and only heteroatoms are

labeled for clarity. (b) A ChemDraw view of G(PPT2),, in which the ligands are marked with different colors.

— N —
/—r\\n \ _/<N @—(\Nt\( N—=Cu
\C'u/ /S\Cu /S\Cu
Cu Cu
@ (b)

Figure 2. Two coordination modes of the ligand in the cluster.

Figure 3. (a) Cuy site of NbNOR (ref 21b, pdb 1FWX, with the uncertain
O donor omitted). Selected interatomic distances (A): -€0a3(Cu4), 3.36;
Cu2—Cu3(Cu4), 2.56; Cu3Cu4, 2.98; CutsS, 2.28; Cu2(Cu3, Cu4)s,
2.23; Cu-N(avg.), 2.06. (b) Core of GUPPT2),. Interatomic distances
are given in Table 2.

except for the S donors (Figure 3). As a possible model
compound for the enzyme in the structure 4BPT2), will
be further investigated in the future.

C—S Bond CleavageAs observed from the structure in
Figure 1, an unexpected phenomenon of theSCbond
cleavage withinCIPPT2 happened during metal complex-
ation. This is quite different from other analogoud&heta
thioether complexations in which the ligands did not offer
cleaved products or byproducts when reacting with 2€u

or Ad'?® ions. In addition, it is found that S donors of
heterocycle-based thioether ligands are not often coordinated
with Cu ions due, in part, to the geometrical effet4sd.26
This kind of cleavage is also fundamentally dissimilar to the
sulfur elimination from thiourea in the treatment of CuCl
with naphthalene that served as an electron-transfer agent.
According to the difference betwe@iPPT2 and previously
reported ligands, it is proposed that the pathway of thesC
bond cleavage might be induced by a strong coordination
effect between the cuprous ions and NS donors so that the
electrons could be transferred from the oxygen to sulfur
atoms. (Scheme 2).

It has been noticed that the treatmentRPPT3 (R =
Me or Cl) with CuCl in MeOH/CHCN in the absence of
Et;N under the same condition did not lead to cleavage.
However, the addition of BN led to the formation of red
deposits immediately, and the filtrate turned out to be
colorless after the reaction. Moreover, if one overlooks
groups other than OH that could be deprotonated like NH
in other similar thioether ligand$dthe CU—S coordination

(24) (a) Caradoc-Davies, P. L.; Hanton, L. R.; Hodgkiss, J. M.; Spicer, M.
D. J. Chem. Soc., Dalton Tran002 1581-1585. (b) Peng, R.; Wu,
T.; Li, D. CrystEngComn2005 7, 595-598. (c) Amoore, J. J. M.;
Hanton, L. R.; Spicer, M. DDalton Trans.2003 1056-1058. (d)
Peng, R.; Li, D.; Wu, T.; Zhou, X. P.; Weng Ng, $org. Chem.
2006 45 (10), 4035-4046 and references therein.

