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Stereochemistry of Ruthenium Bis-chelate Disulfoxide Complexes. A Molecular Mechanics
Investigation
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A topological analysis of bis-chelate disulfoxide metal complexes is presented together with the results of molecular
mechanics calculations on dichloro-1,2-bis(methylsulfinyl)ethane Ru(ll) complexes. The goal of the work is to
study the influence of the nonbonded atom interactions arising from linkage antlasis isomerism, combined

with different arrangements of the sulfur chiral centers, on the strain energy of the compounds. The calculated
strain energies show that the van der Waals and electrostatic interactions largely favor the S-bonding with respect
to a mixed S,0-bonding and the cis isomers with respect to the trans isomers. Different arrangements of the
chiral sulfur centers yield markedly different molecular energies; in general, meso ligands produce strain energies

lower than racemic ligands. A “conformation discriminat&xC has been introduced for the description of the
ring conformations in the case of cycles characterized by marked inequalities of bond lengths and angles.

Introduction

ationally rather inert, and meso forms are easily separated from
racemate&® As to ruthenium, to our knowledge, the only

Ruthenium sulfoxide complexes have been widely studied compounds to have been structurally characterized by X-ray

for their use in homogeneous catalytic processesl for their
potential in medicinal chemistr/.Related stereochemical and

analyses argansRuChL[MeS(0)(CH,),S(O)Me} (transRuCh-
(BMSE),, 1), cis-RUCL[EtS(O)(CH,).S(O)Et} (cisRUCKL(BESEY),

conformational properties have been investigated through X-ray ) rans RuCh["PrS(0)(CH),S(O)Pr, (trans RuCH(BPSE),

diffraction? NMR,* and molecular mechanics (MM) techniqtfes.

3), andcisRuCh(MeS(0)(CH)sS(O)Me) (cis-RUCK(BMSPY)).”

Surprisingly, the coordination chemistry of analogous disulfox- |4 g1 these compounds, disulfoxides are S-bondedtrafs
ide complexes has received much less attention, despite the'rRqu[(p-tonI)S(O)(QH4)S(O)(o-tolyl)]2complex has been also

implication in catalytic asymmetric reactidhgand of their
antitumor propertie$. Furthermore, disulfoxide metal com-

synthesized and spectroscopically characterized, again showing
S-bondingt® Similar bonding modes have been found for the

plexes present many intriguing stereochemical features, becausga, examined platinum and palladium compoufdwhile

of the ambidentate nature of the ligands and the inherent chiral O-bonding has been proposed, from IR spectroscopic data, for
properties of the sulfur atoms. In fact, disulfoxides are configur- ;s ifoxide complexes of the first series transition metals.

* E-mail: geremia@univ.trieste.it.
TE-mail: calligaris@univ.trieste.it.
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Chart 1. Possible Stereoisomers for Octahedral (OC-6) [Milely] Complexes with chek ($'S), (0*0O), and (SO)
Ligands
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thermore,ll and IV consist of enantiomeric pairs, identified bis-chelate complexes containing different combinations of the

by the A and A chirality descriptors. enantiomerically pure ligands. Thus for example, in the case
Tris-heteroleptic compounds can be of four types, [MCI  of complexes of typé andll , we may have: Rug(S"S[R,R)-,

(S"0)2], [MCI,(S"S)(S'0)], [MCI(0"0)(S"0)], and [MCb- RUuCkL($"S[S,9)2, and RuC{S"SIR,R)(S"S[S,9). The struc-

(S"S)(0"0)]. The first one gives rise to five isomerg {IX), tures of a few examples are shown in Figure 1.

with three chiral paira\/A (VII —IX), while, for both the second The various diastereomers are represented by their IUPAC
and the third types, three isomers are possiile-XIl and stereochemical descriptofswhich consist of the polyhedral
Xl —XV), each with two chiral paira/A (XI, XIl andXIV, symbol (OC-6, for octahedrons), the configuration index (based
XV). Finally, for the last type of complexes two isomers can on the priority numbers, according to the Cahn, Ingold, and
be formed KVI, XVII ), with one chiral pair XVII ). Prelog rule¥’), and the chirality symbolsR and S for sulfur

As mentioned above, disulfoxide ligands can be present asatoms,A andA for the molecules as a whole). Remembering
racemates (so far, enantiomerically pure ligands seem not tothat, according to the Sequence Rule {5R precedesS,
have been isolated) or in the meso form, because of thethe priority sequence for ligands is EIS[R|(S"S) > S[F(S"S)
chirotopic nature of the trigonal pyramidal sulfur atoms. The > S[R](S*O) > S[§(S"0) > O[R|(S"O) > O[Y(S"0) >
absolute configuration of the sulfur atoms can be either S O[R](O"0O) > O[Y(0"0).
and accordingly, symbol$] or [§ will be added to define the It is well-known that in Ru(ll) complexes S-bonding is
ligand chirality. For oxygen donors, the chirality descriptor preferred as long as the metal electron density charge is high
refers to the chirality of the adjacently bonded sulfur atom. It enough to ensure & back-donation from Ru to sulfoxide
must be remembered that upon S-coordination, the chirality antibonding orbital§. Furthermore, sulfur atoms tend to be trans
descriptor of the ligated sulfur atom changes frBrto S and to Cl or to O atoms, when no Cl is available, to avaidack-
vice versaif the original configuration wa$ (pseudo-inversion).  bonding competition between trans S ligands. In fact, a trans
Thus for example, (SS[R,R) and (O°O[R,R) will describe S- arrangement of the sulfur atoms, even if possible, yields a
and O-coordinated ligands, in complexes obtained from enan-thermodynamically less stable form. For example, for RuCl
tiomerically pure ligands having sulfur atoms originally in the (DMSO) the most stable isomer iscif-RuCh(DMSO)s-

