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Transition-Metal Complexes with Sulfur Ligands. 1321 Electron-Rich Fe and Ru
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(= 2,2-Bis(2-mercaptophenylamino)diethyl Sulfide(2-))
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The new pentadentate amine thioether thiolate ligahH,Ss'-H, (= 2,2-bis(2-mercaptophenylamino)diethyl
sulfide) @) was synthesized in order to obtain iron and ruthenium complexes with high electron densities at the
metal centers. The reaction '®f,H,S3'2~ with Fe2" yielded the dinuclear high-spin complex [PéfH,S3)]2 (5).
Complex5 added CO to give the low-spin complex [Fe(C®MH.S;')] (6) whose low frequency(CO) (1932

cm 1) indicates a high electron density at the iron center and a stror@Bebond. However6 is labile and
readily dissociates CO in solution. Treatment of suitable ruthenium precursor complex&s 832~ yielded
[RU(CO)(PCY)('N2H2S5)] (7), [RU(PPE)2('N2HS3)] (8), [RU(PR)('N2H2S5)] (R = Pr 9), Ph (10)), and [Ru-
(NO)('N2HS3)] (19). In complexes? and 8, 'NoH,S3'2~ acts as a tetradentate ligand. When heated in solution,
complex8 dissociates one PPligand to give9. Complex13 contains the trisanionidN,HS3'3~ resulting from
deprotonation of one amine NH function. All [Ru(I)N;H>Ss")] complexes proved inert toward dissociation of
the Ru-L bonds. The NH functions of [M(L)N2H2S3')] complexes are acidic and show #D* exchange reactions

with D,O. Methylation of the thiolate donors it0 yielded the thioether derivative [Ru(PH{N2H,Ss'-Mey)]l 2

(12) whose PPhligand is as inert to substitution as that 3. Complex11 can reversibly be deprotonated to
give [Ru(PPB)('N2HSs'-Mey)]l (12). NMR spectroscopic investigations showed that the deprotonation/protonation
reactions ofl1 and12 are stereoselective. In contrast, protonatiorl®iith HBF, gives two diastereomers of

the corresponding [Ru(NON2H»Ss')|BF4 salt (L4). X-ray structure analyses &f 6, 9, and11 and NMR spectra
showed that th&N,H,S3'2~ ligand and its derivatives bind to the metal centers in the same fashion which combines
fac and mer coordination of the donor atoms. The j@jicores of all complexes have an analog@ysymmetrical
structure in which both the two N and the two terminal S donors assume cis positions.

Introduction In our search for nitrogenase-related complexes, the [Fe-
('NHS,)] fragment (NHS; 2~ = 2,2-bis(2-mercaptophenylthio)-

The metal oxidation state, the type and number of donor diethylamine(2-)) was found to bind the key molecules of N

atoms, and the core structure are major factors determining_ ~ .
structure-function relationships of metzjll complexgsn the gflxatlon, N2Hz, NoHa, and NH,® but not N i

quest for complexes that model structuaatifunctional features The [Fe(NHS/)] fragment demonstrated the importance of
of the transition metal sulfur centers in enzymes such as the_ core structures for binding and{or _stablhzatlon_ of the
nitrogenases, hydrogenases, and CO dehydrogenases, our interég/i9ands. The [F&IHS,)] fragment exists in the two diaster-
focuses on transition-metal complexes with multidentate ligands €0meric formsA andB. While A binds onlyo ligands such as
containing thiolate, thioether, and amine donors. When these NH3, N2Hs, or MeOH, B binds onlyo—z ligands such as CO,
complexes bind biologically relevant molecules and catalyze PMes, or diazene, bH,>° In the diazene complex, the trans
enzyme-related reactions, they model structural (metal sulfur co0rdination of the thiolate donors B proved pivotal for the
sites) and functional (reactivity) features of the active centers Stabilization of NH,, because it renders possible strong
in the enzyme&.One ultimate goal in this area of research are Pifurcated N-H-(S), bridges in the [FebH.Fe] unit of the
complexes with enzymelike activity, which can be termed Pinuclear ji-NoHx{Fe(NHS,)} ] according toC.

“competitive” catalysts. Because almost all stable;omplexes exhibit electron-rich
metal centeré,a major factor for the binding of Ncan be
considered a high electron density at the metal center. Whereas
thev(CO) frequency of [Fe(CONHS,)] (1960 cnt?) indicates

*To whom correspondence should be addressed.
(1) Part 131: Sellmann, D.; Hennige, A. C.; Heinemann, F.Buf. J.
Inorg. Chem 1998 819.
(2) (a) Mellor, D. P. InChelating Agents and Metal Chelatdswyer, F.

P., Mellor, D. P., Eds.; Academic Press: New York, London, 1964;
p 44. (b) Burger, K. IBiocoordination ChemistryBurger, K., Ed.;
Ellis Horwood: New York, 1990; p 11.

(3) Wieghardt, K.Nachr. Chem, Tech Lab. 1985 33, 961.

(4) (a) Sellmann, D.; Sutter, J. 8ulfur Coordinated Transition Metal
Complexes Biological and Industrial SignificangeStiefel, E. I.,

Matsumoto, K., Eds.; ACS Symposium Series 653; American Chemi-

cal Society: Washington, DC, 1996; p 101. (b) SellmannNBw J
Chem 1997, 21, 681.

(5) (a) Sellmann, D.; Soglowek, W.; Knoch, F.; Ritter, G.; Dengler, J.
Inorg. Chem 1992 31, 3711. (b) Sellmann, D.; Soglowek, W.; Knoch,
F.; Moll, M. Angew Chem 1989 101, 1244;Angew Chem, Int. Ed.
Engl. 1989 28, 1271.

(6) (a) Sellmann, D.; Kunstmann, H.; Knoch, F.; Moll, Morg. Chem
1988 27, 4183. (b) Sellmann, D.; Hofmann, T.; Knoch,IRorg. Chim
Acta 1994 224, 61.

(7) Henderson, R. A.; Leigh, G. J.; Picket, C. Adv. Inorg. Chem
Radiochem1983 27, 245.

10.1021/ic980383q CCC: $18.00 © 1999 American Chemical Society
Published on Web 01/22/1999



460 Inorganic Chemistry, Vol. 38, No. 3, 1999

H H
AN R
Ortslio otsldio

a relatively high electron density of the Fe(ll) center, it is
possibly not high enough to enable the coordination pffbr

this reason, we have started a systematic study aiming at th
stepwise substitution of the potentiallraccepting thioether
sulfur donors in théNHS,2~ ligand by amine functions which
act aso donors only. Our first target ligand in this context was
'NoH2Ss'-H, (= 2,2-bis(2-mercaptophenylamino)diethyl sul-
fide).

H
(\N/\ ,/\S/\
©:S Sj@ @:NH HN:@
SH Hs SH HS
‘NHS 4-Hz ‘NaH2S3-H2
'N2H2S5'-H; relates toNHS4'-H; by having one more amine
donor and one less thioether dondN,H,Ss'-H, further
maintains terminal thiol functions which are necessary for the
trans coordination of thiolate donors as found in the f@rof
[Fe(NHS,)].
The notationN,H,S;'-H, has been chosen in order to allow

Sellmann et al.

