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Treatment of {Ru(P(OCH)3)2(CHsCN)z} 2(u-S)](CF3SOs)4 (1), which is prepared by the reaction diHuCl-
(P(OCH)3)2} 2(u-S2) (u-Cl)7] (2) with 4 equiv of AgCESG;s, with terminal alkenes such as 1-pentene, allyl ethyl
ether, allyl phenyl ether, 1,4-hexadiene, and 3-methyl-1-butene, resulted in the formation of complexes carrying
a GS, five-membered ring,{[Ru(P(OCI—i)g)g(CH3CN)3}z{ﬂ-SCI-bCHZCRlRZS}](CF3803,)4 (3, Rl = CH,CHjs,

R? = H, 40%;4, Rt = OCH,CHs, R?> = H, 60%;5, R = OCsHs, R? = H, 73%);6, Rt = CH=CHCH;, R> = H,

48%;7, Rt = R2 = CHjs, 40%). Reaction ofl. with methylenecycloalkanes was found to give several different
types of products, depending on the ring size of the substrates. A trafR@fH(OCH)3)2(CH3CN)s} of u-SCH-
(CH,CH)CH(CHg)S}H(CF3SGs)4 (9) having a GS, four-membered ring to bridge the two Ru atoms was obtained

by the reaction oflL with methylenecyclobutane, whereas the reaction with methylenecyclohexane{gave [
(P(OCH)3)2(CH3CN)a} of u-S(CHy(C=CHCH,CH,CH,CH,)S)} (CR:S0Os)3 (10) in 69% vyield via C-S bond
formation and elimination of a proton. Throughout these reactions with alkenes giving a variety of products, the
activation of the allylic CG-H bond is always the essential and initial key step.

Introduction Scheme 1

Cycloaddition is a well-known reaction and has been utilized N T 4 55—
i i i N_ | _N N P. P
in the synthesis of a number of heterocyclic compounds. In the “rul s | P ~ / \ /
reactions, appropriate carbenarbon double or triple bonds P | i‘s’/ Ruy” p//RU<C|7R\U\P
react with other components to form cyclic compounds, and P NT | >N cl oo
among others, the reaction of conjugate dienes with dienophiles P
is the most well-known one. Zwitterionic “1,3-dipoles” having 1 2

oxygen and/or nitrogen rather than carbon are also known to
react with carborcarbon double or triple bonds to form a five-
membered ring. However, analogous reactions of allylic o o ) . o
hydrocarbon compounds are very rare. It is reported that the bond activation reaction is |nyolved in the reaction, similar to
reaction of 2-phenylallyl anion with stilbene and the following the previously reported reactions biwith ketones'>**As an
hydrolysis gives 1,2,4-triphenylcyclopentane, where preliminar- €xtended study of the cycloadditiohsi* we have examined
ily prepared allyl anion is necessary for the reacfion. other types of alkgnes to find unqxpeptedly a variety of reaction
In contrast, we have reported that the reaction of the disulfide- Patterns, depending on the steric size of the substrate. In the
bridged RUl' dinuclear complex{[Ru(P(OCH)3)2(CHzCN)s} - present report, the reactions ﬂ)fWIth terminal alkenes and
(u-S)](CFsSO3)s (1) (Scheme 1), prepared from{ RuCl- methylenecycloalkanes are described.
(P(OCHp)3)2} 2(u-S2) (u-Cl)z] (2),271° with 1-pentene gives
[{Ru(P(OCH)3)2(CHzCN)g} o u-SCHCH,CH(CH,CHs) S}(CFs-
SG)4 (3),11 in which an unactivated allylic €H bond reacts
with the disulfide ligand to form a €S bond. Neutral alkene
can be used for the reaction without any preliminary treatment
to prepare active species like allyl anion. This means thatd C

P = P(OCHj3)3, N = CH3CN

Experimental Section

All experiments were carried out under nitrogen or argon, by using
standard Schlenk tube techniques or a glovebox. The solveg€igED
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Table 1. Summary of Crystallographic Data

Sugiyama et al.