S and R configuration, respectively. Similarly, (®[R,3) (DMSO)] (S= S-bonded sulfoxided® = O-bonded sulfoxide),
means that the mixed S,0-bonded complex has been obtainedvhile the isomertfransRuCL(DMS0),] is unstable and isomer-
from an enantiomerically pure ligand containing sulfur atoms

P ; : ; ; AO)- (12) (a)Nomenclature of Inorganic Chemisfryeigh, G. L., Ed.; Black-
e e e oo 1y kB 58 o Sl e dinly
), ) g . Coordination Compoundg#/Viley: Chichester, 1995.

the case of a racemic ligand mixture, it is possible to obtain (13) Prelog, V.; Helmchen, G\ngew. Chem., Int. Ed. Endl982 21,567.
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13-[RuCl,S4] (S"S[R,S])2 33-[RuCl,S] (S"S[R,S])2 A
(E = -39.8) (E = -57.5)

13-[RuCLS,0;] (S"O[R.R]):  43-[RuCl;S3:0] (S*O[S,S]NS"S[S,R]) A
(E=-29.3) (E =-41.8)
Figure 1. Molecular structures of the minimum energy diastereomers,
containingmeseBMSE ligands, of typd, 13-[RuCbSq](S*S[R,g)2;
I, 33-[RUCHS|J(S"S[R,9)2 A; V, 13-[RUCES,0;](S"O[R,R)2; andXIl ,
43-[RuCLS:0](S"O[SS])(S'S[S,R) A. Total strain energie& (kcal
mol~?) are also reported.

izes to the cis comple¥. From this point of view, it should be
expected that the most stable isomer would Xk, ap-
proximately followed byl , I, andV.

In the case of disulfoxides, however, other factors can affect
the linkage isomerism, such as the chelate ring size, owing to
the decreasing magnitude of the chelate effect with the increas-
ing ring size!® For 1,2-bis(sulfinyl)ethane derivatives, passing
from ($'S) to (8'0) and (O'0O) ligands, where the ring size o
increases from 5 to 6 and 7, respectively, the first bonding mode
should be kinetically favored.

In this paper we will describe the results of a MM investiga-

tion of topological effects upon the strain energy of [RUCl  gjnce, to our knowledge, the inorganic MM publications have
(MeS(O)(CH)2S(O)Me}] complexes of type, Il , V, andXIl,  gnly analyzed the geometry of symmetric chelate complexes,
considering both the meso and the racemic ligands, providing gch as those derived from diamine ligaA#s.

an indication of the thermodynamic stability of the different
diastereomers. This, of course, will be fully reliable only when Experimental Section
strain energy differences are either consistent with the trend MM Computational Details. As for the DMSO compounds,

expected from ellectronlc contrlputlons or .Iarge e,nQUQh 10 calculations have been performed on a Pentium 200 PC using the
overwhelm opposite thermodynamic contributions deriving from  yyperchem molecular modeling packd8end the Amber force fielé?
different bond energies in topologically dissimilar molecules. Atomic charges have been assigned as in ref 5a. For S-bonded
Particular attention will be also devoted to the description of disulfoxides, atom charges of the bis-sulfinyl ethane groB(®)-
the ring conformations, suggesting a new criterion, valid for (CH,).SO), have been obtained averaging all the chemically equivalent
every kind of ring. In fact, as already pointed é8the Cremer  atom charges calculated by the ZINDO/1 metfidassuming the X-ray
and Pople (CP) formalisfhcan give ambiguous results in the ~ Structure geometries of, 2, and 3.7 For O-bonded disulfoxides,
case of marked inequalities of bond lengths and angles, just adbecause of the lack of X-ray structures, charges have been calculated
in disulfoxide chelate cycles. Furthermore, the conformational (18) See for example: (a) DaCruz, M. F.. Zimmer, Morg. Chim. Acta
study of unsymmetric six-membered rings appears of interest 1997 261, 181. (b) Norenberg, K. M ; Shoemaker, C. M.; Zimmer,
M. J. Chem. Soc., Dalton Tran4997 1521. (c) Brubaker, G. R.;

Figure 2. Atom types and average atom charges forfSand (SO)
BMSE ligands in RUG{BMSE), complexes.

(14) Alessio, E.; Mestroni, G.; Nardin, G.; Attia, W. M.; Calligaris, M.; Johnson, D. WCoord. Chem. Re 1984 53, 1. (d) Jurnak, F. A,;
Sava, G.; ZorzetS. Inorg. Chem.1988 27, 4099. Raymond, K. N.Inorg. Chem.1972 11, 3149.

(15) Rodgers, G. Elntroduction to Coordination, Solid State, and (19) HyperChem Computational Chemistifypercube, Inc.: Waterloo,
Descriptive Inorganic ChemistryMcGraw-Hill: New York, 1994; p Ontario, Canada, 1994.
131. (20) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.,

(16) Haasnott, C. A. GJ. Am. Chem. S0d.992 114, 882. Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W

(17) Cremer, D.; Pople, J. Al. Am. Chem. Sod 975 97, 1354. Kollman, P. A.J. Am. Chem. S0d.995 117, 5179.
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Table 1. Average Differences between Observed and Calculated Bond Distances (A) and Angles (deg) with Rms Values in Parentheses
(Ranges of the Rms Values in Ru-DMSO Complexes (Ref 5a) Are Reported in Footnotes; X, Y, and Z Represent Generic Nonmetal Atoms)

complex Ru-X2 X—Yb X—Ru-Y¢ Ru—X—Yd X—Y—2z¢

transRUCH(BMSE), (1) -0.018 0.002 -05 -0.1 0.2
(0.017) (0.027) (1.6) (1.4) 1.7)

cisRUCKL(BESE) (2) —0.001 0.000 —05 0.3 0.4
(0.021) (0.016) (2.0) (1.5) (1.3)

transRUCL(BPSE) (3) —0.013 —0.025 0.1 0.7 0.7
(0.017) (0.087) (1.0) (2.8) (6.2)

20.009-0.013.°0.008-0.029.¢0.5-1.9.91.0-3.6.€0.4-2.3.

from the model structures dfans-RuCh(MeSO)(CH,).S(O)Me), and
cis-RuCh(MeS(0)(CH,).SO)Me)(MeS(O)(CH,).S(O)Me). The struc-
tures were obtained from strain energy minimizations without the
electrostatic terms. Final refinements with the electrostatic contributions
showed no significant changes in the molecular geometries. Average
charges for the different atom types are reported in Figure 2. Force
field parameters were taken from ref 5a, with the addition of the
S—C—C bending parameters= 74.9 kcal mot! rad? and6 = 109.5.

