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Ligand reactivity was demonstrated for sulfide alkylation, thiolate dealkylation, and dithiophosphate de-esterification
within molybdenum(V) dimers. The cationic complex [MNCgHsMe)x(SP(OEL))(u-O.CMe)u-SRy] T was
inductively activated toward thiolate-€S and dithiophosphate-€0 heterolyses. The dealkylations were studied
using anionic nucleophiles, and various reactivity patterns were characterized. The de-esterification of the diethyl
dithiophosphate ligands produced complexes containing the rare monoester Et&(0ig®d. This ligand’s
phosphoryl group was poorly nucleophilic but weakly basic. Crystallographic comparisons between the activated
cation and the neutral complex [MdICsHaMe)x(S,P(OEL))2(u-O.CMe)(u-S)(u-SMe)] were conducted to delineate
structural differences related to the activation. A crystallographic study was also done of the compl@&idiia-
CHa)2(S:P(OEL))(S:P(0)OEt)(-O.CMe) (u-SEt)], which provided internal comparison of monoester EtO(GJPS

and diester (EtQPS ligand types.

Introduction condensed oligomers. Nevertheless, thiophosphate and dithio-
phosphate compounds are very widespread in their many
applications. The interest in the thio derivatives has also
extended to biological P9~ esters, since sulfur analogues of
the natural phosphoesters have been under study in biochemical
heand biomedical arends?® In tribology, metallocomplexes of
dithiophosphate diesters have been employed for many years
as lubrication components in many applications including
automobile engine%;° the breakdown of these compounds

are a critically important type. These reactions are the primary 4uring service is an aspect of critical concern. Organic thio/
function for many transition metal catalysts including enzymes. dithiophosphate compounds are also of widespread importance
The catalytic effect is obtained from electronic and/or steric 2gdriculturally and environmentally due to their massive use as
activation of the relevant bonds as a result of coordination of Pesticides:*?Their degradation modes are of obvious signifi-
the ligand to the metal center. Studies of the manner by which cance to their pesticidal qualities and to their residual fate, and
this activation is accomplished will help to understand these the environmental ubiquity of metal elements stands to con-
important processes. tribute in some way?

The present work involves heterolytic<S and C-O
cleavage within thiolate ligands and dithiophosphate ester (4) okruszek, A.; Olesiak, M.; Krajewska, D.; Stec, WJJOrg. Chem.
ligands, respectively. These types of ligand reactions are of - 159976 62, 2269-2272. Caruth Chem. Sod9

; ; ; ; 5) Seeberger, P. H.; Yau, E.; Caruthers, MJHAm. Chem. S0d.995
ConSIC.jerable impact for a. broad SpQCtrum of .Inorganlc and 117, 1472-1478. Seeberger, P. H.; Jorgensen, P. N.; Bankaitis-Davis,
organic areas encompassing such dlve_rse topics as hydrode- D. M.; Beaton, G.; Caruthers, M. H. Am. Chem. Sod.996 118,
sulfurization, biochemistry, tribology, environmental chemistry, 9562-9566.
and agricultural chemistry. The hydrodesulfurization interest E% g/_'a”'”’ SS- E WagnF;a”\'(A- Sl. O{\Q-ghgmlB?% 58'68%7_589% S

: f A . : . lang, o.; Frazier, K.; Yyamaguchni, . S.; blanco, .; basgupta, S.;
stems from its massive importance in fossil fuel processing and Zhou, Y. Cagin, T.; Tang, Y.: Goddard, W. A., 10. Phys. Chem. B
the need therein to catalytically cleave-S bonds of organo- 1997, 101, 7702-7709. Jiang, S.; Dasgupta, S.; Blanco, M.; Frazier,
sulfur component$:3 Phosphate ester cleavage is an area of ?é;g\éaﬂ)aggg%gl%éang, Y.; Goddard, W. A., UL.Phys. Chem.
tremendqus interest !n general, and® and. C_O. scissions (8) Willermet, P. A.; Dailey, D. P.; Carter, R. O., lll; Schmitz, P. J.; Zhu,
are possible depending on the system. Biological aspects of " . Tribol. Int. 1995 28, 177-187.
phosphoester cleavage are especially important, although these(9) Mortier, R. M.; Orszulik, S. T., EdsChemistry and Technology of

derivatives are primarily esters of orthophosphate and its ~ Lupficants Blackie and Son: Glasgow (VCH Publishers: New York),
(20) Colclbugh, T.Ind. Eng. Chem. Red987 26, 1888-1895.

The reactivity of ligands within metallocomplexes is an area
of fundamental importance to many areas of chemistry. The
notion of ligand reactivity refers to changes in the chemical
identity of a ligand and not merely to ligand migration or
dissociation, although these processes can occur with tl
chemical transformation. Virtually by definition, most metal-
catalyzed processes are ligand reactions.

Among the various kinds of ligand reactions, bond scissions

(1) Whitehurst, D. D.; Isoda, T.; Mochida,Adv. Catal. 1998 42, 345— (11) Eto, M. Organophosphorus Pesticides: Organic and Biological
471. Chemistry CRC Press: Cleveland, 1974.

(2) Startsev, A. NCatal. Re.—Sci. Eng.1995 37, 353-423. (12) Toy, A. D. F.; Walsh, E. NPhosphorus Chemistry incEryday Lving;

(3) Chianelli, R. R.; Daage, M.; Ledoux, M.Adv. Catal.1994 40, 177— American Chemical Society: Washington, DC, 1987.
232. (13) Hong, F.; Pehkonen, 8. Agric. Food Chem1998 46, 1192-1199.
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The specific system of study in the present work is a series paper combines studies of both chemical reactivity and crystal-
of dimolybdenum(V) complexes. The starting point in the series lographic structures to investigate the nature of these ligand
is the anionic imide-dithiophosphate carboxylate-sulfido— activations.
molybdenum(V) dimer [Me(NAr) 2(S,P(OEt})(u-O.CMe) (u- In addition to the potential contribution to general aspects of
S)]™, 1 (Ar = p-tolyl). As reported;**5this complex is potently  ligand reactivity and to the applications cited above, the
nucleophilic toward a variety of substrates; alkyl halides give dithiophosphate dealkylation produced complexes with the
facile S-alkylation at one bridge site to produce neugethi- monoethyl dithiophosphate ligand, EtO(OYPS This provided
olate-u-sulfide complexes [MgNAr) o(S,P(OEt}),(u-O.CMe)- an additional interest from a more basic viewpoint: although a
(u-SR)-S)], 2. Subsequent studies showed that the remaining plethora of metallocomplexes with monoanionic, diester dithio-