5 6 7 9 10

formula GaHeaF12N6O25- CaaHeaF12N6O24- CazHeaF12N6O24- Cz3He2F12NsO24- Cz4He5FgN6O21-

PsRW:Ss PsRWSs PsRWSs PsRW:Ss PsRWSs
fw 1811.38 1687.29 1675.28 1673.27 1551.24
cryst syst monoclinic monoclinic triclinic monoclinic _triclinic
space group P2;/c (No. 14) Cc(No. 9) P1 (No. 2) P2;/c (No. 14) P1(No. 2)
a(A) 13.267(5) 13.3995(9) 12.7356(10) 12.0626(18) 12.1799(15)
b (A) 21.456(5) 20.1101(14) 12.7416(9) 20.535(3) 12.7237(16)
c(A) 25.962(6) 25.2525(16) 20.6047(15) 26.819(4) 23.504(3)
o (deg) 94.527(2) 79.478(2)
B (deg) 103.93(3) 99.308(2) 105.9470(10) 92.039(4) 75.505(2)
y (deg) 90.173(2) 62.339(2)
V (A3) 7173(4) 6715.1(8) 3203.8(4) 6639.0(18) 3114.1(7)
z 4 4 2 4
deaica(gr-cm3) 1.677 1.669 1.737 1.674 1.654
w (mm1) 0.792 0.837 0.877 0.846 0.853
diffractometer AFC7R SMART 1000 SMART 1000 SMART 1000 SMART 1000
radiation,/ (A) Mo Ka, 0.71069 Mo K, 0.71069 Mo K, 0.71069 Mo K, 0.71069 Mo K, 0.71069
abs corr 1 scan SADABS SADABS SADABS SADABS
reflns (total) 12610 11488 14302 15217 13833
refins Fo? > 20(F?) 5819 8364 9982 4395 8438
no of params 702 679 804 806 756
R12 0.1293 0.0786 0.0788 0.0806 0.0758
wR2® 0.3267 0.2028 0.1919 0.1972 0.1900
GOP 1.181 0.989 0.981 0.844 0.961

AR1= Y |Fo — Fdl/3|Fo| for reflectionsF? > 20(Fo?). PWR2 = [SW(F? — FAHIW(FA)FY2 ¢ GOF = [ywW(Fo? — FA)Zy (n — p)]V2

was dried over Cafland purified by trap-to-trap distillation prior to

use. Other solvents were purchased dry and used without further23.29; H, 3.64; N, 4.90.

purification. Complexed,*® 2,2 and 1-pentene-3,8,'°> were prepared
JEOL Lambda 270 spectrometer, operating at 270 MHZz'forand

at 202 MHz for3'P. The chemical shifts are reporteddrunits (ppm)
downfield from MaSi for *H and**C, and from HPQ, (85%, external

for 4, for which the analysis including sulfur was carried out at the
Elemental Analysis Center at the Department of Chemistry, Faculty of
Science, The University of Tokyo.

Synthesis of [RU(P(OCH3)3)2(CH3CN)3} z(ﬂ-SCchHchRS)]-
(CF3S03)4 (4, R= OCH2CH3; 5, R = OC¢Hs; 6, R = CH=CHCH3).

To a CHCN (1 mL) solution of [Ru(P(OCH)s)2(CH3sCN)s}o(u-
S)(CF:SGs)4 (1) (111.3 mg, 0.075 mmol) was added allyl ethyl ether
(0.1 mL, 88 mmol) via a syringe. After stirring of the mixture for 3 h,
Et,O was added to form the yellow precipitate. The supernatant was
removed, and the precipitate was washed witdfOEThe residue was
crystallized from CHCN/DME to give the analytically pure product
[{Ru(P(OCH)3)2(CH3CN)3z} o{ u-SCH,CH,CH(OCH,CH3) S} ](CFs-
SOs)4 (4) as yellow crystals. Yield: 70.8 mg (0.045 mmol, 60%).
NMR (CDsCN, 270 MHz, room temperature (rt))) 1.30 (t,J = 7.0
Hz, 3H, OCHCHj3), 1.95 (s, 12H, 4E5CN), 2.50 (s, 3H, E5CN),
2.51 (s, 3H, G5CN), 2.71 (m, 1H, SCHCHH' CHS(OCHCH)), 2.96
(m, 1H, SCHCHH'CH (OCH,CHy)S), 3.64 (m, 2H, E,CHs), 3.86
(m, 36H+ 1H, P(OMH3); and SGHH'CH,CH(OCH,CHjs)S), 3.90 (m,
1H, SCHH'CH,CH(OCH,CHj)S), 6.01 (ddJ = 3.4 and 1.8 Hz, 1H,
SCH(OCH,CHy)). *P{1H} NMR (CDiCN, 202 MHz, rt): 6 125.05
and 125.70 (d3Jpp = 77 Hz), 125.29 and 125.51 (&Jrp = 63 Hz).
Anal. Calcd for GHsaF12NeO2sPsRWSs: C, 25.55; H, 3.71; N, 4.83;
S, 11.06. Found: C, 25.26; H, 3.76; N, 4.81; S, 10.86.