When comparing solid-state structures with the energy minimized
ones, we introduced energy barriers of 16 kcal thédr the side group
conformations, constrained to the experimental values, to simulate
packing effect$?

To explore the conformational space of [RuBMSE),] stereoiso-
mers as thoroughly as possible, a large number of different starting
geometries were built through HyperChem, considering possible
combinations of sulfur atom chiralities and chelate ring geometries.
Starting from 16 structures for complexes of typ@8 of typell , 244
of typeV, and 128 of typeXIl , we have obtained 10, 18, 40, and 55
nonequivalent minimum energy structures, respectively. In the energy
minimization, the PolakRibiere version of the conjugate gradient Boat Twist-boat
method was employed, with a convergence criterion of 0.001 kcal'mol
A-1. As for the investigation of the rotamer distribution of Ru-DMSO
complexes in solutiof? a distance-dependent dielectric constant was
used. In fact, it has been shown that, with the same force field
parameters, the passage frdin= constant toD = r; helps to
compensate for the lack of explicit solvation by implicitly damping
long-range charge interactions more than shorter-range?®nes.

Ring Conformations. A local program was used for the calculation
of the ring puckering parameters defined by Cremer and Péple.
However, since the pseudorotational paramételoes not always allow
a straightforward description of the ring conformation in case of
nonregular polygons (see Results and Discussion), we have calculate
a “conformation discriminator’AC, extending the concept proposed
for the assessment of single symmetry elemént$his is based on
the definition of ideal geometries, uniquely on the basis of the symmetry Results and Discussion
of the torsion angles (Figure 3), regardless of the ring symmetry, which

involves also atom types and bond lengths and angles. Force Field Validation. To check the transferability of the

A AC value is calculated for each of the possible conformations (5 Ryu-DMSO force field paramete¥sto disulfoxide complexes,
twist and 5 envelope conformations for the five-membered rings; 1 we have taken into account the following complexes whose
chair, 6 half-chair, 6 sofa, 3 boat, and 3 twist-boat conformations for X-ray structures have been reportecans RUCL(BMSE), (1),

the six-membered rings) as the root-mean-square (rms) value of the . - e
differencesA;, between the actual torsion angtgsand the ideal values cisRUCL(BESE} (2), andtransRUCL(BPSE}) (3).” Deviations

@: AC = [Sj=1a AZIN]¥2, whereA;, ¢, andn are defined in Table 4. (Aj) of the calculated bond lengths and angles, after energy

The best description of the ring conformation is identified by the lowest Minimization, from the equrimental data (see Table 1) are
value of AC, which then gives a quantitative measure of the ring Mmeasured by the average differences, over the m observables

deformation from “ideality”. (S Aj/m), and by their root-mean-square values (rn$y A%/

To identify the various envelope, half-chair, sofa, and boat confor- m|%3) .52 |n 1 and2, where two crystallographically independent
mations, the symbols of the noncoplanar atoms, “flag atoms”, are addedmolecules are present, the experimental values have been taken
to the conformation labele(g., envelope-Ru indicates that Ru is the  as the average between the chemically equivalent parameters.
flag atom; boat-OC indicates that the O atom and its opposite C atom Thg agreement appears quite satisfactory for the first two
are the flag atoms). For the twist and the twist-boat conformations, o mn6ynds, specially when experimental errors are considered.
the symbols of the atoms through which a 2-fold axis passes are In fact, in 1, the average differences between the two crystal-

indicated €.g.,twist-Ru, implies that the Laxis passes through the . .
metal atom; twist-boat-SS means that the vertigaXds passes through lographically independent molecules are as large as 0.025 A

Figure 3. Definition of symmetric conformations for five- and six-
membered rings. Numbers inside the rings refer to the indexhe
torsion anglesy; in Table 4.

To define the ring helicity! 6 andA descriptors have been used for
both five- and six-membered chelate rings, doubling the number of
ring conformations. For the sofa-Ru and envelope-Ru conformations,
whered and A cannot be used, the new decriptors “folded)’ §nd
“unfolded” (u) have been introduced (see Ring Conformations). Tables
5 and 6 report the ring geometries for the minimum-energy stereoiso-

ers of complexes in Tables 2 and 3, together with the CP puckering
d;Jnarameters (polar coordinates for six-membered rings) and the corre-
spondingAC values.

the two S atoms). and 1.9 for bond lengths and angles, respectively. It is also
interesting to observe that the rms values are comparable with
(21) Duax, W. L.; Weeks, C. M.; Rohrer, D. Cop. Stereochen 976 9, those of the Ru-DMSO complex&sas shown in Table 1. It