—

EtO,
PSsMoSSMo 5P|
Et0’ [N

o\c -

Me

sulfide bridge site iR was incompletely passivated and there
remained some electron density for further reaction. This was
made evident by the sulfide’s ability to act as a charge transfer —
donor to elemental halog&nand by the sulfide’s vulnerability

to oxygenation to give-SO and photosensitive SO, dimerst”
These results prompted an investigation into the nucleophilicity
of the bridge sulfide ir2 toward alkyl halides, leading to the
present work. The expected histhiolate cationic complexes
[Mo2(NAr) 2(S:P(OEtY)(4-O.CMe) (-SR] T, 3, were indeed

Il i OEt

OEt

phosphate ligands, (RS, have been known for many
years!8-20 complexes with dianionic, monoester ligands,
RO(O)P$%, are very few in numbet®21in fact, the monoester
dithiophosphate functionality remains a relative rarity in general.
Despite the extensive development of a multitude of diester
dithiophosphoric acids, (R@SH, which ultimately trace to

the 1800s222 the monoester diacids ROPg®% are elusive
(“nonexistent™d) although these have been proposed in some
reactiong* Simple salts have been reported recently for
nucleoside monoesters; these are stable at low temperature (dry)
but subject to hydrolysis (pH-dependent) in solut{énThe
stabilization of the monoester dithiophosphate group as a ligand
provides an opportunity for study, again combining chemical
reactivity and structural aspects.

Experimental Section

Reactions and manipulations were conducted open to air
except as noted. [MONTO0)x(S;P(OEt))»(0.CMe)S(SR)] .2, R
= Et?5 and Bz!® were prepared as previously reported; 2or
R = Me, the synthesis followed the prior metiddut used
Mel instead of MeBr. Where indicated, dry @El, and acetone
were simply syringed from settled slurries of solvent and drying
agent (CaGl and MgSQ, respectively). ByP™ CI~ was used
as a solution (0.45 M) in dry acetone prepared in a glovebag
under N. PPN Br~ and PPN |~ were synthesized by reported
method<8 Other solvents and reagents were used as received.
31p{1H} and!H NMR spectra were obtained on a Varian XL-
300 spectrometer (later modified with an Inova300 console) at
121 and 300 MHz, or a Bruker AMX-500 spectrometer at 202
and 500 MHz; results are reported as downfield shifts from
external 85% HPOy and internal MgSi. The solvent was CDgl
unless otherwise specified. In the NMR characterization data
listed below, values for minor sulfur invertomers are given in
parentheses in the cases where these could be separately
distinguished. Infrared data were obtained using a Mattson
Galaxy Series FTIR 5000 spectrometer by diffuse reflectance
on KBr powder mixtures. Galbraith Laboratories, Inc. (Knox-
ville, TN), performed the elemental analyses.
[Mo2(NT0)2(S:P(OEt),)2(0.,CMe)(SMe)]t CF3S0O;s7, 3 (R
Me) CF3SO;~. In a glovebag under N CRSO:Me (12.5
uL, 0.11 mmol) was added to an orange slurry of P{dT0)2-

(18) Haiduc, I.; Sowerby, D. B.; Lu, S.-RRolyhedron1995 14, 3389—
3472.

(19) Mehrotra, R. C.; Srivastava, G.; Chauhan, B. C&rd. Chem. Re
1984 55, 207—259.

(20) Wasson, J. R.; Woltermann, G. M.; Stoklosa, Hrdrtschr. Chem.
Forsch.1973 35, 65-129.

obtained but with a very curious complication: these products (1) Haiduc, I.: Sowerby, D. BPolyhedron1995 15, 2469-2521.
demonstrated an activation toward heterolyses of a bridge (22) Chadwick, D. H.; Watt, R. S. IRhosphorus and its Compoundsn

thiolate C-S bond and a dithiophosphoester-Q bond. This

(14) Lizano, A. C.; Noble, M. Elnorg. Chem.1988 27, 747—749.
(15) Noble, M. E.Inorg. Chem.1986 25, 3311-3317.

(16) Lee, J. Q.; Sampson, M. L.; Richardson, J. F.; Noble, Minkrg.

Chem.1995 34, 5055-5064.

(17) Wang, R.; Mashuta, M. S.; Richardson, J. F.; Noble, Mirérg.

Chem.1996 35, 3022-3030.

Wazer, J. R., Ed.; Interscience Publishers: New York, 1961; Vol. 2,
pp 1221-1279.

(23) Ailman, D. E.; Magee, R. Drganic Phosphorus Compoundihn
Wiley and Sons: New York, 1976; Vol. 7, pp 48805.

(24) Fridland, S. V.; Shaikhiev, I. G.; Mukhutdinov, A. A.; IlI'yasov, A.
V.; Musin, R. Z.J. Gen. Chem. USSF991, 61, 575-578.

(25) Noble, M. E.Inorg. Chem.1987, 26, 877—882.

(26) Martinsen, A.; Songstad, Acta Chem. Scand. A977 31, 645—
650.
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(S.P(OEt)),(0,CMe)S(SMe)],2 (R = Me; 0.0913 g, 0.100  Table 1. Crystallographic Data

mmol) in 1.0 mL of dry E4O. The stoppered flask was removed 2 3CR:SOy 4
from the glovebag, and the mixture was stirred for 10 min to

. ’ - - formula M@,CpsH Mo,Co7Has M02C26H42N206-
give a yellow slurry. This was opened to air, and 2 mL ofCEt NZOG;;’S:O' N2C2)9F2>287€3 PzSz-OZ.GS??ZCSCi
was added. The slurry was filtered, and the solid was rinsed sy 910.8 1074.9 1024.8
(Et,0) and dried to give a yellow powder (0.0981 g, 919 cryst syst triclinic orthorhombic  monoclinic

NMR (ppm): (110.5), 109.4*H NMR (ppm): (6.78 d), (6.70 Spgce group  P1(No.2)  Phca(No.61) P2i/c(No. 14)

d), 6.66 d, 6.46 d, To-H; 424.0 m, POCH; (3.52's), 2.67s, & 11.006(2)  26.051(7) 14.925(3)
. . ) b, A 14.159(4) 21.049(8) 15.487(3)
(2.54s), SCh (2.18 s), 2.16 s, To-Ck11.54 s, QCCHg; 1.39 c A 14547(4) 16.107(5) 20.404(4)
t, 1.23t, (1.21 t), POCCH Invertomer ratio: 3.1. o, deg 105.83(2)
[MOz(NTO)z(SQP(OEt)z)z(OzC|\/|e)(SEt)2]+ CF3sS0;7, 3 (R f, deg 105.69(2) 108.73(2)
= Et) CF3SOs™. In a glovebag under )\ CR:SOsEt (73 uL, 7, deg 107.76(2)
0.56 mmol) was added to a slurry of [MOIT0)2(SP(OEt)).- A %916(1) 5832(4) 44466(1)
of dry CH,Cl; and 2.5 mL of dry EfO. The stoppered flask T,°C 23(1) 23(1) 23(1)
was removed from the glovebag, and the mixture was stirred 4, A 0.710 69 0.710 69 0.710 69
for 2.5 h. This was opened to air, and 2.5 mL of@Etwas fé(acamd), glcr é-g;g (1)-8%1 (1)-831;1
added. The slurry was filtered; the product was rinsedlEt R, 0,043 0.052 0.058

and dried to give a yellow powder (0.5108 g, 93%). Anal. Calcd

for Mo,CogH47F3N-OgP2S7: C, 31.6; H, 4.3; N, 2.5. Found: C, aR = J|IFo| — [Fdll/X|Fql. PRy = [>w(|Fol — |Fc|)2/zW|Fo|2]l/2-