Complexes5 and 6 were also synthesized with the analogous
procedure. Thus, only the analytical data are given below.

5. Yield: 105.1 mg (0.065 mmol, 73%) frorh (132.9 mg, 0.090
mmol). *H NMR (CDsCN, 270 MHz, rt): 6 1.95 (s, 12H, 4€5CN),
2.50 (s, 3H, €15CN), 2.51 (s, 3H, EIl;CN), 2.90 (m, 1H, SCLCHH'CH-
(OCeHs)S), 3.30 (M, 1H, SCKCHH'CH(OGsHs)S), 3.64 (virtual t3Jpy
= 5.3 Hz, 9H, 1P(O€l3)3), 3.81 (virtual t,3Jpy = 5.3 Hz, 9H, 1P-
(OCHs)3), 3.85 (m, 18H, 2P(0Hs)3), 3.96 (m, 1H, SEIH'CH,CH-
(OGsHs)S), 4.15 (m, 1H, SCH'CH,CH(OG:Hs)S), 6.43 (ddJ = 3.0
and 1.6 Hz, SEI(OC¢Hs)), 7.21-7.30 (m, 3H, GHs), 7.52 (m, 2H,
CeHs). *P{1H} NMR (CDsCN, 202 MHz, rt): 6 124.76 and 124.93
(d, 3Jpp = 77 Hz), 124.92 and 125.10 (&Jrp = 78 Hz). Anal. Calcd

(15) Kopinke, F.-D.; Zimmermann, G. Prakt. Chem1981, 323 992.

for C33H64F12N5025P4RU2$5: C, 2343, H, 364, N, 4.97. Found: C,

6. Yield: 40.3 mg (0.024 mmol, 48%) from (80.2 mg, 0.050
as described in the literature. The NMR spectra were recorded on ammol).*H NMR (CDsCN, 270 MHz, rt): 6 1.78 (dd,J=6.5and 1.1
Hz, 3H, CH=CHCHs), 1.95 (s, 12H, 46,CN), 2.51 (s, 3H, CKCN),
109 MHz for3'P, or on a JEOL Lambda 500 spectrometer, operating 2.52 (s, 3H, CHCN), 2.63 (m, 1H, SCLCHH' CH(CH=CHCH)S),
3.19 (m, 1H, SCHCHH'CH(CH=CHCH)S), 3.65 (m, SEI,CH,CH-
(CH=CHCH;,)S), 4.88 (dd,J = 7.7 and 6.3 Hz, 1H, B(CH=
reference) fof'P. All the carbon, hydrogen, and nitrogen analyses were CHCH)S), 5.54 (ddg,J = 15.1, 7.7 and 1.1 Hz, CH(€=CHCH)S,
carried out on a Perkin-Elmer PE 2400Il elemental analyzer except 5.89 (dgJ= 15.1 and 6.5 Hz, CH(CHCHCHj)). 3P{*H} NMR (CDs-
CN, 109 MHz, rt): 6 125.00 (br s, P(OCHs)3), 126.25 and 126.65
(3Jpp= 80 Hz). Anal. Calcd for @HsaF12NO24PsRWLSs: C, 24.20; H,
3.82; N, 4.98. Found: C, 24.22; H, 3.59; N, 4.86.

Synthesis of { RU(P(OCH3)3)2(CH3CN)3} 2{”-5CH2CH2C(CH3)25}]-
(CF3S0s)4 (7). In an 80 mL Schlenk tube, compldx(269 mg, 0.167
mmol) in CHCN (2 mL) was cooled in a dry iecemethanol bath. After

the frozen solution was degassed with the vacuum line, 3-methyl-1-
butene was introduced through a silicone rubber tube. The color of the
solution gradually turned from dark blue to pale green. This reaction
mixture was stirred fo3 h atroom temperature, before the addition of
Et,O to form a pale green gummy solid. The crude product was
recrystallized from CHCN/DME to give yellow crystals of [Ru-
{P(OCH)3} 2(CH3CN)s] A 1t-SCHCH,C(CHs).S} (CRSOy)4 (7) (113 mg,
0.067 mmol, 40%). Anal. Calcd for R8:PsNsF12024C33Hes: C, 23.66;