271. seems likely that the larger deviations3nbetween calculated
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Table 2. Strain Energie€ (kcal mol?) for the Most Likely Diastereomers of [RufiineseBMSEY),]; Stretching Es), Bending &), Torsional
(E), van der WaalsH,), and ElectrostaticEs) Energy Contributions (kcal mol) Are Also Reported

strain energies

type configuration index ligand type and chirality E Es Ep E Ey Ee
I 13-[RuChSy] (S"S[R,9): —39.8 0.4 3.0 0.3 —-6.7 —36.7
12-[RuChbSy] (5"S[R,9)- —31.6 0.3 3.8 0.4 —6.5 —29.6
I 33-[RuUChS,] (S"S[R,9).A —57.5 0.2 2.8 0.4 -7.2 —53.8
32-[RuChS] (S"S[R,9)2 A —43.3 0.2 5.7 0.3 —6.1 —43.5
22-[RuChS] (S"S[R.9)2 A —17.6 0.3 9.3 0.2 -5.9 —21.5
\Y 13-[RuChbS;0;] (S"O[R,R): —29.3 0.6 49 0.0 -3.2 -31.7
15-[RuCbS,0;] (S"O[9])(S"O[R]) —-25.1 0.5 3.6 0.5 —-3.9 —25.7
Xl 43-[RuChbS:0] (S*O[SS])(S'S[S\R) A —41.8 0.4 3.3 0.3 —-4.6 —41.0
43-[RuChS;0] (S'O[R,R)(S"S[S,R) A —36.5 0.3 5.5 1.2 -3.3 —40.3
42-[RuChbS;0] (S'O[S,9)(S"S[R,9) A —24.3 0.5 5.7 0.3 —-3.2 —27.6
42-[RuChS;0] (S'O[R,R)(S"S[R,9) A —12.7 0.6 13.8 25 2.7 —27.0

Table 3. Strain Energie€ (kcal mol?) for the Most Likely Diastereomers of [Rugifac-BMSEY),]; Stretching Es), Bending E), Torsional
(E), van der WaalsH,), and ElectrostaticEs) Energy Contributions (kcal mol) Are Also Reported

strain energies

type configuration index ligand type and chirality E Es Ep E Ev Ee

I 12-[RuChbSy] (S"S[R,R)2 —41.8 0.3 3.0 0.1 —6.5 —38.7
13-[RuChS4] (S"S[R,R)(S"S[S,9) —36.0 0.3 5.1 11 -5.6 -37.0

I 32-[RuChS] (S"S[SS)(S"SIRR]) A —46.5 0.3 6.5 1.4 —-4.3 -50.4
22-[RuChbSy] (SS[S.9)2A —46.0 0.2 5.4 2.0 -5.0 —48.6
22-[RuChSy] (S"S[R,R)2A —40.0 0.4 9.4 4.7 —-4.8 —49.7

Y, 13-[RuCtS;0;] (S"O[R,9): —32.9 0.4 2.9 0.3 —2.4 —-34.1
14-[RuCbS;0;) (S"O[R,9)(S"O[S,R) —-31.3 0.4 3.0 0.1 -3.3 —-31.4

Xl 32-[RuChS:0] (S"O[S,R)(S"S[R,R) A —35.5 0.3 5.8 1.7 -3.3 —40.0
32-[RuCbS:0] (S"O[S,R)(S"S[S.9) A —35.3 0.3 4.2 0.5 —-4.7 —35.6
32-[RuChS:0] (S'O[R,9)(S"S[S,9) A —34.2 0.4 5.7 0.5 -2.5 —38.2
32-[RuCbS:0] (S'O[R,9)(S"S[R,R) A —29.0 0.5 8.1 25 -33 —36.8

and experimental values involving the light atoms, reflect the Table 4. Definition of ¢ andA; for the Calzculaltlizon of the
low accuracy of the carbon atom location due to static disorder Egg;o(r:”;ﬁtf'gr%gt'isocr:'":S'”t";‘]tgragxi:m[uzr:v;ﬁj e/ rz]m ’C\(’)\mﬁﬁg for
in two of the "Pr chains and the high thermal factors of the ’

terminal methyl groups, found in the X-ray structure analysis. _conformation i Aj (deg) ¢ (deg)
As an example, the experimentat8 and C-C bond distances twist (Cy) 1,4 Q- (1 + @a)I2
range from 1.748 to 1.911 A and from 1.336 to 1.649 A, 2,3 oi—¢  (p2tga)2
respectively. Finally, it is worth noting that the difference ~ envelope¢y) 1,4 @it (—1)'i<p (91— @a)2
between the observed R$—C(endo) (av 104(2) and Ru- é s g: — (e gpz —¢3)/2
S—.C(exo) (av 115() 'bond angles is well reproduced, even i D) 1-6 #i— (¢  Yiis(—Ligil6
using the same unstrained valde= 110.9) for the Ru-S—C half-chair C;) 1,5 Gi— @ (@1 + @s)I2
angles. In fact, the average calculated values are 106(1) and 2,4 Q=@ (p2+ @a)I2
114(1y, respectively. This mimics the ring strain effects 3 @i _ 0
induced by chelation well. Itis to be emphasized that the force S°fa &) % ‘3‘ @it (:?'fp (2~ ‘/’4);3
field ability to reproduce the observed structural parameters is 5: 6 g: D¢ gpz ¢3)
e_tlso due to the proper we|ght_|ng_of the elect_rostatl_c contribu-  poat (C,,) 1,4 ®— (g1~ @2 + s — @s)l4
tions, obtained through optimization of the dielectric constant 2,5 Qi+ (@1 — @2 + @2 — @s)l4
to an acceptable value. The consistency of the calculated atomic 3,6 @i 0
charges was further shown by the ability of the force field to tWist-boat0z) 1,4 Pi—@ (o1t @a)i2

2,3,5,6 ¢i—¢ (P2 + @3 + @5 + @e)l4

calculate distributions of rotamers in solution, in reasonable

agreement with experimental data, when a distance dependen

dielectric was assuméd. This allows us to be confident in the

calculation of the electrostatic energy contributions, which are

shown to be relevant for the strain energy calculations.
Stereochemistry of RUCLBMSE),. Table 2 shows that for

the cis type complexed| and XIl, containing meso-BMSE

ligands, the minimum energy structure is found for the diaste-

reomer 33-[RuGIS,] A of typell . This same kind of stereomer

is present in the solid-state structurecis-RuCh(BESE) (2), containing oneR,R and one 5,3 ligand. The 22-[RuGlS,]

which contains the enantiomeric pair 33-[Re&;] A and 22- isomers, where all the sulfur stereogenic centers have the same