31.0; H, 4.3; N, 2.131P NMR (ppm): 110.2, (109.6}H NMR

(ppm): 6.75 d, 6.71 d, (6.68 d), (6.61 d), To-H; 420 m,  (SEtp]" CRSO;7, 3 (R = Et; 0.2205 g, 0.200 mmol), in dry

POCH; 3.74 q, (2.79 q), 2.64 q, SGH(2.19 s), 2.16 s, To-  acetone (0.10 mL) was treated with B Cl~/acetone (1.3 mL,

CHs; 2.041, (1.91 1), 1.90 t, SCGH(1.52 s), 1.41 s, GCCHg; 0.45 M, 0.58 mmol) in a glovebag under,NThe stoppered

1.40t,1.381, 1.25t, 1.22 t, POCGHnvertomer ratio: 0.95. flask was removed from the glovebag, and the solution was
[Mo 2(NT0)2(S:P(OEt),)(S:P(O)OE)(0.CMe)(SEt),], 4 (R stirred for 32 h. Then exposed to air, the resulting yellow-orange

= Et). A solution of [Moy(NT0)x(S:P(OEt})-(0,CMe)S(SEt)], slurry was filtered and the sphd was washed (acetone/petroleum

2 (R = Et; 0.200 g, 0.216 mmol), and Etl (0.19 mL, 2.4 mmol) ether, 2:1 then 1:_1) and dried to give a yellow product (0.0706

in CHCl; (3.5 mL) was stirred at 50C for 4 h. The solution - 31%) of a single phosphoryl isomer. Anal. Caled for

was then rotavapped. The golden residue was extracted thricéV102CadH73N206PsSe: C, 41.6; H, 6.4; N, 2.4. Found: C, 41.0;

with a solution of EfO/hexanes (2:1, 22 mL). The residue was H: 6:6; N, 2.3.51P NMR (ppm): (80.2), 80.0, EtO(O)P; 33.5,

then dissolved in a small volume dért-amyl alcohol and ~ BWsP". *H NMR (ppm): 6.55 d, (6.46 d), 6.41 d, To-H; 3.70

chromatographed on alumina usitegt-amyl alcohol as eluent. 49, POCH; (3.58 q), 2.71 q, (2.60 q), SGH2.33 m, PCH,

The middle of the first band was collected and rotavapped. The (2-08 S), 2.04 s, To-Ci(1.96 1), 1.81t, SCCh} 1.52 m, PCCH

oily residue was extracted with B/hexanes (2:1, 5 mL) to T PCCCH; 1.37s, (1.29 s), gLCH,; 0.96 t, PCCCCHt 0.91

give a solid, which was filtered off, washed (hexanes), and dried. . POCCH. Invertomer ratio: 2.7. _ _

The isolated product was a yellow solid (0.0481 g, 24%) Reactions of R§Moz}S with RX. A typical reaction

containing4 (R = Et) as a single phosphoryl isomer and as a €MPloyed 25umol of R§ Mo} S 2 and 50Qumol of RXin 1.0

1:1 solvate witttert-amyl alcohol. Anal. Calcd for MeCogHaz- mL of CI?CIg. Reactions were monitored by NMR spectroscopy.

N2OgPsSs'CsH110H: C, 36.8; H, 5.4; N, 2.8. Found: C, 36.7;  Reactions of Et§Moz} SEt" or RS{Moz} S with Nucleo-

H, 5.5; N, 3.031P NMR (ppm): (112.5), 112.3, (EteB; (77.2), philes. A typical reaction employed 16mol of Et§ Mo} SEt*

76.7, EtO(O)P*H NMR (ppm): 6.65 d, 6.58 d, 6.53d, 6.46d, CFSCOs~ (3 CRSQy7) or 16 umol of Et Moa}S 2 with 48

To-H; 4.15 dg, 4.03 dg, P(OGh; 3.84 dg, PO(OCH); (3.64 ymol of PPN" X~ in 1.6 mL of d6-acetone'. Fgr thq reaction

dq), (3.51 dq), 2.89 dg, (2.75 dq), 2.65 dq, (2.56 dg), SCH Using (EtO)PS, excess salt was pr_epared in situ us_lng_tﬁﬁ)l

(217 s), 2.13 s, 2.07 s, To-GH1.96 1), 1.85 t, SCCH 1.51 of (EtOpPSH + 60 umol of EtN in ds-acetone, diluting to

g, 1.20 s, 0.92 tiert-amyl alcohol; 1.42 s, @CHg; 1.35t, 2.0 mL. Then 16umol of EtYMog}SE' CRSO;~ was

1.21 t, P(OCCH),; 1.05 t, PO(OCCH). Invertomer ratio: 3. dissolved in 1.6 mL of this solution. All reactions were

[Mo 5(NT0)2(S:P(OE)5)(S;P(O)OE)(0,CMe)(SBzY], 4 (R monitored by NMR spectroscopy.

_ ) Reactions of Et§Mo,(PO),} SEt™ with Electrophiles. The
= Bz). A solution of [Mox(NT0)x(S;P(OEt})(0.CMe)S(SBz)], A i .
2 (R = Bz; 0.200 g, 0.203 mmol), and BzBr (0.12 mL, 1.0 reaction of ByP™ Et Mo, (PO)} SEt (BusP™ 5; 16 umol) with

. . CR;SOsMe (16 umol) was conducted in CDg[1.0 mL). The
mmol) in CHCE (3.0 mL) was stirred at 50C for 4.5 h. The . .
procedure hereafter followed that for-REt above. The product incremental reaction of B* Et Mop(POR} SEL (17.3umol)

. o . with HBF4-Et;0O (85%) was conducted in CD£{0.86 mL),
ivfls 5a @Itlg\;vpsc;lédl(OE(zéz(g)gp Sﬁh@PNTAhéZézgwam(iﬁgvs gd followed by neutralization using 2,6-lutidine. All reactions were
several minor components which were indistinguishable as sulfur monitored by NMR speciroscopy. . .
invertomers of the dominant phosphoryl isomer or as a minor Crystallography. Crystal data and experimental details are