H, 3.85; N, 5.02. Found: C, 23.58; H, 3.77; N, 4.98. NMR (270
MHz, CDsCN): ¢ 1.62 (s, 3H, SC(€3)(CH'3)), 1.64 (s, 3H, SC(CH-
(CH'3)), 1.95 (s, 12H, 4E:CN), 2.51 (s, 3H, E:CN), 2.52 (s, 3H,
CH3CN), 2.62-2.67 (m, 2H, SCHCH,C(CH;),S), 3.62-3.65 (m, 2H,
SCH,CH,C(CHg),S), 3.81-3.90 (m, 36H, P(O85)s). $'P{*H} NMR
(CD4sCN, 109 MHz): 6 123.9 and 124.3 (dJep= 79 Hz, P(OCH)s),
124.5 and 126.2 (fJep = 80 Hz, 2P(OCH)s).

Reaction of 1 with MethylenecyclobutaneThe reaction was carried
out analogously to what is described above4do 7. Recrystallization
of the crude product gave the RRuU" mixed-valence complex{ Ru-
(P(OCH;)3)2(CH3CN)s} 2(u-S2)](CFsSOs)s (8), as the major product
together with a trace of yellow crystals. The single-crystal X-ray
diffraction study of the minor product gave the structure R-
(P(OCH)3)2(CH3CN)s} o 1-SCH(CHCHZ) CH(CHg) S} (CF3SOy)4 (9).

The analytical data fo® could not be obtained.

Reaction of 1 with MethylenecyclohexaneTo a CHCN (1.5 mL)
solution of1 (203 mg, 0.13 mmol) was added methylenecyclohexane
(0.5 mL, 4.2 mmol), and the mixture was stirred for 3 h. Addition of
Et,O (16 mL) resulted in the formation of pale green powder. After
removal of the supernatant via a syringe, the residue was recrystallized
from CH;CN/DME to give yellow crystals of{[Ru(P(OCH)3)(CHs-
CN)g} o{ u-S(CH(C=CHCH,CH,CH,CH,)S)}} (CRSOs)3 (10) (140 mg,
0.090 mmol, 69%). Single crystals suitable for X-ray diffraction study
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were obtained with the C}N/EtO vapor diffusion techniqueH
NMR (270 MHz, CDCN, rt): 6 1.64 (m, 4H, &), 2.06 (br s, 2H, 5 4+
CHy,), 2.36 (s, 3H, Ei;CN), 2.40 (s, 3H, EIsCN), 3.60 (br s, 2H, ),
3.67-3.79 (m, 36H+ 4H, P(OQH3); and CH,), 5.58 (br s, 1H, &

1 3

CH). 3%P{*H} NMR (109 MHz, CQCN, rt): 6 130.4 (br s, 2(OCHy)s), Ru s
135.7 (br S, P(OCHg)g) Anal. Calcd for RQ&P4C34H65N5021F9: C, \S/ \RLI
26.32; H, 4.22; N, 5.42. Found: C, 25.38; H, 3.68; N, 5.32.

Reaction of 10 with HCI. To a CD:CN (0.5 mL) solution of10
(15 mg) was added concentrated HCI4Bb). An immediate color
change of the solution was observed from pale blue to dark green. The
IH NMR spectrum of the reaction product showed methyl and olefin l *o
proton signals ab 1.57 and 5.37 and was practically identical to that .
of an authentic sample of 1-methyl-1-cyclohexene. Analogously, *

treatment ofl0 with DCI resulted in the formation of 1-monodeute-
riomethyl-1-cyclohexene, whose monodeuteriomethyl and olefin proton
signals were observed &t1.55 Jwp = 2 Hz) and 5.37.

X-ray Diffraction Studies. The diffraction data o6 were collected
on a Rigaku AFC 7R four-circle diffractometer using graphite- 3
monochromated Mo ¥ radiation ¢ = 0.71069 A). The unit cell
parameters were obtained by the least-squares refinements of 25
reflections (28 < 26 < 30°). The diffraction data were corrected for
Lorentz and polarization effects, and absorption corrections based on

x ¥

1 scans and a decay correction based on three standard reflections ———1—————F——7 1 1 1
recorded every 150 reflections were applied. The intensity data were 4.0 35 3.0 25
transformed to the SHELX format. The diffraction data f&r7, 9, Figure 1. TheH NMR spectra of the products from the reactions of

and10were collected on a Bruker CCD SMART 1000 diffractometer  1-d,; with 1-pentene-3,3h (top) and1-dis with 1-pentene (bottom).
using Mo Ko radiation. All the intensity data were processed by the Asterisks: impurities. Arrow:1*C satellite of P(OCH)s ligands.
SAINT-plus program package. All the structure solutions were per-

formed with the SHELXTL software package. The details of the six Scheme 2

crystallographic analyses are summarized in Table 1.