(25) (a) Wang, R. H.; Hong, M. C.; Su, W. P,; Liang, Y. C.; Cao, R,;
Zhao, Y. J.; Weng, J. BPolyhedron2001, 20 (26—27), 3165-3170.
(b) Han, L.; Yuan, D.; Xu, Y.; Wu, M.; Gong, Y.; Wu, B.; Hong, M.
Inorg. Chem. Commur2005 8 (6), 529-532. (c) Han, L.; Wu, B.;
Xu, Y.; Wu, M.; Gong, Y.; Lou, B.; Chen, B.; Hong, Mnorg. Chim.
Acta 2005 358 (6), 2005-2013. (d) Caradoc-Davies, P. L.; Hanton,
L. R.; Lee, K.Chem. CommurR00Q 783-784. (e) Caradoc-Davies,
P. L.; Hanton, L. RChem. Commur2001, 1098-1099. (f) Amoore,
J. J. M,; Black, C. A.; Hanton, L. R.; Spicer, M. [Tryst. Growth.
Des.2005 5, 1255-1261. (g) Hartshorn, C. M.; Steel, P.J1.Chem.
Soc., Dalton Trans1998 3935-3940.
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Scheme 2. Proposed Mechanism for the-S Bond Cleavage Table 3. ESI-MS Analyses of Byproducts Derived from-G Bond
Reactioft Cleavage under Different Conditions (BaseEt:N)
R R miz(%)
RPPTH = 5 liganc? 1 2 3 [(EtsNH)X]*
Y CIPPT2 b 239.1(100)  239.1(100)
PPTn O) PPTn O 241.1(42)  241.1(42)
[3b+ Na']
(ON? Cua(PPTN), CIPPTZ 239.4(100)  331.4(23)
NE 241.4(20)
[3b+ Na']
R MePPT2 376.1(95) 219.1(50) 239.2(100)
[2a+ Na'] [Ba+ Na'] 241.2(36)
729.7(22)
?i, [2(28) + Na']
OMe OH OMe 0, OMe + MePPTZ2 322.1(100) 239.2(60)
pan o (' [1a+ H'] 241.2(18)
SNo) +OM MePPTZ  344.1(100) 239.2(30)
[1a+ Naf] 241.2(8)
/C(N)
CIPPT3 239.2(100)  239.2(100)
241.2(24) 241.2(24)
aMw: 321 (1a), 341 (1b), 353 Qa), 373 @h), 196 @a), 216 @b); a, R [3b+ Na']
= Me;b: R=Cl. MePPT3 376.1(100) 219.1(34) 239.2(62)
[2a+ Na'] [3a+Naf] 241.2(21)
scarcely happened without the opportunity of charge transfer 7232-1(10'2l .,
in either the OH-absetft-4 or OH-blocked we_\f.g So, itis HBPPT2 [16(52&00; 1 239.4(100)
concluded that EN serves as a deprotonation agent, and [4—HY 241.4(20)

the occurrence of the cleavage is accompanied by the strong a All ligands were treated with CuCl in MeOH/GBN mixture except

coordination and charge transfer from oxygen to sulfur atoms. those italicized® Not detected by ESI-MS. A 37Cl isotopic peakd Treated

Accord|ng|y, 1 should be a cleaved byproduct in which no Wwith Cul in MeOH/CHCN. © Treated with CuCl in pure C4CN. Treated
9

extra electrons could be further transferred to another suh‘ur‘é")',ﬂ;1 Eggnl/g S;ﬁg’fwm Detected by a negafive souréeetected

atom to induce the cleavage of the remaining $&bond.

Nevertheless] was not supposed to be inert enough in the poth 3b and [(E&NH).CI]* species present in tHelPPTn
presence of the nucleophilic solvent of methanol. OBce  system, and mass signals of them were overlapped in the
formed, the remaining €S bond could be cut off by the  spectra. To confirm this point, the substitution of Cul for
residual CuX in the same way to finally devel8p CuCl in theCIPPTn system gave spectral data in which the
ESI-MS Spectra Studies.To support the mechanism peaks at/z 239 and 241 attributed t8b did not vanish,
shown in Scheme 2, five ligand@PPTn (R = Me or Cl;n and a peak atn/z 331 corresponding to the [(BtH).l]"
= 2 or 3) andHBPPT2, were reacted with CuCl or Cul to  species appeared as expected. WHeRPTn interacted with
give parallel solutions by filtering out the precipitated cuprous CuCl, another kind of byproducga, appeared with peaks
clusters. Possible byproducts in the solutions were examinedat m/z 376 and 730, which are consistent wia[+ Na']
by means of ESI-MS spectra. The results, listed in Table 3, and [2@a) + Na'], respectively. According to the proposed
were found to be quite consistent with the proposed mech-mechanism, methanol is prone to react with possible

anism. WherCIPPTn reacted with CuCl in a mixed solvent
of MeOH/CH;,CN, they only gaven/z 239 and 241 peaks,
suggesting that the byproducts w@&te However, these two
signals were still observed wheZIPPTn was replaced by
MePPTn. Apart from m/z 239 and 241 peaks in the
MePPTn system, the peak atvz 219 proved thaBa was
the byproduct. Why didePPTn also exhibit signals atvz
239 and 2417 It could be attributable to the ion peak okf(Et
NH),CI]*, whose molecular formula weight is equivalent to
that of [3b + Na']. That is to say, we believe there were