. ) - . shown in Table 1. Data were collected on an Enraf-Nonius
2?; Z?\?eor?llusl\? m;r’(;;g)-t h7e ?5? rglr;agtzp:h?s;lpf (r)r:yIBlj?l—T %r gg @ CAD4 automated diffractometer with Mod<radiation (graphite

m g monochromator), using the—26 scan technique. Computations
2 124217 g%df 326C363d8(-5r ?j qu402((6)32,“{2020(12) PZ(((?E: utilized the teXsan software packagéébsorption corrections

2025 ToCH 154 5 GCCri 142 L 124 1 POCCH: 210 ent nd posraton conectons were applec n eaeh
1.07 t, PO(OCCH). Invertomer ratio: ~15. ) 9 P

BusP* [M0o2(NT0)2(S;P(O)OEt),(0.CMe)(SEt)] ~ BusP, (27) teXsan: Crystal Structure Analysis Packaddolecular Structure
5 (R = Et). A solution of [Moy(NT0)2(S;P(OEt})(O.CMe)- Corp.: the Woodlands, TX, 1985, 1992.
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from ref 28. Structures were solved by Patterson methods andTable 2. Selected Bond Lengths and Distances (A)
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expanded using Fourier techniques. Hydrogen atoms were

calculated and included as fixed contributions, but these were
not further refined. Each structure was refined by full-matrix,
least-squares methods minimizigv(|Fo| — |Fc|)2, wherew

= [0%(F)]~L. Each structure contained some disorder within the
dithiophosphate ethoxy groups, which has been common within
related dimolybdenum complex&s!7.29 Although this was
unfortunate in this work due to the interest in the dithiophosphate
ligands themselves, the disorders limited but did not eliminate
useful results to the extent discussed herein.

For 2 (R = Me), a red plate crystal from ¢Elg/MeOH was
used for data collection. Three representative reflections mea-
sured at 60 min intervals remained constant, and no decay
corrections were applied. All four ethoxy groups of the
dithiophosphate ligands had high thermal motions indicating
possible disorder; a suitable model of the disorder could not be
refined, and a single set of ethoxy groups was utilized.

For3 (R = Me) CRSG;™, an orange block crystal from GH
Cly/Et,0 was used. Three representative reflections measured
every 60 min varied 2.6% over the course of data collection,
and a linear correction was applied. Several carbon atoms of
the dithiophosphate ligands were disordered: C(17) was mod-
eled as two half-occupancy atoms; C(28)(24) was modeled
as two ethyl groups in a 2:1 ratio. The §¥0;~ anion was
rotationally and positionally disordered; this was modeled as a
single carbon with threesfgroups and two sulfur positions with
oxygen complements.

For4 (R = Et), an orange-yellow block crystal from CDLI

EtOH was used. Three representative reflections measured every

60 min decreased 1.8% during data collection, and a linear
correction was applied. A secondary extinction correction was
also applied. The compound was a solvate with 0.83 GDCI
The chlorines of the CDGWwere disordered and were modeled
as three sets of 33%, 33%, and 17% occupancies; the D atom
was not included in the structure. Two ethoxy and one ethyl
portion of the dithiophosphate ligands were also disordered and
were modeled as follows: O(3)C(17)>-C(18) was modeled
as two half-occupancy groups; O (19)—C(20) was modeled
as two groups in a 2:1 ratio; and C(24¢(22) was modeled as
two groups in a 3:1 ratio.

Selected results are listed in Tables 2 and 3, while the
structures are shown in Figures-3.

Results

For simplicity, abbreviations are used as follows. The
abbreviations for organic groups are footnotédhe bracket
abbreviation{Mo3} denotes the bis(tolylimide)bis(diethyl
dithiophosphato) u-acetate-dimolybdenum portion,{ Mo,-
(NT0)2(SP(OELt}),(4-O,CMe)} 3*. The bracket portion omits
the bridge sulfides and thiolates; these groups are identified as
a prefix and suffix to thg Moy} term. In this manner the dimer
anionl with two bridge sulfides is indicated ag o5} S~; the
u-thiolate—u-sulfide complexeg are indicated as R$10} S;
and the bisz-thiolate cations3 are indicated as R$10,} SR*.

aDisordered.

2 3 4
Mo(1)—Mo(2) 2.8347(5) 2.878(1) 2.8948(9)
Mo(1)—-S(1) 2.431(1) 2.439(2) 2.437(2)
Mo(1)—-S(2) 2.354(1) 2.438(2) 2.434(2)
Mo(1)—-S(3) 2.525(1) 2.489(3) 2.510(2)
Mo(1)—-S(4) 2.552(1) 2.498(3) 2.516(2)
Mo(1)—0(1) 2.192(3) 2.164(5) 2.155(4)
Mo(1)—N(1) 1.731(3) 1.724(6) 1.718(5)
Mo(2)—S(1) 2.439(1) 2.424(2) 2.442(2)
Mo(2)—S(2) 2.356(1) 2.432(2) 2.437(2)
Mo(2)—-S(5) 2.514(1) 2.491(3) 2.464(2)
Mo(2)—S(6) 2.560(1) 2.501(3) 2.465(2)
Mo(2)—0(2) 2.204(3) 2.157(6) 2.186(2)
Mo(2)—N(2) 1.730(3) 1.721(7) 1.733(5)
S(1)y--S(2) 3.860(2) 3.921(4) 3.920(3)
S(1)-C(25) 1.825(4) 1.814(9) 1.829(7)
S(2)-C(26) 1.832(9) 1.813(7)
S(3)-P(2) 2.001(2) 1.999(4) 1.988(3)
S(4)y-P(2) 1.974(2) 1.994(4) 2.005(3)
S(5)-P(2) 1.982(2) 1.997(4) 2.040(3)
S(6)-P(2) 1.987(2) 1.995(4) 2.041(3)
0O(1)-C(15) 1.254(5) 1.26(1) 1.258(7)
0O(2)—-C(15) 1.260(5) 1.26(1) 1.252(7)
N(1)—C(1) 1.372(4) 1.382(9) 1.391(7)
N(2)—-C(8) 1.374(5) 1.41(1) 1.380(7)
P(1-0(@3) a 1.560(6) a
P(1)-0(4) a 1.556(6) a
P(2-0(5) a 1.562(6) 1.603(5)
P(2)-0(6) a 1.572(7) 1.472(5)
aDisordered.
Table 3. Selected Bond Angles (deg)
2 3 4
S(1)-Mo(1)—S(2) 107.55(4) 107.04(8) 107.16(6)
S(3)-Mo(1)—S(4) 77.84(5) 79.12(8) 78.89(7)
O(1)-Mo(1)—N(1) 174.4(1) 177.3(3) 177.3(2)
S(1-Mo(2)—-S(2) 107.25(4) 107.70(8) 106.93(6)
S(5-Mo(2)—S(6) 78.12(5) 79.09(9) 79.63(7)
0O(2)—Mo(2)—N(2) 173.1(1) 177.8(3) 173.2(2)
Mo(1)—S(1)-Mo(2) 71.19(3) 72.57(7) 72.78(5)
Mo(1)—S(1)-C(25) 112.6(2) 112.5(3) 112.9(2)
Mo(2)—S(1)-C(25) 113.3(2) 112.2(3) 113.1(2)
Mo(1)—S(2)-Mo(2) 74.01(3) 72.46(7) 72.93(5)
Mo(1)—S(2)-C(26) 112.2(3) 113.7(3)
Mo(2)—S(2)-C(26) 112.2(3) 112.9(2)
Mo(1)—N(1)—C(1) 178.3(3) 176.6(6) 173.3(4)
Mo(2)—N(2)—C(8) 176.8(3) 178.7(6) 173.3(4)
S(3)-P(1)>-S(4) 106.73(8) 105.4(2) 106.2(1)
S(5)-P(2)-S(6) 107.35(8) 105.6(2) 101.3(1)
O(3)-P(1)-0(4) a 98.7(4) a
O(3)—-P(1)-S(3) a 112.5(3) a
O3)-P(1)-S(4) a 112.9(3) a
O(4)—-P(1)-S(3) a 113.4(3) a
O(4)-P(1-S(4) a 114.3(3) a
O(5)—P(2)-0O(6) a 98.6(4) 106.4(3)
O(5)—P(2)-S(5) a 113.0(3) 107.8(2)
O(5)—-P(2)-S(6) a 113.5(3) 108.0(2)
O(6)—P(2)-S(5) a 112.9(3) 116.7(3)
O(6)—P(2)-S(6) a 113.5(3) 116.3(3)