= R' R1H " R1,H T4+

Results and Discussion RU\\\S’//S\\\R: ¢ /\er R;\\%/ZS k . Ri\‘é’éZé
Synthesis of the ComplexesTreatment ofL with terminal CHsCN 87 Ru 87 R

alkenes, such as 1-pentene, allyl ethyl ether, allyl phenyl ether,
and 1,4-hexadiene in GEN at room temperature resulted in N Ry 14 R? /A 14+ R2 4+
an immediate color change of the solutions from dark blue to — r2l — R@@ — R
pale green, and the solutions were stirred for several hours. After R~ -5, RUSSp, Ruli-S<g
standard workup of the reaction mixture§RL(P(OCH)3).-
(CH3CN)a} o{ u-SCHCH,CHR§ J(CF3S0s)4 (3, R = CH2CHg, Ru = Ru(P(OCH3)a),(CHaCN)3

40%; 4, R = OCH,CHa, 60%;5, R = OCHs, 73%;6, R =

= 0 i
CH=CHCHs, 48%) were obtained (eq 1). lography to confirm the formulation of the saturategbgfive-

membered ring bridging the two Ru(P(Ogk)(CH3CN)3

R’ R' 7] 4+ o ;
T 4+ /\rz S Rz_l moieties. In each case, the allylic-& bond must have been
R"%Sf/’s\\\ . R 1) cleaved to form the first €S bond. Th_e liberated hydrogen
CH;CN  Ru 1 _S_ atom seems to be transferred to the neighbor carbon atom, and
1 33 7 Ru the terminal olefinic carbon atom forms the second3Cbond

to close the @S, ring. Several types of €S bond formation

. 1: 2 =! 9, . . ..
3: R'= CH,CHz, R"=H, 44% on the sulfur ligand coordinated to a transition metal are known,

4: R'= OCH,CH3, R? =H, 60% where the sp or sp-hybridized carbon atoms approach to the
5: R'= OCgHs, R% =H, 73% sulfur atom®-23 However, G-S bond formation via €H bond
6: R'= CH=CHCHj;, R? =H, 48% splitting is very rare. It is reported that the RhBucluster reacts

with acetone to give (Mes)sRhRBLS;(SCHCOCH;) ™. It is

7: R'= R% = CH3, 40% ) )
s ’ also reported that the thermal reaction o&Hg),TiSs gives

FI’(OCHa)s
= H:’CCN\RU/NCCH3 (16) Rakowski DuBois, MChem. Re. 1989 89, 1.
(H3CO)3P/ l (17) Goodman, J. T.; Rauchfuss, T.BAm. Chem. Sod999 121, 5017.
NCCH; (18) Coucouvanis, D.; Toupadakis, A.; Lane, J. D.; Koo, S. M.; Kim, C.

G.; Hadjikyriacou, A.J. Am. Chem. S0d.991 113 5271.
. (19) Pilato, R. S.; Eriksen, K. A.; Greaney, M. A.; Stiefel, EJI.Am.
In each case, the allylic carbon atom has two hydrogen atoms Chem. Soc1991, 113 9372.
in the starting substrate. Compl&xeacted also with 3-methyl- ~ (20) Inomata, S.; Hiyama, K.; Tobita, H.; Ogino, Hiorg. Chem.1994

; ; 33, 5337.
1-butene, having one hydrogen atom at the allylic carbon atom,(21) Kuwata, S.. Andou, M.: Hashizume, K. Mizobe, Y.: Hidai, M.

togive [ Ru(P(OCH)z)2(CHsCN)g} A u-SCHCH,C(CHy)2S}H(CFs- Organometallics1998 17, 3429.
SGs)4 (7) in 40% yield. After the reaction, the olefin proton (22) Shibahara, T.; Sakane, G.; MochidaJSAm. Chem. Sod993 115
disappeared in thH NMR spectra, and therefore it seems that 10408. .