(80 mL), and dried in vacuo to yield 15.2 g (60%) 2f IR (KBr,

cm™?) 1678 vsy(CO); *H NMR (CDCls, ppm, 269.6 MHz) 7.42 (d,

2 H, GHy), 7.32 (t, 2 H, GHy), 7.15 (t, 2 H, GH4), 7.09 (d, 2 H,

CeHa), 4.14 (t, 4 H, NCH), 2.92 (t, 4 H, SEiy); *3C{*H} NMR (CDCls,

ppm, 67.7 MHz)) 169.9 CO), 136.4, 126.5, 123.3, 122.7, 122.6, 110.4

(CeHs), 41.9 (NCHp), 28.9 (XHy); MS (FD, DMSO) m/z 388

['N2S:071*. Anal. Calcd for GgH16N20,S; (388.54): C, 55.64; H, 4.15;

N, 7.21; S, 24.76. Found: C, 55.49; H, 4.22; N, 7.24; S, 24.74.
"N2H2S3'-H» (3). A solution of NaOH (14.4 g, 360 mmol) in 4@

(150 mL) was added to a suspensior2g@iL 4.0 g, 36.0 mmol) in EtOH

(150 mL). The mixture was refluxed for 14 h and cooled to room

temperature and concentrated hydrochloric acid was added (ca. 25 mL)

until pH 3 was reached. The resulting solution was evaporated in vacuo

to one-half of its original volume, diluted with 2@ (100 mL) and

extracted with CHCI, (150 mL). The combined Ci€l, phases were

Caried with anhydrous N&O, and evaporated to dryness, yielding 12.0

g (99%) of3 as a yellow, highly viscous oil*H NMR (CDClz, ppm,
269.6 MHz): 6 7.41 (d, 2 H, GH4), 7.19 (t, 2 H, GH.), 6.64 (m, 4 H,
CeHa), 5.00 (s, br, 2 H, M), 3.41 (t, 4 H, NG,), 2.88 (t, 6 H, SEi,
and 31 superimposed)**C{!H} NMR (CDCl, ppm, 67.7 MHz)J
136.8, 135.3, 128.7, 128.1, 123QsH,), 48.3 (NCH,), 27.6 (STHy);

MS (FD, CDCE) m/z 336 [N2H»S3'-H,] . Anal. Calcd for GeHaoN2Ss
(336.55): C, 57.10; H, 5.99; N, 8.32; S, 28.58. Found: C, 55.89; H,
6.26; N, 8.67; S, 27.79.

"N2H2S3'-H2*2HCI (3-2HCI). Concentrated hydrochloric acid (0.75
mL, 9.0 mmol) was added to a solution ‘™,H.Ss'-H (3) (0.50 g,
1.50 mmol) in MeOH (20 mL). Removal of the solvents gave a white
residue, which was digested three times with,CH (15 mL) and dried
in vacuo, yielding 0.56 g (91%) @&-2HCI: *H NMR (CD3;OD, ppm,
269.6 MHz): 6 7.61 (d, 2 H, GH.), 7.45-7.25 (m, 6 H, GH,), 3.68
(t, 4 H, NCHy), 3.03 (t, 4 H, SEl,); *3C{*H} NMR (CDs;OD, ppm,
67.7 MHz) 6 137.7, 136.5, 129.9, 129.8, 124.7, 123(H4), 50.0
(NCH,), 28.5 (H.); MS (FD, MeOH)m/z 338 [N2H4Ss'-H] *. Anall.
Calcd for GeH22CloN,S; (409.47): C, 46.93; H, 5.42; N, 6.84; S, 23.49.
Found: C, 47.16; H, 5.53; N, 6.86; S 23.63.

'N2H2S5'-Me; (4). Mel (0.75 mL, 11.7 mmol) was added to a solution

a facile designation of the varying sets of donor atoms and of of 'N,H,S;-H, (3) (0.99 g, 2.9 mmol) and LiOMe (6.2 mmol, 6.2 mL

deprotonation states of thi,H,S;'-H, or related ligands. The
synthesis of théN,H,Ss'-H; ligand and a couple of characteristic
Fe and Ru complexes will be described here.

Experimental Section

General Methods. Unless noted otherwise, all procedures were

carried out under an atmosphere of dinitrogen at room temperature by
using standard Schlenk techniques. Solvents were dried and distilled
before use. As far as possible the reactions were monitored by IR
spectroscopy. Spectra were recorded on the following instruments: IR,

Perkin-Elmer 16 PC FT-IR; NMR, JEOL JNM-GX 270 and JNM-EX
270; mass spectra, Varian MAT 212 and JEOL JMS-700. Bis(2-
bromoethyl)sulfide, [RuClz(NO)(PPh)],° [RuCL(PPh)3],1° [Ru(H)-
(C)(CO)(PCy)2]*:, and 2(#H)-benzothiazolond were prepared by
literature methods. Hydrazine was obtained by 2-fold distillation of
N2H4-HO over solid potassium hydroxide under reduced pressure.
Alkylation of 2(3H)-Benzothiazolone (1) to give 2n-Buli (130.8
mmol, 52.3 mL of a 2.5 M solution in-hexane) was added dropwise
to a solution of 2(8l)-benzothiazolonel) (19.74 g, 130.6 mmol) in
THF (100 mL) at—78 °C. The reaction mixture was warmed to room

of a 1 M solution in MeOH) in THF (20 mL). The reaction mixture
was stirred for 16 h and then evaporated to dryness. The residue was
redissolved in 80 mL of a 1:1 mixture of;® and CHCl,, the CHCI,
phase was separated, dried with anhydrousSig and evaporated to
dryness yielding 1.00 g (95%) dfas a yellow oil: *H NMR (CDCls,
ppm, 269.6 MHz)) 7.35 (d, 2 H, GH.), 7.13 (t, 2 H, GHJ), 6.63 (t,

2 H, GHy), 6.54 (d, 2 H, GH4), 5.24 (t, 2 H, NH), 3.33 (dt, 4 H,
NCH,), 2.78 (t, 4 H, SE1,), 2.27 (s, 6 H, SE3); *C{*H} NMR (CDCl,
ppm, 67.7 MHz)d 147.3, 133.7, 129.1, 120.0, 117.1, 109GH.),
42.6 (NCHy), 31.1 (CHy), 17.9 (TH3); MS (FD, CHCIL,) mvz 364
['NszSg,’-MEz]*‘.

"N2H2Ss'-Me-2HCI (4-2HCI). Concentrated hydrochloric acid (0.20
mL, 2.40 mmol) was added to a solution'dH,Ss'-Me; (4) (0.20 g,
0.55 mmol) in MeOH (20 mL). Removal of the solvents gave a bright
yellow residue, which was digested with @, (15 mL) and dried in
vacuo yielding 0.22 g (91%) @F-2HCI: H NMR (CDsOD, ppm, 269.6
MHz) 6 7.70-7.38 (m, 8 H, GH,), 5.11 (s, br, 4 H, W), 3.68 (t, 4 H,
NCH,), 3.08 (t, 4 H, SEl,), 2.58 (s, 8 H, SE3); 3C{*H} NMR (CDs-
OD, ppm, 67.7 MHz) 136.2, 133.5, 133.1, 131.0, 129.4, 12422H.),
51.1 (NCHy), 28.2 ($CHy), 18.5 (XH3); MS (FD, MeOH) m/z 364

temperature, and bis(2-bromoethyl)sulfide (16.19 g, 65.3 mmol) was [('N2H2Ss'-Mez)]". Anal. Calcd for GeH26CloN2Ss (437.52): C, 49.41;

added. The resulting yellow solution was refluxed for 14 h and then

evaporated to dryness, yielding a foamy residue which was redissolved

in boiling EtOH (80 mL). Addition of HO (120 mL) led to precipitation
of a white powder, which was separated, digested two times with EtOH

(8) Steinkopf, W.; Herold, J.; Stw, J.Ber. Dtsch Chem Ges 192Q 53,
9) i?eei?s'on, J. J.; Robinson, S. D. Chem Soc A 197Q 2947.
(10) Stephenson, T. A.; Wilkinson, Q. Inorg. Nucl. Chem 1966 28,
(11) %?II'mann, D.; Ruf, R.; Knoch, F.; Moll, Mnorg. Chem 1995 34,
(12) Lll-|7u4n5t-er, R. FJ. Chem Soc 193Q 125.