[RuChSs] A. These are characterized by trans sulfur atoms chirality, Sor R, have an energy 0.5 and 6.5 kcal miohigher.

with the same chirality (Figure 1). All other isomers, of both For trans isomers, the most stable one is again of tyde-

typesll andXIl , have significantly higher strain energiesi4 [RuChLSy], with a strain energy 5.8 kcal mol lower than that

kcal molY). For the trans complexes of typ¢ésandV, the of 13-[RuCbSy].

fowest energy is found for the isomer 13-[Ru&j] of type |
(Figure 1), that is, for the isomer with sulfur atoms of opposite
chirality trans to each other. Analogous stereomers have been
observed in the crystal structures of bttiins RUCL(BMSE),

(1) andtransRuCh(BPSE}) (3).

Using a racemic mixture of BMSE, we found the most stable
cis isomer to be (Table 3) the isomer 32-[Rpf&z] A (typell),
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Table 5. Ring Geometries, wittAC Values and CP Puckering Parameters for the Minimum Energy Diastereomers of(fReSHBMSE),];?
The Most Significant Conformers Are Also Reported

configuration ligand type ring
type index and chirality E geometries AC (deg) QA O (deg) 6 (deg)
I 13-[RuChbSy] (S"S[R,9): —39.8 o twist-Ru 3.0 0.462 263.0
o twist-Ru 3.0 0.462 263.0
—39.7 o twist-Ru 1.2 0.460 267.1
A twist-Ru 5.8 0.477 103.1
12-[RuChbSy] (S"SIR,9): -31.6 o envelope-C 35 0.501 235.7
o twist-Ru 5.9 0.495 257.1
—-31.0 A twist-S 4.5 0.511 132.3
o envelope-C 1.2 0.524 242.0
I 33-[RuChbS)] (S"S[R,9)2A —57.5 o envelope-C 4.9 0.457 285.1
o envelope-C 4.9 0.457 254.8
—56.5 o twist-Ru 5.0 0.470 282.0
A twist-Ru 1.6 0.415 93.1
—53.9 A twist-Ru 3.6 0.404 100.0
A twist-Ru 3.6 0.404 80.0
32-[RuChbSy] (S"S[R,9)2 A —43.3 o envelope-C 1.2 0.525 244.9
A envelope-C 2.9 0.486
—43.0 o twist-Ru 1.1 0.483 271.7
0 envelope-C 2.0 0.522 300.4
—-38.7 A envelope-C 4.6 0.493 125.9
A envelope-S 55 0.664 158.6
—38.4 A envelope-C 2.9 0.457 122.4
o twist-Ru 1.0 0.504 272.8
22-[RUChS] (S"S[R,9)2 A —17.6 A twist-Ru 4.7 0.484 101.0
A twist-Ru 4.8 0.484 78.8
—15.3 A twist-Ru 7.7 0.468 87.2
o twist-Ru 0.5 0.463 268.3
—12.0 o twist-Ru 5.0 0.447 282.3
o twist-Ru 5.0 0.447 257.6
Y, 13-[RuCbS;0;] (S"O[R))2 —29.3 A boat-OC 9.6 0.911 109.5 91.2
A boat-OC 9.5 0.911 109.5 91.2
—28.9 o twist-boat-SS 17.3 0.835 329.0 97.4
o0 twist-boat-SS 17.3 0.835 329.0 97.4
—28.6 0 half-chair-CS 13.9 0.708 28.6 160.0
A boat-OC 6.8 0.914 131.4 94.2
—28.6 0 half-chair-CS 12.6 0.703 30.0 157.0
o0 half-chair-CS 12.6 0.703 30.0 157.0
—28.6 A boat-OC 9.9 0.907 108.8 91.0
o twist-boat-SS 17.4 0.827 330.6 97.8
—28.2 0 boat-OC 20.9 0.798 313.8 102.0
o0 half-chair-CS 14.7 0.710 27.2 162.0
—25.9 A sofa-C 8.2 0.596 168.8 173.0
A boat-OC 10.5 0.915 108.3 91.1
15-[RuCbS;0;) (S"O[R]))(S"O[9) -25.1 A twist-boat-RuC 10.5 0.935 96.4 88.6
A chair 13.4 0.734 204.8 10.0
—24.9 o chair 13.7 0.733 27.0 169.0
A twist-boat-SS 9.6 0.886 157.8 89.2
—24.5 0 boat-OC 19.2 0.818 282.9 105.0
0 twist-boat-RuC 10.1 0.934 276.1 91.1
—23.9 o chair 11.0 0.644 268.6 162.0
o chair 14.5 0.727 28.2 167.0
—23.7 A half-chair-CS 17.7 0.908 215.8 80.7
o chair 13.8 0.733 28.6 168.0
Xl 43-[RuChS;0] (S"O[9))(S"S[S,R) A —-41.8 0 boat-OC 5.8 0.911 296.7 87.3
o twist-Ru 5.0 0.445 258.5
—40.4 0 boat-OC 10.2 0.916 289.5 87.8
A twist-Ru 4.1 0.445 100.0
—40.0 A half-chair-CS 3.9 0.720 215.9 50.6
0 envelope-C 4.7 0.464 255.0
—39.6 A half-chair-CS 6.8 0.693 207.0 38.4
o twist-Ru 5.2 0.463 258.4
—38.3 A half-chair-CS 7.5 0.766 218.3 60.5
A twist-Ru 4.4 0.419 100.6
—38.1 A half-chair-CC 17.8 0.740 139.5 72.3
o twist-Ru 4.9 0.468 259.2
43-[RuChS;0] (S"O[R))(S"S[S,R) A —36.5 0 boat-OC 20.8 0.816 316.6 101.0
o0 twist-S 5.3 0.538 230.8
—34.4 o0 half-chair-CS 11.6 0.683 19.5 152.0
o envelope-C 5.7 0.523 232.5
—34.3 0 boat-OC 17.7 0.818 284.5 104.0