. ! (23) Kawaguchi, H.; Tatsumi, KI. Am. Chem. S0d.995 117, 3885.
the analogous reaction occurs to 3-methyl-1-butene. Complexes24) venturelli, A.; Rauchfuss, T. B.; Verma, A. Knorg. Chem.1997

3, 5, 6, and7 have been fully characterized by X-ray crystal- 36, 1360.
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(CsHs)Ti{ (S)C=C(S)CHCH,CH(S)}, in which C-S bond Scheme 3

formation, C-H bond rearrangement, and-S bond cleavage
take place?® Ru. s 14 :<> —.
The reaction ofl with geminally disubstituted olefins was g7 Sgy  CHLCN C-H Bord
also examined. The reaction &fwith methylenecyclobutane Activation
gave a complex mixture, whose major product was dark blue
crystalline [ Ru(P(OCH)3)2(CH3CN)s} 2(u-S,)](CFsSOs)3 (8). =) 14 T4+
As described in the previous repottjs gradually reduced to A —
RU'/RU" complex8 in CHsCN.* Therefore,8 is regarded as Ru &SRy Ru&—5~ "
the end product of unreactdgdand since methylenecyclobutane 9

does not easily react with, it is reasonable that the reaction ] _

gave a lot of8. However, a trace of yellow crystals was also "€act with both methylenecyclopentane and internal alké&hes.
obtained. The X-ray analysis of the yellow crystal revealed the This fact suggests thatl has a more flexible reaction center
structure of the complex carrying &% four-membered ring, for these substrates due to the larger steric capacity of the

[{ Ru(P(OCH)3)2(CHCN)g} f u-SCH(CHCH,) CH(CHy) S} (CF=- RuSeSeRu core. The product of the reaction 1df with
SO)4 (9) (eq 2) (Figure 3). methylenecyclopentane is quite different from thosd efith

methylenecycloalkanes. The details will be reported in a separate
paper.
7] 4+ Mechanistic Aspects.In the present study, three types of
<>: 7] 3+ alkene addition have been found to the bridging disulfide ligand
1 R S Ru + UNg” T g, @ in the RQSQ core. In the previous report, we suggestgd the
mechanism in Scheme 2 for thes%; five-membered ring
8 9 formation of the reaction with 1-pentefk.
trace The mechanism involves addition of an allylie-€l bond to
) ) ~ the S-S bond to form the €S and S-H bonds. This is an
No spectroscopic and elemental analysis data was obtainedessential and common key step also in other types of reactions
for 9 because of the low yield. The formation mechanisn®of  jnyolving C—H bond cleavage on the disulfide bridge of the
seems to be different from that of the$; five-membered ring  RuSSRu core. The subsequent anti-Markovnikov-type addition
CyCliZation in3—7. The pOSSible route t® will be discussed of the S-H to the GCG=C double bond gives the five-membered
later. . . ring of the product. Figure 1 shows thd NMR spectra of the
Unfortunately, the reaction dfwith methylenecyclopentane s, five-membered-ring region of the products for the reactions
did not give any noticeable product. Only the'RRu" complex of 1-dig (CDsCN-substituted) with 1-pentene-3,8h (top) and

8 was recovered. The reaction was followed Hy NMR 1-dig with 1-pentene (bottom), which are expected to g
spectroscopy; however, the observed peaks were too small tog, and3-d,g, respectively. The assignment of the signals is also
identify the product. The reaction df with methylenecyclo-  shown. In the top spectrum, the intensity 6fi decreased to
hexane is another type of reaction, givifgRU(P(OCH)s).- 0.46, whereas those of 1 and 2 are not changed significantly.
(CHACN)g} of -S(CH(C=CHCH,CH,CH,CH;)S)} (CR:SQOy)3 (10) The significant signal at the methyne position in the top
in 69% vyield (eq 3). spectrum is assigned to tH&C satellites of the P(OCH

ligands. The contribution of the methyne signal is negligibly
small. Therefore, the cleaved allylic D atom is selectively

<:>: 13+ introduced to one of the methylene positions to erase the 2
W Ruz . oS (3) signal. ThPT observed intensity of id the top spectrum is due
" S “Ru to the residual proton of 1-pentene-3i3{residual proton,
- H 10 8.5%). The observed intensity of 0.46 fot i8 higher than

expected and is explained by the primary kinetic isotope effect.
In the reaction, cyclization does not occur, and only one Theku/kp value is estimated to be 9 on the basis of the intensity
hydrogen atom is eliminated to form the-S bond. Since the  of 2 and the residual proton in the substrate and is reasonably
liberated proton seems to be lost asz86;H, the charge of acceptable for the mechanism involving-8 (or C—D) bond
the complex cation is changed frorm4 to +3, as in the cleavage. The hydrogen transfer step on the sulfur atom may
previously reported ketonated compleX&Eormation of 1-meth- also be the rate-determining step. The observed result is
yl-1-cyclohexene was observed, whd0 was treated with  consistent with the mechanism shown in Scheme 2.