H, 5.99; N, 6.40; S, 21.99. Found: C, 49.79; H, 6.19; N, 6.45; S, 22.18.
[Fe(N2H2S5)]2 (5). A light green solution of FeGi4H,O (0.19 g,
0.95 mmol) in MeOH (10 mL) was added to a yellow solution of
'N2H2S5'-H2 (3) (0.32 g, 0.95 mmol) and LiOMe (1.9 mmol, 1.9 mL
of a 1 M solution in MeOH) in MeOH (20 mL). The color of the
solution changed to orange, and an orange solid precipitated. The solid
was separated, washed with MeOH (20 mL), and dried in vacuo. During
drying, the color of the solid changed from orange to green, yield 0.30
g (81%) of5: IR (KBr, cm™%) 3240 w, bry(NH); MS (FD, DMSO)
m/z 334 [(N2H2S5)] T, 390 [Fe(NoH2S5')] ™5 wer(293 K) 4.14ug. Anal.
Calcd for GoHzeFeN4Ss (780.76): C, 49.23; H, 4.65; N, 7.18; S, 24.64.
Found: C, 49.05; H, 4.60; N, 7.13; S, 24.53.
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[Fe(CO)('N2H2S3')] (6). CO was bubbled through a suspension of
[Fe(N2H2S5)]2 (5) (0.38 g, 0.49 mmol) in THF (30 mL) for 2 h. A
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at 20°C, washed with THF and MeOH (20 mL each), and dried in
vacuo yielding 0.25 g (50%) of0-0.5THF. IR (KBr, cnTl) 3202 m,

green solid resulted which was separated, washed with THF (20 mL), 3178 my(NH); *H NMR (CD,Cl,, ppm, 269.6 MHz)) 7.84-6.57 (m,

and dried in vacuo yielding 0.42 g (97%) ®0.33THF @ was obtained

in equally high yields when the reaction mixture resulting in the
synthesis of5 is directly treated with CO for 2 h): IR (KBr, cm)
3229 w, 3166 wy(NH), 1932 vsy(CO); 'H NMR (DMSO-ds, ppm,
269.6 MHz)v 8.06 (s, br, 1 H, M), 7.50-6.34 (m, 8 H, GH,), 5.10

(d, 1 H, NH), 4.25-1.90 (m, 8 H, GHy); **C{*H} NMR (DMSO-ds,
ppm, 67.7 MHz)» 221.0 CO), 152.9, 151.3, 148.0, 146.4, 129.1, 128.3,
125.3,125.2,120.8, 120.6, 119Gsk4), 52.8, 52.1 (\CHy), 35.2, 33.0
(SCH,); MS (FD, DMSO)miz 334 [(N,H2Ss')]*, 390 [Fe(NaH.S)] ™,

780 {[Fe(N2H,S3)]2} ™. Anal. Caled for GH1gFeN0S;-0.33CHO
(442.43): C,49.77; H, 4.71; N, 6.33; S, 21.74. Found: C, 49.86; H,
4.74; N, 6.32; S, 21.60.

[RU(CO)(PCys)('N2H2S5)] (7). [Ru(H)(CI)(CO)(PCy).] (1.08 g,
1.49 mmol) was added to a solution 'df,H,Ss'-H> (3) (0.50 g, 1.49
mmol) and LiOMe (1.5 mmol, 1.5 mLfa 1 M solution in MeOH) in
THF (40 mL). The reaction mixture was stirred' 8 d and yielded a

23 H, GH4 and P(GHs) superimposed), 5.36 (s, br, 1 HH) 4.46
(dd, 1 H, NH), 3.30-2.08 (m, 8 H, GH,); **C{*H} NMR (CD.Cl,
ppm, 67.7 MHz)6 155.1, 148.3, 144.0, 136.9, 136Gs4), 134.0 (d,
P(CeHs)), 133.9, 132.5, 130.60:H4), 129.5 (s, br, R{sHs)), 128.4 (d,
P(CsHs)), 126.5, 126.4, 125.6, 121.6¢Ha), 120.6 (d, PCsHs)), 59.0,
51.1 (NCHy), 42.5, 40.7 (8Hy); 3'P{*H} NMR (CD.Cl,, ppm, 109.38
MHz) 6 63.8 (s,P(CeHs)); MS (FD, CHCl, °Ru) m/z 697 [Ru-
(PPh)('N-HS5)]*. Anal. Caled for GsH3sN,PRuS-0.5CHsO (733.95):
C, 58.91; H, 5.08; N, 3.82; S, 13.11. Found: C, 58.92; H, 5.22; N,
3.81; S, 12.94.

[Ru(PPhs)('N2D2S3)] (10a). (a) A suspension of [Ru(PBIIN-H.Ss)]+
0.5THF (L0-0.5THF) (0.09 g, 0.12 mmol) and.D (2.0 mL) in THF
(20 mL) was refluxed for 5 h. After removal of the solvents, the yellow
residue was characterized by IR spectroscopy (KBr) to be a mixture of
10 and [Ru(PP§('N2D,Ss)] (104).

(b) LiOMe (0.24 mmol, 0.24 mL ba 1 M solution in MeOH) and

green suspension. The gray-green solid was separated, washed witlD,O (1.0 mL) were added to a suspension of [Ru@@K.H.S3')]-

THF (10 mL), and dried in vacuo yielding 0.75 g (65%) ©MeOH.
IR (KBr, cm2) 3213, 3203 w(NH), 1935 sy(CO); *H NMR (DMF-
d7, ppm, 269.6 MHz) 9.12 (s, 1 H, M), 7.67-6.54 (m, 8 H, GHJ),
541 (s, 1 H, M), 4.30-0.97 (m, 41 H, GH, and P(GHi1)s
superimposed):3C{*H} NMR (DMSO-ds, ppm, 67.7 MHz)d 160.3,

0.5THF (L0-0.5THF) (0.09 g, 0.12 mmol) in THF (20 mL). The reaction
mixture was refluxed fol h and then evaporated to dryness. The
residue was redissolved in GEl, and the resulting green solution was
filtered over filter pulp and evaporated to dryness to give 0.09 g (100%)
of 10a0.5THF as a yellow powder: IR (KBr, cr) 2385 m, brv(ND);

160.0, 146.7, 131.6, 129.6, 126.2, 125.9, 125.3, 118.9, 118.7, 117.3'H NMR (CD.Cl,, ppm, 269.6 MHz)} 7.84-6.57 (m, 23 H, GH, and

(CeHa), 51.8, 48.9 (ICHy), 38.0, 37.7 (E8Hy), 29.3, 28.9, 27.3, 26.3
(br, PCsH1y)); 3*P{*H} NMR (DMF-d7, ppm, 109.38 MHz)) 47.8 (s,
P(CeH11)); MS (FD, DMSO,19%Ru) miz 716 [Ru(PCy)('N2H,S:)]™.
Anal. Calcd for GsHsiN,PORuS-CHz;OH (776.09): C, 55.72; H, 7.14;
N, 3.61; S, 12.40. Found: C, 55.45; H, 7.18; N, 3.62; S, 12.27.
[Ru(PPr3)2('N2H2S5")] (8). [RuCl(PPE)s] was synthesized in situ
by treating a suspension of [Ru{®Ph);] (3.18 g, 3.32 mmol) in
n-hexane (50 mL) with PRX4.0 mL, 20.0 mmol) for 20 h. The resulting