(26) (a) Hatcher, L. Q.; Lee, D. H.; Vance, M. A.; Milligan, A. E.; Sarangi,
R.; Hodgson, K. O.; Hedman, B.; Solomon, E. |.; Karlin, K.IBorg.
Chem 2006 45(25), 10055-10057. (b) Amoedo-Portela, A.; Carballo,
R.; Casas, J. S.; Garcia-Martinez, E.; Gomez-Alonso, C.; Sanchez-
Gonzalez, A.; Sordo, J.; Vazquez-Lopez, E.A1Anorg. Allg. Chem.
2002 628 (5), 939-950. (c) Rarog, B. G.; Ivanov, V. A.; Potekhin,
V. M.; Nesterov, M. V.; Savel'eva, E. &h. Prikl. Khim.1984 54
(1), 161-167. (d) Rarog, B. G.; Ilvanov, V. A.; Potekhin, V. M;
Nesterov, M. VZh. Prikl. Khim.1983 56 (3), 635-639 (in Russian).

(27) Borah, D.Sep. Purif. TechnoR005 43, 215-219.

(28) Park, K.; Yoon, |.; Seo, J.; Lee, J.; Kim, J.; Choi, K. S.; Jung, O.;
Lee, S. SCryst. Growth. Des2005 5, 17071709.
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intermediatel to give 2 and/or3, upon the ratio oRPPTn

and CuX. Therefore, methanol was removed or replaced by
ethanol so as to captutan an example system dlePPT2
Mass spectral results indicated tHat was detected atvz

322 and 344, ascribed tdlg + H'] and [la + Na'],
respectively. But neithe2a nor 3a were detected, demon-
strating that the absence of methanol can terminate the
reaction process as expected.

I\
N N~
Z "N N/l
\I

L

As pointed out previously, the phenolic hydroxyl group
in these ligands, affording electrons to transfer, was necessary
for the C-S cleaving reaction. To prove this point, a relevant
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Scheme 3. Reaction ofHBPPT2 with CuCl CuX under a weak base condition. By tuning variables such
Y oH OH cHo as solvents, thio-substituted moieties, ligand/metal ratios, etc.,
N # CHO, o) BN + Cuy(PPT2), our next efforts will pursue the questions of how to control
N MeOH the cleavage reaction to stop at the desired steps effectively
SN J\S MeO and how to utilize the reaction to synthesize new compounds.
HBPPT2 4 On the other hand, the similar V-shaped geometry and

identical all-reduced states between our clusteg(RIT2),,

ligand L, without the hydroxyl and R groups compared with @nd the catalytic Gucore found in NOR give promising
RPPT2, was also investigated to interact with CuCl. The clues to how to mimic the reaction of the reduction ofON
result indicated that Gu Cl, was obtained instead of Gu  to N> with Cuy(PPT2),.

(PPT2), after the reactionnyz 711, 713, 715 [CiL.Cl, +

MeOH +H"]). This further demonstrated that the cleavage  Acknowledgment. This work was financially supported

of thioether by CuX was not initiated in the absence of py the National Natural Science Foundation of China (project
electron transfer within the ligand. No. 20271026) and the Postdoctoral Research Fund of China

Moreover, it can be deduced that the cleavage would also (No, 20060390278). The authors are grateful to the reviewers
occur if the hydroxyl group of the ligand was on the para ¢, their helpful suggestions.

position of the thio-substituted group. In this cad8PPT2
was deliberately designed to demonstrate its feasibility
(Scheme 3). As expected,was apparently detected iafz
165 4 — H™] in a negative-ion mass spectrum (Table 3).

Supporting Information Available: An X-ray crystallographic
file in CIF format; copies ofH NMR, ESI-MS, and TA spectra.
This material is available free of charge via the Internet at
Conclusions http://pubs.acs.org.

We have synthesized several thioether compounds that
perform novel cleavage of €S bonds when treated with  1C062059Y
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