excess HClin an NMR tube. Formally, it is expected thats On the other hand, Markovnikov addition takes place in the
obtained via the activation of the methy-&l bond of 1-methyl- formation of the GS; four-membered ring 08. Complex9 is
1-cyclohexene, accompanied by elimination of. HHowever, the sole example of the Markovnikov addition (Scheme 3). In
10 could not be obtained in the reaction bfvith 1-methyl-1- contrast to the present RuSSRu core system, only Markovnikov

cyclohexene. The reaction mixture did not give any addition addition is reported for the insertion of alkenes into the bridging
product, presumably because the substrate is not stericallyhydrosulfide ligand in the dinuclear molybdenum compiéx.
suitable for the reaction. This fact is consistent with our  For the formation of a four- or five-membered ring, the=C
observation that internal alkenes do not react Withlthough C double bond must be located at an appropriate position after
cyclohexene reacts within the presence of 5 equiv of AgBF the C-S bond rotation, to receive the proton from the sulfur
this may involve a somewhat different reaction path and would

be a very tare excepicintresiingly, the sclerium analogue (3 a5, Suvars, 1 Melsyts  nenished e,
of 1, [{Ru(P(OCH)3)2(CH3CN)a} 2(u-S&)](CFsSOs)4 (11), can Solution VCH Publishers: New York, 1990.

(28) Birnbaum, J.; Laurie, J. C. V.; Rakowski DuBois, ®rganometallics
(25) Giolando, D. M.; Rauchfuss, T. B. Am. Chem. Sod984 106, 6455 199Q 9, 156.
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Figure 2. Structure of complex catiof. Thermal ellipsoids are drawn
at the 50% probability level.

atom. However, for some bulky alkenes, the rotation is hindered,

since the coordination sphere around the Ru atom is sterically

crowded. This situation is observed in the reaction with
methylenecyclohexane. The retarded rotation of theS®ond
may cause liberation of the hydrogen atom from the sulfur atom

as proton. After the deprotonation, the steps shown in Scheme

4 take place and0 is formed. In the previous report on the
Diels—Alder type [4+ 2] cycloaddition of conjugated dienes
to the S ligand in the RuS; cores ofl and2,'* double-bond
character of the Sis suggested to explain the reactiéfs3!
Such S=S double bond nature must also be operating in the
present cleavage of the allylic-¢4 bond. Since the formal
oxidation state of the Ru atoms in(Ru") is higher than the
usual oxidation states of O or Il in the Ru complexes that can
activate C-H bonds, the Ru centers ihare ruled out as the
C—H bond activation site. It should be noted that a phosphorus

atom is another example of a main-group element that also R
R

cleaves C-H bonds32-35

X-ray Crystallographic Study. The structures 06, 7, and
9 are shown in Figures-24, respectively. The selected structural
parameters of the complexes carrying théSCand the GS;
rings in5, 6, 7, and9 are compared in Table 2 with those of
the previously reported. The S-S bond distances in the;&
ring range from 2.1102(15) to 2.164(5) A and are longer than
that found in the starting compleg,(1.933(11) A)* The dr—
prt conjugate system of the RuSSRu corelins lost in the
complexes having two €S bonds according to the Ri$—
S—Ru torsion angles (142.22(16)57.15 (5)), and both of the

(29) Brulet, C. R.; Isied, S. S.; Taube, B. Am. Chem. Sod.973 95,
4758.

(30) Elder, R. C.; Trkula, MInorg. Chem.1977, 16, 1048.

(31) Amarasekera, J.; Rauchfuss, T. B.; Wilson, Singrg. Chem1987,
26, 3328

(32) Cowley, A. H.; Kemp, R. AChem. Re. 1985 85, 367.

(33) Cowley, A. H.; Mehrotra, S. KJ. Am. Chem. Sod.983 105 2074.

(34) Cowley, A. H.; Kemp, R. A,; Stewart, C. A. Am. Chem. S0d.982
104, 3239.

(35) Nakazawa, H.; Buhro, W. E.; Bertrand, G.; Gladysz, Jn&rg. Chem
1984 23, 3431.

Figure 3. Structure of complex cation. Thermal ellipsoids are drawn
at the 50% probability level.

Figure 4. Structure of complex catio® Thermal ellipsoids are drawn
at the 30% probability level.