P(GHs) superimposed), 3.252.08 (m, 8 H, GH.).
[Ru(PPhg)('N2H2S5'-Me))]l 2 (11). Under stirring, Mel (1.0 mL, 16
mmol) was added to a suspension of [Ru(§)PN.H,S;')]-0.5THF (LO-
0.5THF) (0.27 g, 0.37 mmol) in THF (30 mL). The color of the
suspension slowly changed from yellow to beige. The resulting beige
solid was separated after 3 d, washed with THF (10 mL), and dried in
vacuo to yield 0.32 g (82%) df1: THF: IR (KBr, cn?) 3180 wy(NH);
IH NMR (CDCl,, ppm, 269.6 MHz) 8.95 (m, 2 H, NH), 7.88-7.13

green solution was filtered and evaporated to dryness. The green residué¢m, 23 H, GH, and P(GHs) superimposed), 4.41 (m, 1 Hqldy), 3.74—

was suspended in MeOH (30 mL), combined with a solution of
"N2H2Ss'-H2 (3) (1.12 g, 3.32 mmol) and LiOMe (6.65 mmol, 6.65 mL
of a 1 M solution in MeOH) in MeOH (30 mL), and stirredrf@ d to

2.86 (M, 6 H, GH.), 2.33 (s, 3 H, SEls), 1.92 (s, 3 H, SEl), 1.40
(M, 1 H, GHa); °C{*H} NMR (CD.Cl,, ppm, 67.7 MHz)d 149.6,
149.2, 135.2, 134.1 (d), 133.6 (d), 133.0, 132.6, 131.4, 130.8, 130.2,

yield a red suspension. The orange solid was separated, washed with129.4, 129.1 (d), 126.9, 124.7 (C(aryl)), 54.1, 47.5Ct), 39.4 (d),

MeOH andn-hexane (30 mL each), and dried in vacuo to yield 1.46 g
(58%) of 8 IR (KBr, cm™?) 3289 w, 3227 w(NH); 'H NMR (CD.-
Cl,, ppm, 269.6 MHz):6 7.60-6.50 (m, 8 H, GH.), 5.88 (dd, 1 H,
NH), 5.09 (s, br, 1 H, W), 3.68-2.20 (m, 7 H, GH4), 1.94-1.37 (m,
25 H, P(GH>) and GH,4 superimposed), 0.95 (dt, 18 H, R{&)); 1°C-
{H} NMR (CD.Cl,, ppm, 67.7 MHz)d 155.3, 151.9, 148.6, 135.8,
135.7, 130.3, 126.5, 124.8, 124.7, 121.3, 118.9, 11@¢HA4), 59.6,
44.8 (NCH,), 38.6, 31.8 (8H,), 32.3, 28.3 (d, R{H,CH,CHj)), 19.2,
18.0 (d, P(CHCH,CHs)), 16.4, 16.3 (d, P(CECH,CH3)); 31P{*H} NMR
(CD.Cly, ppm, 109.38 MHz) 22.0 (d, 1 P,P(CsH7)), 17.3 (d, 1 P,
P(C3H7)); MS (FD, DMSO,*?Ru) m/z 756 [Ru(PP$)2('N2H,S5)] T, 596
[Ru(PPg)('N2H2S5")] . Anal. Calcd for GsHeoN2P.RUS; (756.08): C,
54.01; H, 8.00; N, 3.71. Found: C, 54.20; H, 7.86; N, 3.50.
[Ru(PPr3)('N2H2S5")] (9). A red solution of [Ru(PRJ2('N2H2S3')]
(8) (1.30 g, 1.72 mmol) in THF (40 mL) was refluxedrfd h in the

36.2 (STHy), 27.2, 26.4 (8H3); **P{*H} NMR (CD,Cl, ppm, 109.38
MHz) 6 33.8 (s,P(CeHs)); MS (FD, CHCl,, °Ru) mvz 727 [Ru-
(PPR)('N2HSs'-Mep)]*, 712 [Ru(PPB('N:HSs'-Me)]*, 697 [Ru-
(PPh)('N2HS3")] . Anal. Calcd for GeHadl 2N.PRuS-C4HsO (1053.88):

C, 45.59; H, 4.50; N, 2.66; S, 9.13. Found: C, 45.74; H, 4.41; N, 2.64;
S, 9.01.

[Ru(PPh3)('N2HSs'-Me)]l (12). [Ru(PPh)('NaH2Ss'-Mey)]l »» THF
(11-THF) (0.62 g, 0.59 mmol) was dissolved inM; (5.0 mL). The
yellow reaction mixture was stirredifd h and evaporated to dryness.
The yellow residue was redissolved in @ (50 mL) and the Cht
Cl, solution was filtered over filter pulp and evaporated to dryness.
The resulting yellow powder was digested with MeOH (10 mL) and
dried in vacuo to yield 0.47 g (90%) df2:MeOH: IR (KBr, cnT?)
3124 w, bry(NH); *H NMR (DMSO-ds, ppm, 269.6 MHz) 7.80 (dd,

1 H, CH(aryl)), 7.71 (d, 1 H, Ei(aryl)), 7.58 (s, 1 H, M), 7.50-7.08

course of which the color changed to green-brown. The solution was (m, 17 H, GH(aryl)), 6.94 (dt, 1 H, Ei(aryl)), 6.85 (dd, 1 H, Ei(aryl)),

cooled to room temperature and layered withexane (40 mL). Green-

6.23 (d, 1 H, Gi(aryl)), 6.09 (t, 1 H, Gi(aryl)), 3.41-2.76 (m, 6 H,

brown crystals precipitated which were separated after 5 d, washed C;Hy), 2.37-2.20 (m, 1 H, GHy), 2.16, 1.97 (s3 H each, Ei3), 1.94-

with THF (5 mL, 0°C), and dried in vacuo to yield 0.46 g (42%) of
9-0.5THF: IR (KBr, cml) 3251 wv(NH); H NMR (CD.Cl,, ppm,
269.6 MHz)6 7.38-6.64 (m, 8 H, GH,), 5.55 (s, 1 H, M), 4.44 (s,
1H, NH), 3.85-2.37 (m, 8 H, GH.), 1.88-1.26 (m, 12 H, P(E1,CH,-
CH3)3), 0.94 (t, 9 H, P(CIQCH2CH3)3), 3lP{lH} NMR (THF-d87 ppm,
109.38 MHz)6 31.6 ppm (sP(C3H)); MS (FD, CHCl,, *°2Ru) m/z
596 [Ru(PP3)('N2H2S3')]*. Anal. Caled for GsHagN.PRuS-0.5CHsO
(631.90): C, 51.32; H, 6.86; N, 4.43. Found: C, 51.12; H, 7.09; N,
4.13.

[Ru(PPhs)('N2H2S3)] (10). [RuCl(PPh)4] (0.65 g, 0.68 mmol) was
added to a solution 0NzH,S5'-H; (3) (0.23 g, 0.68 mmol) and LiOMe
(2.3 mmol, 1.3 mL 6a 1 M solution in MeOH) in THF (20 mL). The
reaction mixture was refluxed f@ h toyield a green suspension, from

1.79 (m, 1 H, GH,); 3C{*H} NMR (DMSO-ds, ppm, 67.7 MHz)d
158.9, 146.9, 136.1 (dy%6H.), 133.1, 132.3 (d, ”Hs)), 131.5, 131.2,
130.6 CsHa), 130.2 (s, br, REsHs)), 129.3, 128.7 CeHs), 128.2 (d,
P(CeHs)), 127.2, 119.6, 111.4, 110.84H4), 57.5, 48.4 (\CH,), 40.5,
34.2 (THy), 27.4, 21.9 (d) (SHa); 3*P{*H} NMR (DMSO-ds, ppm,
109.38 MHz)d 43.7 (s,P(CsHs)); MS (FD, DMSO, 1°2Ru) m/z 727
[Ru(PPR)('N2HSs -Mep)]*, 712 [Ru(PPB('N:HS;'-Me)]*, 698 [Ru-
(PPh)('N2H,S3')] . Anal. Calcd for GeHaglN,PRUS-CH;OH (885.91):
C, 50.16; H, 4.78; N, 3.16; S, 10.86. Found: C, 50.42; H, 4.94; N,
3.18; S, 10.52.