A twist-S 3.5 0.517 132.3
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Table 5 (Continued)

configuration ligand type ring
type index and chirality E geometries AC (deg) QA D (deg) 0 (deg)
—33.0 A boat-OC 31 0.878 124.4 91.8
J envelope-C 5.6 0.543 233.3
—-32.1 o half-chair-CS 15.4 0.685 45 160.0
A envelope-C 5.3 0.483 127.6
—31.3 A sofa-C 4.8 0.624 187.0 54.8
O twist-S 54 0.544 230.7
42-[RuCbS;0] (S"O[9)(S"S[R,9) A —24.3 0 boat-OC 5.7 0.934 308.3 85.7
o envelope-C 3.9 0.475 287.0
—24.0 o boat-OC 9.6 0.921 292.1 87.0
A envelope-C 4.8 0.483 74.8
—22.1 A half-chair-CS 14.9 0.723 225.6 17.7
A envelope-S 4.9 0.649 22.6
—21.6 A half-chair-CS 13.6 0.712 216.2 20.1
0 twist-S 2.6 0.571 223.2
—20.6 A sofa-S 8.4 0.790 225.0 63.9
A twist-Ru 31 0.480 83.4
—18.9 A twist-boat-SS 18.6 0.815 164.0 82.0
A twist-S 2.6 0.555 137.3
42-[RuCbS;0] (S"O[R])(S"S[R,9) A —-12.7 A chair 10.3 0.774 38.7 26.7
o twist-C 3.9 0.684 348.8
—12.6 A chair 10.7 0.775 39.2 27.4
o envelope-S 5.3 0.655 338.1
-11.6 A twist-boat-OC 111 1.03 35.9 85.0
A twist-S 2.7 0.578 135.7
-11.1 A twist-boat-SS 51 0.932 341.9 84.5
A envelope-S 4.1 0.643 24.5
—10.0 A twist-boat-OC 8.0 1.03 333 83.3
J envelope-S 6.4 0.657 340.1
—-9.9 A twist-boat-OC 7.8 1.04 32.9 83.5
o twist-C 3.6 0.676 346.4
—-9.4 0 boat-RuC 17.2 1.01 11.5 72.9
J envelope-S 6.0 0.660 339.4
—8.6 o twist-boat-SS 13.3 0.886 328.1 92.5
o twist-S 34 0.484 311.9
—-8.4 A twist-boat-RuC 1.0 0.958 80.5 84.9
A twist-S 3.2 0.599 139.9

aFor five-membered ringR = g and ® = ¢p.

Careful analysis of Tables 2 and 3 shows that for each type previous case, leading to a geometry with all the oxygen atoms
of diastereomer (Il , V, andXIl ) the strain energy is markedly  directed toward the chlorine ligands. The other four diastere-
changed with the change of the chiral center environment. In omers, which have only two oxygen atoms pointing toward the
fact, the change of chirality of the sulfur atoms implies a chlorine atoms, have similar energies40.0 to —46.5 kcal
different orientation of the negatively charged oxygen atoms mol™1), the smaller energy differences being due to oxygen
and correspondingly of the positively charged methyl groups. oxygen interactions.

This gives a variation of the electrostatic energy contributions, It is interesting to observe (Tables 2 and 3) that the trans
besides to smaller changes in the van der Waals and bendingsomers of typd have lower strain energies than those of type
energy terms. Thus, for complexes of type considering V and that the cis isomers of typke have lower energies than
together meso and rac ligands, the strain energy increases fronthose of typeXIl. This suggests that formation of six-
—41.8 kcal mot?! for 12-[RuCbSs(S"S[R,R)2, where the membered SO rings is unfavored, from the steric point of view,
oxygen atoms are alternatively up and down with respect to with respect to formation of five-membered$rings. There-
the Ru-S, coordination plane, to-31.6 kcal mot? for 12- fore, it seems likely that the S,0-bonding, even if expected from
[RuChS4(S"SIR,9)2, where all the oxygen atoms lie on the an electronic point of view (see Introduction), is not achieved,
same side of the RuS, plane. For the other two diastereomers because of unfavorable thermodynamic (higher strain energies)
at —39.8 and—36.0 kcal mot?, two adjacent oxygen atoms and kinetic (chelate effect) factors.

are up and two are down with respect to the coordination plane. Ring Conformations. Tables 5 and 6 report the ring

In all these cases, the electrostatic interaction with the chlorine conformations for the lowest energy conformers of the diaster-
atoms is essentially constant because all the S atoms are in cigomers given in Tables 2 and 3, respectively, together with the
positions with respect to the CI ligands. On the contrary, for AC and CP puckering parameters. We can see that the
the cis complexes of typke, the electrostatic oxygerchlorine puckering amplitudeQ, for five-membered rings ranges from
interactions appear to be prevalent over the oxygetygen 0.404 to 0.749 A, while for the six-membered rinQsranges
interactions. In fact, we can observe an increase of about 30from 0.569 to 1.04 A.Q values for the five-membered rings
kcal moltin the Ee term, paralleled by the total strain energies, in complexesl—3 are in the range 0.489.548 A, in fairly
going from 33-[RuGIS4](S*S[R,9)2 A, where the sulfur atom  good agreement with the calculated values.