a diethyl dithiophosphate, its phosphoryl group is incorporated

When a monoethyl dithiophosphate ligand is present instead ofinto the bracket term; thus, RBlo,(PO)} SR indicates [Me-

(28) Cromer, D. T.; Waber, J. Tnternational Tables for X-Ray Crystal-
lography, Kynoch Press: Birmingham, England, 1974; Vol. IV, Table
2.2A. Creagh, D. C.; Hubbell, J. Hnternational Tables for Crystal-
lography, Kluwer Academic Publishers: Boston, MA, 1992; Vol. C,
Table 4.2.6.8.

(29) Haub, E. K.; Richardson, J. F.; Noble, M. IBorg. Chem1992 31,
4926-4932.

(30) Abbreviations used in this paper: Me, methyl; Et, ethyl; Bbutyl;
Bz, benzyl; Ph, phenyl; Tap-tolyl; PPN', (PhP)XN*.

dithiophosphate

ligand.

(NT0)2(SP(OEL))(SP(O)OEL)(QCMe)(SR)], 4, which con-
tains one monoethyl
RS Moy(PO)} SR~ indicates the anionic complex [M@NTO).-
(S:P(O)OE(O,CMe)(SR)] ~, 5, which contains two monoethyl
dithiophosphate ligands. (Structural illustrations f6r3 were
given in the Introduction and are shown in egs4l(Chart 1),
along with those fod and5.) The tolylimido and the acetate
ligands are invariant in all complexes herein.

Likewise
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Figure 3. ORTEP view of Et$Mo,(PO) SEt, 4.

reversibility of eq 2; this dealkylation regenerates neutral RS-
{Mog2}S. The second mode is shown by the facile dealkylation
of a diethyl dithiophosphate ligand, eq 3, to produce a neutral
complex R$Mo,(PO} SR, 4 containing both dithiophosphate
ligand types, (EtQPS~ and EtO(O)P&~. The activation is
further manifested by de-esterification of the other diethyl
dithiophosphate ligand to produce a bis(monoethyl dithiophos-
phate) anionic complex RMo,(POY} SR, 5, in eq 4.

Details of egs 24 follow. Kinetically, some steps were
separable depending on conditions. Various reactions were
studied using NMR spectroscopy® andH) in order to
characterize the overall system and to compare the influences
of different R groups and nucleophiles. The results which follow
describe qualitative trends in rate constants. The emphases are
on relative k's and not overall rates which also include
concentrations.

Reactions of R§Mo,} S with RX. Reactions between RS-
_ _ {Mo2}S 2 and RX in CDC} were studied using variations in
Figure 2. ORTEP view of Me$Moz} SMe", 3. both R and X. Comparisons were desired of the equilibrium

The reactions under study constitute a sequential series a§iven by the sulfide alkylation/dealkylation of eq 2, but an actual
given by egs +4. These reactions are described in Part 1. The equilibrium proved unreachable in most cases due to competition
syntheses and characterizations of several members of the seried€tWeenk—z andks. Nevertheless it was possible to evaluate
including a description of fluxional and nonfluxional isomers, differences Irkg by using 20-f0.Id RX since this rendered eq 2
are given in Part 2. Finally, crystallographic studies and (f_orward) domlnant. Even so, it remam_ed necessary to emph_a-
structural comparisons are presented for representative member§ize the earlier stages of the reactions in order to avoid

of the sequence in Part 3. complications from eq 3. Representative percent distributions
Part 1. The Overall Reaction Series.As noted in the are shown in Table 4.
Introduction, the reaction of the dimer aniofMB,} S-, 1, with The reactions of BzBVIo;}S 2 with 20-fold benzyl halide

alkyl halides produces the neutral products{RIB2}S, 2 (€0 ¢jearly revealed the electrophile reactivity sequence-BBzBr
1). This reaction occurs for a variety of substrates including _ BzCl > BzF for k,. With Bzl as reactant the amount of the

. 15 1y e .
CH.Cl; as previously reporte%_f. It is mcl_uded herein for ._initial product, Bz§ Moy} SBz" 3, peaked within minutes while
completeness and for comparison as the first of two sequential . o
; the de-esterificationkg) occurred slowly. The similarity in the
alkylation steps. o . L
data at 15 and 30 min indicated that an equilibrium position

Alkylation of the second bridge sulfide site produces the bis- ) .
thiolate cations R&Mo} SR*, 3, as given by eq 2. With typical ~ Was actually obtained, althougly 4 h the execution of eq 3

alkyl halides, this step is much slower than eq 1 and the two Was becoming significant. With BzBr, the initial reactidk)(
are easily separated. was much slower; the peak concentration of f¥18,} SBz" 3