[Ru(PPhg)('N2H2S5'-MeR)](1)(CI) from 12 and HCI. Hydrochloric
acid (0.50 mmol, 5 mL of a 0.1 M solution of HCI in®) was added
to a solution of [Ru(PPH('N.HS;'-Mey)]l-MeOH (12:MeOH) (0.048

which a yellow solid precipitated. The yellow precipitate was separated g, 0.054 mmol) in CHCI, (15 mL). The reaction mixture was stirred
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Table 1. Selected Crystallographic Data for [Ag§H.S5')].:4MeOH (-4M
(9-2THF), and [Ru(PP$('N2H2Ss'-Mey)]l 2 2CH,Cl, (11:2CH,Cly)

Sellmann et al.

eOH), [Fe(CO)N-H2SS)] (6), [Ru(PPE)('N2H,S5)]-2THF

compd 5-4MeOH 6 9-2THF 11-2CHCl,
formula GeHsFeN404Ss Ci17H1gFeNOS Caz3HssNOPRUS CagHazClilaNo-PRUS
fw 908.88 418.36 740.01 1151.56
crystal size, mrh 05x05x05 0.8x 0.4x 0.2 0.4x 0.4x 0.2 0.5x 0.4x 0.4
crystal system triclinic monoclinic monoclinic monoclinic
space group P1 P2:/n P2i/c C2lc
a, pm 976.3(3) 813.6(8) 1053.7(3) 3313(1)
b, pm 1025.5(4) 1141(2) 2443.7(7) 1625.2(5)
c, pm 1160.7(6) 1987(2) 1453.1(7) 1718.5(7)
a, deg 114.01(4) 90 90 90
p, deg 95.03(3) 95.36(7) 102.35(3) 109.24(5)
y, deg 95.23(3) 90 90 90
V, nn? 1.0471(8) 1.836(3) 3.655(2) 8.736(6)
z 1 4 4 8
A, pm 71.073 71.073 71.073 71.073
eale, g/cnT 3 1.441 1.514 1.345 1.751
u, mmt 1.034 1.169 0.675 2.227
2 6 range, deg 4 20 <48 4<260 <54 4< 260 <54 4<20 <48
meas reflections 4287 5010 12031 18249
indep reflections 3291 4030 8036 6895
obsd reflections 2677 2741 3914 5063
refined parameters 339 217 535 460
R: (WR2),20 % 3.60 (10.52) 4.15 (14.24) 4.29 (8.89) 3.61(9.04)
P 0.0693 0.0639 0.0246 0.0515
rb 1.0635

ARy = [Y|IFol — IFdl/YIFol ] for F > 40(F). "WRe = [Y[W(Fo? — F?)?
2FD)/3.

for 5 min. Removal of the solvents yielded a yellow powder, which
was identified by*H NMR spectroscopy as [Ru(PBHN:H.S;'-Mey)]-
((c.

[Ru(NO)('N2HS3")] (13). [RuCl(NO)(PPh);] (0.648 g, 0.85 mmol)
was added to a solution af;H,S;'-H; (3) (0.285 g, 0.85 mmol) and
LiOMe (2.55 mmol, 2.55 mL ba 1 M solution in MeOH) in THF (25

/5 [W(Fo2)?] 2, wherew = 1/[0%(Fs?) + (qP)*+ rP] and P = (Fo? +

of FeCb:4H,0 (0.95 g, 0.48 mmol) in MeOH (80 mL). Brown columns
of [Fe(CO)(N:H.S3')] (6) formed when a saturated solution ®fn a
1:1 mixture of MeOH and THF was layered withEt under an
atmosphere of CO. Brown plates of [Ru(BPNzH.S;)]-2THF (9-
2THF) crystallized from a saturated THF solution ®fwhich was
layered withn-hexane. Yellow plates of [Ru(PBIN.H.Ss'-Mey)]l »*

mL). The reaction mixture was stirred for 14 h to yield a green 2CHCl> (11-2CH,Cl,) were grown from a saturated solution f in
suspension. The deep green opalescent precipitate was separatedzH:Clz by slowly evaporating the solvent. Suitable single crystals were

washed with MeOH and THF (20 mL each), and dried in vacuo to
yield 0.287 g (67%) ofL3-0.5THF: IR (KBr, cnt) 3228 mv(NH),
1799 vsy(NO); *H NMR (DMSO-ds, ppm, 269.6 MHz) 7.20 (d, 1

H, CsHa), 7.00-6.73 (m, 6 H, GHs and NH), 6.49 (d, 1 H, GH,),
6.39 (t, 1 H, GHy), 4.15-2.64 (m, 8 H, GH,); **C{'H} NMR (DMSO-

ds, ppm, 67.7 MHz)) 159.2, 145.6, 145.4, 137.7, 128.9, 127.1, 126.5,
125.0,122.8,122.0, 115.7, 110@sk4), 58.5, 54.8 (\CHy), 39.2, 34.7
(SCHy); MS (FD, DMSO0,%%2Ru) m/z 465 [Ru(NO)(N-HSg)]*. Anal.
Calcd for GgH17N3ORuUS-0.5GHsO (500.65): C, 43.18; H, 4.23; N,
8.39; S, 19.21. Found: C, 43.22; H, 4.27; N, 8.26; S, 18.94.

[Ru(NO)('N2H2S3")1BF 4 (14). HBF4 (1.63 mmol, 0.225 mL of a 54%
solution in EfO) was added to a green suspension of [Ru(ING)(
HS)]-0.5THF 3-0.5THF) (0.816 g, 1.63 mmol) in ED (40 mL)
and stirred for 14 h. A red solid precipitated, which was separated,
washed with B (40 mL), and dried in vacuo to yield 0.890 g (99%)
of 14. 13C{H} and*H NMR spectra showed that the red solid contained
a 1:1 mixture of two diastereomers d4. IR (KBr, cm™%) 3202 w, br,
3169 wr(NH), 1856 vsr(NO), 1084 sy(BF4); 'H NMR (DMSO-ds,
ppm, 269.6 MHz) 9.97 (d, 0.5 H, M), 8.64 (s, 0.5 H, M), 7.99 (d,

0.5 H, NH), 7.39 (s, 0.5 H, M), 7.70-6.90 (m, 8 H, GHa,), 4.80~

2.70 (M, 8 H, GH,); ®)C{*H} NMR (DMSO-ds, ppm, 67.7 MHz)d
150.0, 147.2, 146.7, 145.2, 145.1, 142.6, 141.5, 141.1, 129.5, 129.3,
128.8, 128.7, 128.4, 128.3, 128.0, 127.7, 127.0, 125.4, 124.0, 123.9,
123.7, 122.7 @eH4), 63.6, 59.3, 57.1, 51.5 (BH,), 39.3, 37.0, 36.2,
36.0 (XTH); MS (FD, DMSO, *%?Ru) m/z 465 [Ru(NO)(N-HSs)] ™.

Anal. Calcd for GeH1sBFsN3sORUS (552.41): C, 34.79; H, 3.28; N,
7.61; S, 17.41. Found: C, 34.75; H, 3.31; N, 7.38; S, 17.34.