configurations allow an oxygen atom arrangement away from Inspection of Tables 5 and 6 shows that the distinction
the chlorine atoms, to 22-[Rugd;)(S"S[R,9)2 A, in which the between twist and envelope conformations of five-membered
sulfur atom configurations are reversed with respect to the rings is not always easy from the CP pseudorotatidnahgles.
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Table 6. Ring Geometries, wittAC Values and CP Puckering Parameters for the Minimum Energy Diastereomers ob(fRGBIMSE),];?
The Most Significant Conformers Are Also Reported

ligand type
type configuration index and chirality E ring geometries AC (deg) QA D (deg) 6 (deg)
I 12-[RuChbSy] (S"S[R])2 —-41.8 o twist-Ru 0.0 0.493 269.9
o twist-Ru 0.0 0.490 270.0
—40.9 o0 twist-Ru 0.0 0.493 269.9
A twist-Ru 0.0 0.432 90.0
—40.1 A twist-Ru 0.0 0.430 90.0
A twist-Ru 0.0 0.430 90.0
13-[RuChSy] (S"S[R))(S"S[9) —36.0 o twist-S 2.8 0.578 221.9
A twist-S 2.8 0.578 138.0
—35.3 A twist-S 3.2 0.525 135.7
A twist-S 2.9 0.581 1375
—34.6 A twist-S 3.7 0.552 142.3
o twist-S 3.7 0.552 217.6
Il 32-[RuChLSy] (S"SIR)(S'S[9) A —46.5 A envelope-C 5.4 0.566 53.0
A envelope-S 4.3 0.624 28.0
—43.3 o envelope-S 5.6 0.664 200.8
A envelope-S 5.2 0.667 21.8
—42.0 o envelope-C 1.1 0.437 2445
0 envelope-C 3.0 0.515 290.8
22-[RuChbSy] (S"S[g).A —46.0 A envelope-C 2.9 0.465 110.1
A envelope-S 3.4 0.552 28.0
—45.3 f envelope-Ru 4.2 0.524 185.6
f envelope-Ru 4.2 0.524 354.4
22-[RuChSy] (S"S[R,9)2A —40.0 A twist-C 4.4 0.734 9.9
A twist-C 4.4 0.734 170.0
—39.9 o0 envelope-C 13 0.540 295.3
0 envelope-C 1.3 0.540 244.7
—34.9 A twist-C 5.8 0.701 16.6
o twist-S 25 0.609 318.0
\Y, 13-[RuChLS;07] (S"O[R,9). -32.9 0 boat-OC 31 0.932 302.6 89.2
0 boat-OC 31 0.932 302.6 89.2
-32.1 A chair 13.7 0.730 235.3 11.8
0 boat-OC 3.8 0.936 305.5 88.7
—30.4 A half-chair-CS 111 0.700 2195 27.4
A half-chair-CS 111 0.700 2195 27.4
—28.5 0 boat-OC 3.6 0.928 3045 89.3
A twist-boat-SS 17.9 0.801 148.6 81.3
—28.2 A twist-boat-SS 18.0 0.802 149.2 81.2
0 boat-OC 4.1 0.928 305.8 89.1
14-[RuChtS;0;) (S"O[R,9)(S"O[S,R) —-31.3 0 boat-OC 10.3 0.951 288.1 90.9
o0 chair 10.7 0.757 91.1 173.0
—27.9 A twist-boat-RuC 12.3 0.974 99.0 87.8
0 boat-OC 12.0 0.952 319.8 85.0
—27.6 A chair 10.9 0.759 271.9 6.8
o chair 10.9 0.758 91.3 173.0
—26.8 o0 chair 9.7 0.773 117.0 173.0
A twist-boat-SS 15.7 0.820 151.5 83.5
—25.9 0 half-chair-CC 4.0 0.636 320.3 133.0
o chair 10.1 0.774 114.0 172.0
Xl 32-[RuChS:0] (S*O[S,R)(S"S[R]) A —35.5 A boat-OC 13.6 0.953 103.0 87.7
A twist-C 6.8 0.674 160.8
—35.2 0 twist-boat-SS 135 0.854 330.2 93.7
o twist-Ru 1.8 0.491 273.8
—-32.5 o0 twist-boat-SS 11.6 0.861 332.2 92.1
A envelope-S 4.4 0.647 156.3
—-32.3 o half-chair-CS 8.4 0.702 15.8 123.0
o twist-Ru 2.7 0.494 264.4
—-315 A chair 14.2 0.652 109.3 20.0
A twist-C 5.3 0.679 162.9
—-31.3 A chair 13.7 0.641 113.8 18.7
o envelope-C 2.5 0.532 300.2
-31.0 0 half-chair-CS 45 0.694 30.7 136.0
A twist-S 45 0.506 130.6
32-[RuChS:0] (S"O[S,R)(S"S[9) A —35.3 0 half-chair-CS 12.2 0.692 425 154.0
A envelope-C 2.9 0.447 71.0
—33.0 A boat-OC 34 0.907 121.6 89.9
A envelope-S 5.2 0.561 33.0
-32.2 0 boat-OC 15.0 0.755 306.2 101.0
A twist-Ru 5.5 0.456 77.5
-31.0 A boat-OC 3.4 0.903 122.0 89.9
0 envelope-C 1.0 0.475 245.0
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configuration ligand type ring
type index and chirality E geometries AC (deg) QA D (deg) 6 (deg)
—30.0 o twist-boat-SS 18.8 0.806 323.6 98.8
o twist-Ru 0.5 0.414 268.5
32-[RuChS:0] (S"O[R,9)(S"S[9) A —34.2 A chair 8.9 0.813 326.8 9.7
A twist-S 4.4 0.543 49.5
—30.0 A chair 8.7 0.822 331.0 10.2
o envelope-S 5.4 0.658 2015
—29.0 0 boat-OC 3.6 0.953 305.3 87.5
A twist-Ru 0.1 0.457 90.2
32-[RuChS:0] (S"O[R,9)(S"S[R])) A —29.0 A chair 8.7 0.832 337.0 11.8
A twist-C 6.0 0.749 171.9
—235 A chair 8.1 0.861 348.1 15.1
o twist-S 4.9 0.606 323.0

aFor five-membered ringR = g and® = ¢,.