Table 2. Selected Structural Parameters3pb, 6, 7, and9

3 5 6 7 9
u—P(av) 2253 2.26 2.25 2.256 2.25
ul-S1 = 2.3381(11) 2.348(4) 2.350(3) 2.3446(16) 2.322(3)
Ru2-S2  2.3705(12) 2.347(4) 2.345(2) 2.3875(16) 2.326(3)
S1-S2 2.1102(15) 2.164(5) 2.142(4) 2.130(2) = 2.159(4)
s1-C1 1.812(5) ~1.824(16) 1.858(14) 1.786(8) 1.793(12)
S2-C3 1.886(5) 1.890(16) 1.822(13) 1.922(6) 2.128{12)
Cc1-C2 1.493(7) 150(2)  1.455(18) 1.396(11) 1.547(19)
C2-C3 1.527(7) 1.49(2) 156(2)  1.539(10)

Rul-S1-S2 114.19(6)
Ru2-S2-S1 107.77(6)
C1-C2-C3 115.0(4)

111.20(18) 112.41(13) 116.20(8) 113.31(13)
112.10(18) 111.22(12) 107.17(8) 115.19(13)
110.0(12)  108.7(11) ~ 120.9(6)

Rul-S1- 157.15(5)

142.22(16) 143.38(12) 147.34(7) 143.25(13)
S2-Ru2

a3$2-C2 distance® Reported without the sign.

two sulfur atoms are $ghybridized. The RuSSRu cores 8f

5, 6, 7, and9 are shown in Figure 5, where tH/R isomer
configurations around the two sulfur atoms are drawn. Only
the R/R and §S mesdsomers are in the unit cells of all the
crystal structures. In theH NMR spectra, theR/S or SR rac
isomer was not found for the solutions 8f 5, 6, and 7. In
addition, the configurations around the methyne carbor; of
5, and6 are the same. Therefore, the ring formation reaction
proceeds diastereoselectively.
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Table 3. Selected Structural Parametersléf

bond distances (&) bond and torsion angles (deg)

Rul-P1 2.2474(16) RutP2 2.2532(19) S2S1-Rul 104.23(8)
Ru2-P3 2.243(2) Ru2P4 2.2337(19) StS2-Ru2 108.39(8)
Rul—S1 2.3849(17) Ru2S2 2.3805(18) C1S1-S2 100.1(2)
S1-S2 2.083(2) SiC1l 1.844(7) CtS1-Rul 106.4(2)
C1-C2 1.501(9) C2C3 1.311(10) C3C2-C1 125.8(7)
C2-C7 1.502(10) C3C4 1.515(10) C+C2-C7 111.7(6)
C4-C5 1.508(12) C5C6 1.496(13) C3C2-C7 122.5(7)
C6-C7 1.523(12) RutS1-S2-Ru2 170.23(6)

C1-C2-C3-C4 -178.1(8)

C7-C2-C3-C4 0.6(13)

those in3, 5, 6, 7, and9. Since one hydrogen atom is eliminated
as a proton in the formation of the ketonated complexes and
10, the remaining lone-pair electron density of the sulfur would
be still in the RyS, core of the complexes. The structural
features of10 suggest that the contribution of therdpn
conjugation is significant irt0. The C2-C3 distance (1.311-
(10) A) can be assigned as a double bond. The sum of the angles
around C2 (36%) shows that the carbon atom isyybridized.

Conclusion

In the present report, several types of reactiond efith
various alkenes are shown. In all of the reactions, activation of
the allylic C—H bond is the initial and essential key step. In
the subsequent steps, insertion of the@ double bond into
the S—H bond takes place in two possible orientations depending
on the structure and size of the substrate, to give either the
Markovnikov or anti-Markovnikov addition product having a
four- or five-membered ring, whereas elimination of thetb
proton occurs when the=6C double bond cannot receive the
hydrogen atom. These several reaction steps after the allylic
C—H bond cleavage would have given such a variety to the
final products. In the above reaction mechanisms the importance
of the relative stereo orientations of the-8 and C=C bonds
is emphasized, which also implies that both Markovnikov and
anti-Markovnikov addition reactions may be considered as
metathesis processes.

The present reactions involve a very rare allylie & bond
cleavage on a disulfide ligand. This is really rare, not only
because it occurs on a disulfide ligand but also because the
reaction proceeds at room temperature without any base, and
the authors do not know any precedent of an allylielCbond
activation under such mild conditions on any metal or other
reaction site. The present reactions also suggest that a double
bond of other main-group elements linked to a transition metal
forming az-conjugate system like the RUSSRu core may have
a similar reactivity.

Figure 6. Structure of complex catiob0. Thermal ellipsoids are drawn
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