X-ray Structure Analyses of [Fe(N;H>S5")]2»4MeOH (5:4MeOH),
[Fe(CO)(N2H2S3)] (6), [Ru(PPrs)('NoH2S3)]-2THF (9:2THF), and
[Ru(PPhg)('N2H2S5'-Me)]l 2»2CHLCl, (11-2CH,Cly). Black columns
of [Fe(NzH.S5')]4MeOH (-4MeOH) were obtained by layering a
solution of'NoH,S5'-Hz (3) (0.16 g, 0.48 mmol) and LiOMe (0.95 mmol,
0.95 mL d a 1 M solution in MeOH) in MeOH (80 mL) with a solution

sealed under Nin glass capillaries and data were collected with a
Siemens P4 diffractometer at 200 K. The structures were solved by
direct methods (SHELXTL-PLUSY Full-matrix least-squares refine-
ment was carried out ortFalues (SHELXL-93}# The hydrogen atoms
were located in a difference Fourier synthesis and either restricted during
refinement 6, 11) or isotropically refined%, 9). Complex5 crystallizes

with four molecules of MeOH11 with two molecules of CkCl,, and

9 with two molecules of THF per unit. The hydrogen atoms of the
THF molecules irD-2THF and of the ChCl, molecules o0fl1-2CH,-

Cl, were calculated for ideal geometries. Their isotropic temperature
factors were fixed at 1.5 times thé.,q value of the preceding carbon
atom. Table 1 contains selected crystallographic data ofNRe{Ss')]»*
4MeOH (-4MeOH), [Fe(CO)N2H:S3)] (6), [Ru(PPE)('N2H2S)]-
2THF (9-2THF), and [Ru(PPH('N2H2Ss-Mey)]l 2»2CH,Cl, (11:2CH,-

Cly).

Results and Discussion

Syntheses of LigandsThe requirement of having terminal
thiolate functions in the target ligaritl,H,S:'2~ necessitated
the development of the synthesis route shown in Scheme 1.

Deprotonation of 2(B)-benzothiazolonel) by n-BuLi and
subsequent treatment with bis(2-bromoethyl)sulfide yielded
as the major product. Th&H NMR spectrum of the crude
product indicated that byproducts resulting from O-alkylation
of 1 had also formed® These byproducts could readily be
removed by extraction with EtOH. The remainigproved

(13) SHELXTLPLUS for Siemens Crystallographic Research Systems
Release 4 21/V, Siemens Analytical X-ray Instruments Inc., Madison,
WI, 1990.

(14) Sheldrick, G. M. SHELXL-93, Program for crystal structure refine-
ment, Universita Gottingen, 1993.

(15) Klein, G.; Prijs, B.Helv. Chim Acta 1954 37, 2057.
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Scheme 1. Synthesis ofN,H,S3'-H, and Its Derivative®
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aKey: () +2n-Buli, + S(GH4Br),, THF, reflux, 14 h; (b) (1)+ NaOH, EtOH/HO, reflux, 14 h, (2)+ HCI; (c) + HCI, MeOH; (d) +

2LiOMe, + exc. Mel, 16 h

soluble in CHCI, and THF and was characterized by spectro-
scopic methods and elemental analysis. The CO gRUpNMR
signal ¢ = 169.9 ppm) and the(CO) IR band (1678 cm')
proved particularly suitable to confirm the N-alkylation bf
Alkaline hydrolysis of2 and subsequent acidification yielded
3 as a highly viscous yellow oil which could be purified via
the white dihydrochloride'N,H4Ss'-H,]Cl, (3-2HCI). For the
syntheses of complexes could be used without further
purification. Successive treatment 8fwith LiOMe and Mel
yielded the dimethyl derivativiN,H,S;5'-Me; (4).

The facile alkylation of the thiol functions @3 illustrates
the necessity to provide an efficient protective group for the
sulfur functions, which are to become thiol groups in the
synthesis of3. Accordingly, numerous attempts to obtain the
target ligand3 via other routes remained unsuccessful. For
example, template alkylations of doubly deprotonated 2-ami-
nothiophenol bound to [Fe(CQJ" fragments yielded un-
tractable materials. Benzylation of the thiol function in 2-ami-
nothiophenol and subsequent treatment of the resulting
2-benzylthioaniline with S(gH4Br) led to 2-fold alkylation of
the NH, group and formation of 4-(2-benzylthiophenyl)-
thiomorpholinel®

oC
SCH,Ph

Syntheses of Complexeslhe reaction between Fe(ll) salts
and the’'N;H,S3'2~ anion obtained by deprotonation 8fwith
LiOMe yielded green [Fél2H,S3)]2 (5) (eq 1). In solid state,
5 is dinuclear (X-ray diffraction) and paramagnetic (293
K) = 4.14ug). The paramagnetism &fis compatible with four

20°C

Fe2" +'NpHpS32- — — »
MeOH
NH co_ 'NH

The unexpected lability o® prompted us to search for less
labile ruthenium complexes @ (Scheme 2). All efforts to
obtain the ruthenium analogue &f[Ru(CO)(N,H>S3")], from
ruthenium carbonyl precursor complexes dhidH,S3'2~ re-
mained as yet unsuccessful. Precursor complexes such as [Ru-
(H)(CI)(CO)(PCy),] or [RUCIL(CO)(THF)]*"18proved too inert
to exchange all ligands except one CO for'tigH,S:'2~ donors.
For example, the reaction of [Ru(H)(CI)(CO)(Pgy with
'NoH,S5'2™ yielded green [Ru(CO)(PGY('N2H2S:)] (7), whose
composition suggests thal,H,S:'2~ acts as tetradentate ligand
only. Complex7 proved so stable that it did not loose RQy
CO even when heated for 14 h in refluxing THF.

Phosphine complexes such as [R§BRs)3] (R = Pr, Ph)
proved more reactive towattl,H,S3'2~. At room temperature,
the reaction of [RuGIPP&g)3] with 'N,H,S5'2~ yielded orange
[Ru(PPE)2('N2H2S3)] (8), in which the'NH,S5'2~ ligand again
probably utilizes only four of its five donors. Howeves,is
readily converted into green-brown [Ru(BRPMN2H»Ss')] (9) in
boiling THF. TheC; symmetrical structure & and10indicated
in Scheme 2 was concluded from NMR spectra and could be
confirmed for9 by X-ray structure analysis. Complex@sand
10proved inert toward substitution of the remainingsHigands
with CO, NbHs, N, or other PR ligands. In an attempt to

unpaired electrons at the Fe centers, whose spins partially couplggpilize the Ru-PR; bonds via alkylation of the thiolate donors,

via Fe—S—Fe bridges. In solution (THF or MeOH}, proved
unreactive toward pH4, NE4N3, PMe;, and also N, but readily
added CO to give diamagnetic green [Fe(CR){,S3')] (6).
The molecular structure @& was determined by X-ray diffrac-
tion.

The low frequency(CO) IR band of6 (1932 cnt!in KBr)
indicates strong FeCO z-back bonding, and solifl is indeed
stable at room temperature for unlimited periods of time.
Therefore, it was surprising to observe thas labile in solution
and slowly loses CO to regenerdie

(16) Cf.: Helfrich, O. B.; Reid, E. EJ. Am Chem Soc 192Q 42, 1226.