The R§ Moy} SR cations3 display two modes of ligand  was delayed and a steady state equilibrium was not observed.
activation. The first is evident in the vulnerability of the bridge With BzCl, no reaction was observed thréug h and only
thiolate to reattack by nascent halide ion, as given by the modest {5%) reaction was seen at 4 h. BzF showed no reaction
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Chart 1
N N N N m
EtO_ 1l _OEt Kk EtO 1] 1l ,OEt _
P’\S\,l\ulo’\s—\,Mo’\Ss\,P\ + RX — PSS MoS=Mo P! + X
g0’ S| ST OFt EtO %] OEt
|
Me Me
1 2
@ @ @ |
N N N N (2)
EtO, [ 1 ,OEt ka EtO l I ,OEt _
P’\SS\JV'AO’\SS\,MO’\SS\,P\ + RX = P SSSMoB=Mo 5P + X
Et0” | 2| OEt ko EtO | R R | OEt
|
Me Me
2 3
@ —|+
EtO N M OE EtO m m OEt @
t | i t k N .
P’\Ss\,huoé,%\,Mo’\ss\,P\ + x= 2= pSsMoSSMeSP + EX
Et0” | R, | OEt o Rk I OEt
|
Me Me
3 4
N EtO N N OEt @
EtO ,OFEt k N ] n .
*pS= Mo<B=MozSP + x- = PSSMoSSMoSSP +  EtX
s S~ - 7 =S TS I S
o | R, | OEt o | R R o
| |
Me Me
4 5
through 8 h. The reactivity sequence BzIBzBr > BzCl > than that using BzBr. Unfortunately, the initial product BzS-
BzF followed the halides’ leaving group abilitiés. {Mo,} SMe" contained two different thiolate bridges and

Comparison was also made using different alkyl groups: therefore two separate , paths and values. Although the result
reactions of BzgMo2} S 2 with 20-fold MeBr and EtBr were 4t 15 min was clear in comparison to the BzBr reaction, the
conducted and compared to the reaction with BzBr noted above.|5iar gata were more subject to this complication. For EtBr, no
Representative results are included in Table 4. The data at 15

) > . . reaction was observed through 2 h. The summary trend was
min showed that initial alkylationkg) using MeBr was faster g y

therefore MeBr> BzBr > EtBr. The relative celerity of MeBr

(31) March, JAdvanced Organic Chemistryohn Wiley and Sons: New ~ Was @ steric result arising from the nearby acetate bridge and
York, 1992. also the tolylimido rings when the thiolate group is in the
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Table 4. Percent Distributions for Reactions of Ba280,} S 2 with Table 5. Percent Distributions for Reactions of EtSp&&t" 3 with

20-fold RX in CDC} 3-fold X~ in (CDs3),CO
RX time 2 = 3 — 4 X~ time,h 2 = 3(start) — 4 — 5

Bzl 15 min 10 86 4 Cl- 0.0 0 100 0 0

30 min 10 84 6 0.5 1 4 82 13

1.0h 10 78 12 1.0 1 0 74 25

BzBr 15 min 65 34 <1 1.5 2 0 65 33

30 min 21 77 2 2.0 1 0 56 43

1.0h 11 68 21 3.0 1 0 47 53

BzCl 15 min 100 4.0 2 0 37 61

30 min 100 Br- 0.0 0 100 0 0

1.0h 100 0.5 1 26 70 3

BzF 15 min 100 1.0 2 8 85 5

30 min 100 15 2 1 87 10

1.0h 100 2.0 3 0 82 15

MeBr 15 min 45 52 3 3.0 2 0 75 22

30 min 30 62 8 4.0 2 0 69 28

1.0h 17 67 16 - 0.0 0 100 0 0

EtBr 15 min 100 0.5 2 74 24 0

30 min 100 1.0 2 55 42 0

1.0h 100 15 4 44 53 0

2.0 4 33 63 0

i iti i i 2 i 3.0 5 20 73 1

inverted position (as described in Part?2)The classical 20 = 13 79 5

electronic activation of a benzylic substrate was secondary in
this case to steric factors when compared to MeBr, although 100z
the electronic aspects did govern the relative outcomes of BzBr
and EtBr. %1

As an additional comparison, it was of interest to examine  go-
whether the identity of the preexisting thiolate bridge in RS-
{Mo2}S had any effect on the rate of alkylation of the sulfide
bridge on the opposite side of the dimer. For this purpose, the go-
reaction of 20-fold BzBr with MefMo,} S 2 was compared to
the reaction above using Bg8lo,}S. At 15 min, the results
showed remaining Mg310} S 2 (24%) along with the products 401
MeS{Moz} SBzt 3 (74%) and Me$Mo(PO)} SBz 4 (~2%).
Thus, sulfide alkylation was faster for Mgo,} S than for
BzS{Mo,} S, which demonstrated a cross-core influence of the 2o
thiolate on the opposite sulfide’s reactivity. The slower reactivity
of the former was consistent with benzyl's electron-withdrawing
nature relative to methyl's, by both andx factors3? o

Reactions of Et§ Moy} SEt" with Nucleophiles. The reac- b os s e 2B a0

tions ab.O\./? began with RMO.Z}SZ and_followedkg_ a||_<y|at|on Figure 4. Percent distribution results for the reaction of ¥y} -
as the initial step. The series described herein involves the sgg+ 3 with Br-. The curve numbers correspond to compou2es.
reaction of halide ion with the cation RBlo,} SR™ 3; such
reactions could follow eithek_, (thiolate dealkylation) oks {Mogz} SEt" with 2-fold PPN Br~ in CDCl; gave only 12%
(phosphoester dealkylation) as the initial step. These werereaction after 80 min; E{®10,(PO)} SEt 4 (ks product) was
studied using PPNX~ and the isolable cation E{$l0,} SEt" the only product. Irds-acetone after 60 min, the reaction yielded
(as triflate salt,3 CRS0O;7). The ethyl derivative of3 was 76% Et§ Mo,(PO}} SEt4 (ks product), 8% EtEMoy(PO)} SEt
selected in order to avoid complications from mixed alkyl 5 (ks product), and 2% Ei8Vo,} S 2 (k-2 product).
derivatives; these would otherwise have been possible due to The effects of variations in X were studied with 10 mM
the production of RX fromk_, and the production of EtX from  EtS{Moy} SEt" and 3-fold PPN X~ using NMR spectroscopy.
egs 3 and 4. Representative percent distributions are listed in Table 5; Figure
A statistical factor is involved in comparing the rates of the 4 shows a graphical representation for the reaction using
dithiophosphate €0 and thiolate &S heterolyses due to the bromide.
presence of four phosphoester OEt groups and only two thiolate The results showed that ester dealkylatidg) (vas much
SEt groups within the complex. This is further complicated by faster than thiolate dealkylatiok-(). In addition, the nucleo-
the fact that the OEt groups within each dithiophosphate ligand philicity sequence Cl > Br~ > |~ was obtained for the de-
are chemically inequivalent; thus the four phosphoester groupsesterification ks) process. This sequence was evident from the
in the complex are subdivided into two pairs kinetically. This sum of the products Ef#Moy(PO} SEt4 + Et§ Mox(PO)} SEt
phosphoester distinction is described more fully in Part 2 when 5. (The latter is included since it is kg + ks product.) For
the isomers are discussed. For the present comparisons, thexample, the sum of + 5 at 0.5 h was 95% for C| 73% for
results are clearly beyond statistical factors. Br~, and only 24% for 1. Unfortunately for the thiolate
Early in these reaction studies, it was realized that GDCI dealkylationk—, the speed oks impeded clear comparisons.
reactions were very slow thereby dictating a changelgo Furthermore, thé&_» product, Et$Mo2} S 2, was typically<3%
acetone as solvent. For comparison, the reaction of 50 mM EtS-except when using iodide, and these amounts are prone to large
relative integration errors in the NMR spectra. Although the
(32) Charton, MProg. Phys. Org. Cheni.981, 13, 119-251. data suggested a modest trend o Br~ > CI~ for k_,, that
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conclusion was imprudent since the concentrations of remaining additional broad bands appeared in the 1089 ppm range
3followed the same trend and thereby contributed to the overall (14%). The latter intensified and sharpened with higher acid