So, for example, thé value of 263.0 for isomer 13-[RuCGiSy]
(1) at —39.8 kcal mof! in Table 5, is nearly intermediate
between the value of 282expected for an envelope conforma-
tion, and 270, expected for a twist conformatidi. On the

toward the 2-fold axis or is pushed away from it, giving rise to
“folded” (f) or “unfolded” (u) arrangements of the chelate rings.

It is worth noting that the trans complexes and 3,
13-[RUCLS,J(S"S[R,9) (1), display a twist-Ru conformation

contrary, theAC value of 3.0 shows a good agreement between for both the five-membered rings, with mixed-4 helicities
observed and ideal torsion angles for the twist geometry (the in 1 and 6—¢ helicities in3. For the two rings of the two

bestAC value calculated for an envelope conformation i$8.2
On the other hand, in the case of the conforme+a1.6 kcal
mol~1, the ® value is 235.7, very close to the value of 234

crystallographically independent moleculeslpAC = 1.8 (1),
0.5 (6) and AC = 0.8 (), 0.5 (1) for molecules 1 and 2,
respectively. For the symmetry equivalent rings3pfAC =

correct for a twist conformation, but the torsion angle symmetry 3.4° (6), 3.4 (0). This is in agreement with the calculated
clearly indicates an envelope conformation, because of theminimum energy structures, which also show that these

markedly lowerAC value (3.5 vs 8.4°).

The agreement between conformations deduced fboamd
AC values is much better for six-membered rings R@$ On
the other hand) values do not always give the best description
of the ring conformation. For example, the conformera6.9
kcal mol?! of isomer 13-[RuCGIS;0;] (V) in Table 5 has &
value of 173.0, which would indicate a chair conformatio@ (
= 0 or 180). This is not consistent with the marked departure
from the ideal chair conformation, as shown by th€ value
of 25.3, while the reported sofa-C conformation giva€ =
8.2°. This is not surprising sincé values have been deduced
for regular polygons and sma values!’

conformers have practically identical strain energi®g & 0.1
kcal molt, Table 5). The crystal structure of the cis complex
2, containing the meso BESE ligand, is constituted from the
racemic mixture of 33-[RuGSj] (S"S[R,9): A and 22-
[RuChLSs] (S"S[S,R)2 A (1), each with a pair of crystallo-
graphically independent molecules<2 A; 1-2 A). In
molecule 1A, the chelate rings have both A& twist-Ru
conformation AC = 1.8 and 2.8), while in molecule 2A, one
has a4 envelope-C AC = 6.0°) and the other & twist-Ru
(AC = 0.7°) conformation. On the other hand, the calculated
minimum energy structure for the meso BMSE complex 33-
[RuCLSy] (S"S[R,9)2 A has a pair ofd envelope-C rings.

In the case of twist and envelope-C conformations of chelate Higher energy conformers have only twist-Ru conformations

five-membered rings) and4 descriptors are used to describe
the ring helicity’> The same definition can also be used for

six-membered chelate rings, when the two donor atoms are not

identicall? However, if we assume, as suggested by IUPAC,

that the two skew lines are given by the line joining the donor

atoms and the line joining the two ring atoms which are

(Table 5). This suggests that side groups, as well as packing,
can affect the ring conformations.
Conclusions

The results of the present MM analysis show the transfer-
ability of the force field previously obtained for Ru-monosul-

neighbors to each of the ligating atoms, the definition fails for foxide complexe® to Ru-disulfoxide chelates, finding good
all the geometries where the torsion angles are related by aagreement between observed and calculated structural param-

mirror plane perpendicular to the “bite” axiseg, chair, sofa-

eters. Moreover, the experimental molecular structures of

Ru, and boat-Ru conformations) since the two lines are parallel. complexesd—3 correspond to the calculated lowest strain energy
On the contrary, if we take as the second line, the bond involving diastereocisomers.

the donor atom of highest priority (€C, in our case, C being

MM results show that for each type of diastereomerl(,

linked to S), we avoid most of the singularities (see Tables 5 V, and XIl') the strain energy is markedly changed with the

and 6).
conformation with the metal as a flag atom, sofa-Rug(
conformers at-25.9 kcal mot?! (V) and at—31.3 kcal mot?

The only undefined geometry remains the sofa change of the chiral center environment, essentially because of

the increase in the electrostatic energy terms. In fact, the change
of chirality of the sulfur atoms means a different orientation of

(XII') in Table 5), as well as the envelope-Ru conformation, in the negatively charged oxygen atoms and correspondingly of

the case of five-membered rings.¢, conformer at-45.3 kcal

mol~1 (I1). In these cases, reference to an external axis must

be considered, as proposed for tris-chelate complem the
case of bis-chelate complexes, like R(BMSE), this direction

the positively charged methyl groups.

The comparison between the examined trans isoinarsl
V, and the cis isomei$ andXll , shows that the passage from
S,S to S,0 bonding, that is, from five- to six-membered rings,

is given by the 2-fold axis passing through the chlorine atoms implies a significant increase of the strain energies.

in the trans isomers, or between the chlorine atoms and the metal

Finally, it is interesting to observe that the lowest energy

atom in the cis isomers. The plane of the ring is either bent isomer of typel, has a strain energy 17.7 kcal mblhigher
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than that of typdl , in the case of meso ligands. The difference isomers. In any case, only S-bonding is found in the five
is reduced to 3.7 kcal mol in the case of a rac mixture. complexes quoted in the Introduction, consistent with the MM
Therefore, it might be expected that the trans isomers werefindings that formation of five-membered chelate rings is
thermodynamically unstable both for electronia, A trans sterically favored with respect to that of larger rings.
influence) and steric factors and should isomerize to the cis
forms. Unfortunately, no stereochemical investigations in
solution have yet been carried out, and only few structural
characterizations have been so far reported for disulfoxide
ruthenium complexe$so that no experimental information is
available about the thermodynamic stability of the various 1C980031J
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