10was treated with Mel and yielded beige [Ru(BPN,H,S;'-

Me)]l2 (11). The molecular structure dfl could be elucidated

by X-ray structure determination, but the RRigand in 11
proved as inert to substitution as thatdifl. In the respective
experiments, however, it was observed that Brgnsted bases such
as NH4 caused deprotonation of one amine function of the
'N2H.S5'-Me; ligand of 11. The monoiodide [Ru(PRJ('N.HS;'-

Meo)]l (12) resulted which contains one amide donor (Scheme
2, reaction e). A similar deprotonation of amine functions was

(17) Bruce, M. |.; Stone, F. G. Al. Chem Soc A 1967, 1238.
(18) Chatt, J.; Shaw, B. L.; Field, A. B. Chem Soc 1964 3466.
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Scheme 2. Synthesis of [RUN2H>Ss")] Complexed

[RU(CO)PCy3)(N2H283)1(7)
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.
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aKey: (a)+ [Ru(H)(CI)(CO)(PCy).], THF, 3 d; (b)+ [RuCkL(PPEg)3], MeOH, 3 d; (c)+ [RUCL(PRy)3] (R = Pr, Ph), THF, reflux, 4 h; (d}-
exc. Mel, THF, 3 d; (e} NoHz; (f) + [RUCI(NO)(PPh),], + LiOMe, MeOH/THF, 14 h; (g)+ HBFs, EtO.

observed when the nitrosyl complex [Ry@O)(PPh),] was
treated with'N,H,S3'-H, in the presence of 3 equiv of LiOMe.
Deep green [Ru(NOW,HS:)] (13) (»(NO) = 1799 cnr?)

formed, which is neutral and diamagnetic and contains the tris-

anionic’N,HS;'3" ligand. Subsequent treatmenti&with HBF,
yielded red [Ru(NOY(N2H.S3)]BF4 (14) (v(NO) = 1856 cnt?)
and showed that the amine deprotonation is reversible.
accordance with expectations, the protonatiof®fo yield 14
shifts thev(NO) band to higher frequencies.

Substitution and Acid—Base ReactionsThe lability of [Fe-
(CO)(N2H2S3")] (6) toward CO dissociation and the resulting
formation of the dinuclear [F&{,H,S3')]. (5) can be regarded
as substitution of CO by thiolate ligands. This reaction is
plausibly explained by the equilibrium according to eq 2. The
formation of the sparingly soluble dinucléamost likely serves
as driving force. It precipitates from solution and shifts the
equilibrium to the right side. The favored formation of the
dinuclear5 could also explain why the attempts to obtain [Fe-
(L)('N2H,S3")] derivatives with L= N2H4, NH3, N3~ remained
unsuccessful.

In

2[Fe(CO)(N,H,S,)] = [Fe(N,H,S;)], +2CO  (2)

In contrast to the labile [Fe(CON2H.S3')], the ruthenium
complexes [Ru(PE('N2H.S3)] (R = Pr (9), Ph (L0)) and [Ru-
(NO)('N2HS3)] (13) proved extremely inert to substitution. The
PPh ligand in 10 could be substituted by CO neither under
elevated pressure (50 bar, 2@Q, 2 d) nor by treatment with
hydrazine as solvent (4TC, 1 d). Attempts to nucleophilically
attack the NO ligand in [Ru(NO),HS3")] (13) with N>H4 or
NEuN3 in boiling THF or MeOH also remained unsuccessful.
A possible reason for this inertness to substitution is, in addition
to the inherent kinetic stability of ruthenium complexes, the
Brgnsted acidity of théN,H,S3'2~ amine functions. The NH
Brgnsted acidity was indicated by the deprotonation of the
'N2H,Ss'-Me; ligand, whenll was treated with PH,4, and it
could subsequently be observed fdpH,S;'2~ in the formation
of the NO complext3.

The Brgnsted acidbase reactions could further be established
by H'/D' exchange reactions. Addition of ,0 to THF
solutions of [Fe(CO)N2H2S3")] (6) spontaneously yielded [Fe-
(CO)(N2D,S3)] (6a). The H/D* exchange of the ruthenium
complex [Ru(PP¥)('"N.H2Ss)] (10) was rather slow with neutral
D,O (in THF), but highly accelerated by addition of base
(LiOMe) and yielded [Ru(PPH('N2D,S3)] (108). [Ru(PPh)-

('N2H2S5'-Mep)]l2 (11) and [Ru(NO)(N2H,S3)]BF4 (14) spon-
taneously exchanged with*Dfrom D,0. In these two cases,
the corresponding amide complexes could also be isolated.
Addition of Bregnsted bases such asHY and NEiN;3 to
solutions ofl1and14 gave [Ru(PP¥('N2HSs'-Mey)]l (12) and
[Ru(NO)(N2HS3)] (13), respectively.

These results show that the amine NH donors of [M(L)-
('N2H2S3')] complexes can be reversibly deprotonated to give
amide donors according to the equilibrium of eq 3.

[MLCNHS)T = ML(NHS)] +H - (3)

The formation of the amide species [M(IN¢HS:)]~ can
have two opposite consequences with respect to thel M
bond: (1) The M-L bond can be labilized because the amide
donor stabilizes a coordinatively unsaturated speciesavia
donation, resulting from ML bond dissociation according to
eq 41°(2) In the opposite case, and this could be favored when
L is aw acceptor, the ML bond is stabilized by exactly the
same effect ofr donation from the amide doné.

ML('NHS)] = [M('NHS)] + L (4)

For the complexes described here, apparently the second
alternative prevails. It also explains why the NO ligand in [Ru-
(NO)('N2H2S3)]BF4 (14), which shows a high-frequenayNO)
at 1856 cmil, is insusceptible to nucleophilic attack bysHi,
or azide ions. The primary reaction is a deprotonatiotifo
give 13, whoser(NO) of 1799 cnt! indicates a relatively high
electron density at the NO ligand.

The investigation of the protonation/deprotonation reactions
of [Ru(PPh)('N.HSz'-Mey)]l (12) and [Ru(NO)(N-HS5)] (13)
further revealed that the attack of the amide donors bycah
be influenced by the ligands L so that it occurs in a stereocon-
trolled manner.l3C{1H} and 'H NMR spectra (see below)
showed that protonation o012 by HCI yielded only one
stereoisomer of [Ru(PRBJ{' N2H2Ss'-Mey)](1)(Cl). However, the
protonation of [Ru(NOJN2HS3")] (13) (with HBF,) resulted
in a 1:1 mixture of two diastereomers of [Ru(N@Y{H,>Ss')]-

BF,. These findings are explained by the chirality of the
complexes, which allows the protons to approach the amide
donors from two distinguishable (“front” or “back”) sides. In
12, which exhibits the sterically demanding RRiyand and

(19) Tobe, M. L.Adv. Inorg. Bioinorg. Mech 1983 2, 1.



Transition-Metal Complexes with Sulfur Ligands

two methyl groups at the terminal sulfur atoms, one of these
two sides is evidently blocked. IH3, which carries the small
NO ligand, both sides are accessible so that protons can attact g
the amide function from the front as well as from the back side €11 |

as indicated in eq 5.
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S

Characterization of Complexes.All complexes but [Fe-
('N2H2S3"]2 (5) proved to be diamagnetic and exhibit similar
solubilities. The neutral CO, NO, and phosphine complexes are ca4o
soluble in DMF, DMSO, CHECl,, THF, and acetone but virtually
insoluble in all other common organic solvents. The §dlts
soluble only in DMF and DMSO and is sparingly soluble in
MeOH. All complexes have been characterized by elemental 2) b)

analyses, IR, NMR, and mass spectra. The FD mass spectra. ) . !
showed the molecular ions or ions resulting from loss of CO a]2=|TgHu'r:(§ i.ndo(FgEtI;ed?gtzgrr? sofoiéﬁ%gggﬁﬁggj%z))]]l 22;2,5282
(6, 7). Characteristic IR bands of the complexes containing (11.2CH,Cl;) (50% probability ellipsoids; H atoms and solvate
[M('N2H2S3")] cores are either one, unresolved, broad or two, molecules omitted).

weak-to-mediunwv(NH) absorptions in the region of 3290 to Table 2. Selected Dist (om) and Angles (deg) of