rates.
In addition to product, 4, and5 in these reactions, other

amounts: at 3.1 equiv, broad peaks at 107.5 (11%) and 104.3
ppm (73%, line width 25 Hz) dominated and were attributable

compounds become evident at much later stages. At 8.0 h thesdo the second protonation equilibrium. 2,6-Lutidine (4.0 equiv)

reached 5% using CJ] 3% using Br, and 1% using1. These
compounds were seen as several peaks idf&IMR spectra
in the 66-72 ppm range, but they were never identified. The

was then added, giving several peaks in the-86 ppm range
(85.8 ppm dominant, 4.3 Hz line width). Further base (40 equiv
total) gave no change, indicating that total deprotonation of the

various peaks may have been isomers of a single compound.complex was obtained with only 4.0 equiv. This implied that

With the use oftH coupling, the3!P NMR spectrum showed

2,6-lutidine was a significantly stronger base tBaithe sample

the unknown peaks as triplets; thus, the dithiophosphate ligandswas extracted with kO and dried (MgS@). The 3P NMR

in these compounds were yet monoethyl esters.

As a final note, the reaction of Et$lo,} SEt™ 3 was studied
with free (EtOYPS™ (as EtNH™ salt) as the nucleophile. The
reaction was somewhat slow, giving 58% Ei®,(PO)} SEt4
and 4% Et$Mox(PO)} SEr” 5 at 4.0 h. Some of the slowness
was indubitably due to the use of a protic aclihse salt which
decreased the effective concentration of the (E®S) anion.
The triester, (EtQ)YEtS)PS, was identified in th&'P andH
NMR spectra.

Other Reactions. In contrast to the facile reaction of the
cation Et§Moy}SEtt 3 with ionic halides, the analogous
reaction using neutral E{®o0,} S 2 was notoriously slow. This
reaction was studied using 3-fold PPBr~ in ds-acetone and
compared to the result for BtSloy} SEt™ above. After 48 h,
only 7% Et§Moz} S had reacted compared to 45% for EtS-
{Moy}SEt" in only 0.2 h, corresponding to & 1500-fold
difference. ThélP NMR spectrum showed the product as four
peaks in the 117-+7118.1 ppm region and four peaks in the
80.3-80.9 ppm region; these sets integrated identically. This
pattern indicated that a single phosphoesterCCheterolysis
had occurred to give Ef®$0(PO)} S~. The'H NMR spectrum

spectrum showed six peaks between 80 and 81 ppm; the
dominant peaks therein and in thé NMR spectrum were only
slightly shifted from the initial (preacidification) spectrum. Some

of the new peaks were ascribable to isomers of the dithiophos-
phate (as described in Part 2), but some peaks may have been
decomposition (estimated10%). Thus, although the integrity

of the complex as a whole may have been sacrificed to some
extent, after acidification and neutralization all dithiophosphates
remained ligating. Furthermore, these remained monoesters as
shown by a finaltH-coupled3P NMR spectrum.

Part 2. Syntheses and CharacterizationsThroughout the
course of the reactions described above, the spectral identifica-
tions of R§Mo,} SR™ 3, R M0o,(PO)} SR 4, and R§Moy-
(PO} SR 5 were definitive by comparison to spectra of
isolated samples. Synthetic methods for one or more members
of each type were developed, and the isolated compounds were
characterized bjH and3!P NMR spectroscopy; some were also
confirmed by elemental analyses and by X-ray crystallography
as given in Part 3.

The cation complexes R#$10,} SR 3 (R = Me, Et) were
prepared and characterized from the reaction of R&} S 2

was consistent with this conclusion and also showed EtBr in a with alkyl triflates. The synthetic route utilized of eq 2, and

corresponding amount. There was no evidence of §ivoz} S~

1 resulting from thiolate €S heterolysis. These results
confirmed the lack of reversibility in eq 1 and also confirmed
the relative inertness of neutral R80,} S 2 compared to the
activated cation RBVo,} SR 3.

The reversibility of dithiophosphate dealkylation was also
investigated. Treatment of anionic Et8o,(PO)}SEt 5 (as
BuyPt salt) with 10-fold Mel in CDC} and inds-acetone gave
a very slow reaction with the majority unreacted after 1 day;
NMR spectra revealed broad, unidentifiable peaks with no
evidence of phosphoryl methylation. The reaction using-CF
SOsMe as electrophile, however, was rapieil0 min in CDC})
and provided clear proof of phosphoryl methylation. The

NMR spectrum revealed peaks appropriate for the mixed-ester

version of Et$Moy(PO)}SEt 4 and of a small amount of
analogous Etf@Vio,} SEt™ 3. (The mixed-ester versions con-
tained (MeO)(EtO)PS in lieu of (EtOpPS™.) TheH NMR
was definitive by revealing a POGHloublet at 3.75 ppm for
the majority product. Thus, under forcing conditions, phosphoryl
methylation could be obtained but eq 4 remained effectively
irreversible within the overall scheme employing alkyl halide.
The basicity of the monoethyl dithiophosphate ligand was
also a matter of interest. This was studied by treatingPBu
EtSMo,(PO)} SEt 5 with increasing amounts of HBFEL,O
in CDCls. The initial 3P NMR spectrum showed the anion as
two overlapping isomer peaks at 80.2 (minor) and 80.0 ppm
(major) with a line width of 4.3 Hz for the latter. At 0.6 equiv
(per mol of 5) of acid, one very broad envelope (line width,

the poor nucleophilicity of C§S0;~ disabled thek—, and ks
pathways. The two derivatives Mg80,} SMet CRSO;~ and
EtS{ Moy} SEtt CRSO;~ were thus obtainable ir 90% yields.
The solution NMR spectra showed isomers corresponding to
inversion of the pyramidal thiolatesulfur bridges. As previously
documented for R8VIo,}S 2 and related derivative'd, 1729
these are freely fluxional invertomers; they are labeled distal
(d) or proximal ) depending on the thiolate orientation with
respect to the tolylimido rings. For MéBloy} SMe', the
dominant solution isomer contains both thiolate groups in distal
orientation (distat-distal, d-d); this isomer is portrayed in the
prior structural illustrations foB. The secondary isomer is distal-
proximal @-p); this isomer is shown below for comparison.