3160 cnt? (in KBr). The complexes containing [RIN:HS3)] able 2. Selected bistances (pm) and Angles (deg) o

cores display one medium(NH) IR band at 3124 cmi (12) [Fe(N2H:S)]2-4MeOH 6-4MeOH) and [Fe(COJNH:S)] (6)

or 3228 cn1! (13). The strongr(CO) orv(NO) IR bands of6 5 5

(1932 cntd), 7 (1935 cnrl), 13 (1799 cnrl), and 14 (1856 complex 4MeOH 6 complex  4MeOH 6
cm 1) are suited to monitor reactions by IR spectroscopy. All Fel-S1 242.7(1) 229.9(2) NiFel-S1  79.79(9) 86.8(1)
mononuclear complexes possess oBly symmetry. This is Eei—gg ggé-;(i) %I-g(g) SNgell_gBZ 1954597((})3 %%82(11)8
clearly displayed by th&C{*H} NMR spectra. The [MHSs)]  FS17R3 237200 29550 Bl o8 108 o e 2o
cores i = 1 or 2) of the respective complexes give rise t0 12 o1 N2 232:1(3) 210:2(3) NZFel-S3 80:37(7) 85:9(1)
aromatic13C signals in the range of 1610 ppm and two Fel-S2a 251.7(2) N2Fel-S2a 88.84(8)

signals each for the N-bonded (634 ppm) and S-bonded (42 Fel-C1 175.6(4) CtFel-N1 93.8(2)
31 ppm) aliphatic C atoms. ThHEC{H} NMR spectrum of )

[Ru(NO)(N2H»S3)]BF4 (14) displays two sets of this signal E-Sl?gglsé)('sﬁlﬁicgj)]I?ZI'SFtI?IECg?Z('IPITg)a::dAngles (deg) of

pattern, which indicates thdt4 exists in two diastereomeric [Ru(PPh)('szHzgss'-Meg)]l2-2CH2CI2 (11:2CH,Cl)

forms.

X-ray Structure Analyses of [Fe(N2H2Sg')]2»4MeOH (5 complex 21?HF chledz complex 21?HF 2C1leC|2
4MeOH), [Fe(CO)NH:S:)] (6), RUPPr(NHSII2THF - e a5y 233.2(2) NaRuLSI  830(1)  83.0(1)
(9-2THF), and [Ru(PPhs)('NoH,Se™-Me2)]l 2:2CH:Cl, (11- Rul-S2 236.2(2) 233.6(2) NiRul-N2 90.8(2) 86.3(2)
2CHCly). The molecular structures of four complexes could Rry1-s3 229.1(2) 234.3(2) N2Rul-P1 95.0(2) 98.4(1)
be elucidated by X-ray structure determination. Figures 1 and Rul—N1 223.2(4) 220.5(4) NiRul—-S3 84.4(1) 94.2(1)
2 show views of the molecular structures, and Tables 2 and 3 Rul-N2 214.2(5) 213.9(5) N2Rul-S3 86.9(1) 83.4(1)
list selected distances and angles. Rul-P1 225.7(2) 235.6(2) SZRul-S3 167.35(5) 168.12(5)

In all four complexes, the metal centers exhibit pseudo- complexes always show markedly shorter distances than the
octahedral coordination. ThN,H,Ss'?~ ligand and itsSN,H,S;'- high-spin complexes. Worth being noted are the very similar
Me;, derivative bind to the metals in the same characteristic Fe—S(thiolate) and FeS(thioether) distances & which are
fashion which combines mer and fac coordination of the donor found in the narrow range of 227.9(2231.5(2) pm. In the high-
atoms. For théN,H,S3'2~ ligand, cis positions of both the two  spin Fe(ll) complex5 which possesses crystallographically
amine and the two thiolate donors result. A further result of imposed inversion symmetry, F&(thiolate) and FeS(thio-
this coordination is that all [MN,S;')] cores exhibit C; ether) distances differ more from each otherlb pm). It is
symmetry only. Bond distances and angles show no anomalies.also noted that the FelS2a and FetaS2 distances (251.7(2)
The distances d6 and6 are typical for high-spin and low-spin ~ pm) in the Fe-S(thiolate}-Fe bridges are distinctly longer than
Fe(ll) complexes, respectively, which contain thiotatiio- the Fe-S(thiolate) distances (242.71(12), 244.66(13) pm) within
ether-amine ligands$:® They correspond with distances found the two [Fe{N2H,Sy')] halves. This certainly reflects the ability
in high-spin/low-spin [Fe(LYNHS4')] complexes. The low-spin  of 5 to dissociate into [F&{;H2Ss")] monomers in solution.
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The Ru—-N and Ru-S distances 0® and11 are in the range readily loses its CO ligand though its low frequenefCO)
expected for Ru(ll) complexes. The comparisorBafith 11, indicates strong FeCO z-back bonding, whereas [Fe(CO)-
which contains only thioether S donors, shows that the®u  ('NHS,')] is practically inert toward loss of CO. With regard to
distances do not allow an unambiguous differentiation betweenthe labile CO binding, it was not unexpected to be found that
Ru—S(thiolate) and RuS(thioether) distances. This certainly N, could not be coordinated. Another important difference
reflects the electronic flexibility of thiolate and thioether S between the [M(LY(N2H»Ss')] and [M(L)('NHS,")] complexes
donors which can exhibi-donor,o-donor—zs-acceptor as well is the relatively high acidity of the (aromatic) NH functions in
aso-donor—z-donor propertied? Therefore, the RuP distance the [M(L)('N2H2S3')] complexes. The NH acidity was proved
in 11 (235.6(2) pm), which is markedly longer than thatdn by H*/D* exchange reactions and isolation of conjugate-acid
(225.7(2) pm), may be due not only to a higher steric demand base complex couples. The NH acidity also influences the
of PPh vs PPg but also to the decreased electron density at substitution properties of the ¥L bonds via intermediate
the ruthenium center oll which carries three potentially  formation of amide complexes. For example, when L is a strong

m-accepting thioether donors. electron withdrawing ligand such as NO in [Ru(NO)MH>Ss")]-
. BF4, one NH function is easily deprotonated by bases such as
Conclusion N.H, or by azide ions. As a consequence, the NO ligand in the

The new pentadentatdl;H,Ss'-H- ligand has been synthe-  resulting [Ru(NO)N2HSs')] becomes insusceptible for attack
sized, aiming at transition metal complexes which exhibit Py nucleophiles. Similar effects have been observed with Fe,
electron rich-metal centers, possess core configurations withNi, and Ru complexes which contain [MEH,S,)] fragments
thiolate, thioether, and amine donors relating to the structures (N2H2S2” = 1,2-ethanediaminékN'-bis(2-benzenethiolato)-
of [Fe(NHSy)] fragments, and bind biologically relevant small ~ (2—)).2* The resulting coordination geometry and, in addition,
molecules. acid—base reactions of the amine functions drastically reduce

The goal of increasing the electron density at the metal centersthe versatility of the [FeN,H>S3)] or [Ru(N-H.S3)] fragments
by replacing thioether S by amine N donors in pentadentate with respect to coordination and/or substitution of small coligand
thiolate thioether amine ligands could be reached. This is molecules. In particular, the cis coordination of the thiolate
evidenced by thev(CO) frequencies of [Fe(CON:H,Sy)] donors in [M(N-H,S3)] fragments is unsuited to effect a
(1932 cnr?) vs [Fe(CO)NHS)] (1960 cntl). However, the stabilization of the ur!stable diazene moleculg V|a'—.[-ID<IH4
metal donor core configurations of [MHS{)] and [M(N2H,S3)] NHLI\_/I] four-ce_nter/sp<_—ele_ctrow bonds and tricentric NH--
complexes strongly differ. While [MUHS;')] complexes exhibit (S), bridges. This stabilization has been observed in complexes
either structureA or B (cf. introduction), all [M(N;H,Sg')] such as-NoHx{ Fe(NHS/)} 2]° or [u-NoHo{ Ru(PPR)('Sy)} 2], %
complexes characterized so far invariably show the structure @nd it imperatively requires trans-thiolate donors at the metal
D. A major geometric difference between these structures is CENters.
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some unexpected results. For example, [Fe(QOM>Ss)]