—

EtO N 8 m
n .
oS S<mn-S~
,P\saMO\s‘—Mlo\SIP\
o\?&o
Me

OEt

OEt

The ratio @-d:d-p) is 3.1. For Et$Moy} SEt", thed-d andd-p
isomers are again obtained but in nearly equal amounts with a

~300 Hz) was observed at 89.4 ppm. This indicated a very ratio of 0.95. Neither compound showed evidence for the

fast, first protonation equilibrium. At 1.1 equiv of HBFvery

proximal-proximal (p-p) isomer. The invertomer distributions

broad bands remained between 93 and 98 ppm (86%), andare nonstatistical with a clear distal preference. Structural and



810 Inorganic Chemistry, Vol. 38, No. 4, 1999 Koffi-Sokpa et al.

electronic differences between distal and proximal invertomers (EtOLPS ™ ligand, identifying that CH as the one nearer the

have been previously discussed for severa{ M&,} S com- ring. The effect was similar for the methylene group of
pounds® EtO(O)PS, indicating that the ethyl of that ligand was also
Infrared spectra of the two R$10,} SR™ CRSO;™ (R = Me, near the ring; this meant that the=P linkage was distal for

Et) compounds were similar. Except for triflate absorptions, the isolated product.
these spectra were much like the infrared spectra of the The crystal structure of Ef#o,(PO} SEt is described in Part

previously characterized derivatives f#%0,} S. 3 and fully confirms the spectroscopic identification.

The crystal structure of Mg®10,} SMe™ CF;SO;~ was also The doubly de-esterified anion complexes{ RB,(PO)} SR,
obtained, confirming the spectroscopic identification; the struc- 5 were prepared and characterized forREt. The synthesis
ture is described in Part 3. involved the reaction of excess chloride ion with 8} SEt"

Synthesis and isolation of the singly de-esterified complexes CF;SO;~ thereby directly executing egs 3 and 4. Although the
R Mo,(PO} SR 4 proved very tedious, partly due to their reaction studies described in Part 1 had used P&ilts, clean
middle role in a multistep sequence and also due to the presencgsolation of the anion complex Ef$lo,(POY}SEt” was not
of more isomers. These compounds were isolated for Rt achieved with this cation. The use of B did allow for
and Bz in modest yields, 24% and 34%. The additional isomers ijsolation in modest yield and fortuitously of a single phosphoryl
arise from the orientation of the phosphoryl linkage, which can jsomer. Spectroscopically, the PP&nd BuP" products were
also be described as distal or proximal with respect to the virtually identical with only slight differences in chemical shifts
tolylimido rings. Unlike the bridge sulfur invertomers which  for the anion portion in théP NMR spectra.
are freely fluxional, the monoethyl dithiophosphate ligands are  For Etg Mo,(PO)} SEt, nine unique isomers were possible
locked configurationally; no fluxionality was observed over 8 for the various combinations of phosphoryl and thiolate orienta-
days in solution for these ligands. For purposes of distinction tjons. The synthetic product Be" EtS{Mo,(PO)} SEt con-
in the current descriptions of the different isomers, the distal tained both phosphoryl groups in distal orientatiorg-&/in
and proximal labels are combined with S (for bridge SR) and sojution, this product also gavedsd and Séi-p invertomers.

P (for P=0). The prior structural illustrations fof portrayed  The former, depicted in the prior structural diagramsSowas
the St-d, P isomer. The Skd, P/ isomer is shown below  the major isomer (invertomer ratio, 2.7). Another phosphoryl

as another example. isomer, Pp-p, is illustrated below for comparison.
N N
0 o i ,OFt NN
PSsMoESMozSP] SpS—m sl s p”
Et0” RS, | OEt S =5 10%g=N0~g-"\
EtO | R | OEt
o_RoO o "R
? \C/
e ]

Combining all phosphoryl and thiolate orientational options, The IR f th lid q h d .
six unique isomers were possible. The synthetic procedure for € spectrum of the solid product showed an intense
Et Mo,(PO})} SEt yielded a product with a single P isomer; phosphoryl stre;ch at 1204 cth Notably, the _C'aSS'C?" Very
the procedure for BZ3M0,(PO}SBz gave a product which intense absorptions in the 950080 cnt! region, which so

appeared to contain a second P isomer in a small amount. Bothtyplfy (EtO),PS derivatives and which have long been debated

of the isolated compounds showed the-8/and Sd-p inver- as related tOlPO_C modes3,3'34vyere re.placed by a single peak
tomers in solution. During the course of studies of the reactions &t 1048 cm* of only moderate intensity.
between EtSMo,} SEt™ and halide described in Part 1, four ~_ Although not present in the isolated product.Bu Et-
isomers were spectroscopically observed corresponding to all St Mo2(POY} SEL, all of the permutations of the two phosphoryl
four possible permutations involving the pairsi®/vs St-p linkages (Pd-d, PA-p, and Pp-p) were observed in some crude
and P#l vs Pp. The Sp-p isomer was never seen in any case. product preparations and in various reactions described in Part
NMR spectra of the isolated compounds were complex 1. Combining those reaction studies with the characterization
although the two types of dithiophosphate ligands were clearly Of the P isomers in the isolated products £¥®,(PO)} SEt 4
resolved. ThéP NMR spectra showed the (E4PS~ ligand and Et§ Mo,(PO)} SEt™ 5, it was possible to trace the relative
at 112 ppm and the EtO(O)FS ligand at 77 ppm. ThéH production of each phosphoryl isomer through the sequence of
NMR spectra showed upfield peaks for the ethyl group of eqs 3 and 4. The results are given in Scfleme 1 for one reaction
EtO(O)P$2, relative to those of (EtOPS . The low sym- sequence between Et#oz} SEt” CF:SO;~ and PPN CI™ in
metry of the compounds was especially evident intHéIMR ple-acetone. T_he kinetic mequ_walt_ance of the phosphoester groups
spectra. Even the GHprotons within a single bridge thiolate S clegrly evident: dgalkylatlon is faster (two_— to threefpld) at
were no longer equivalent and the Sotons were geminally the distal ester positions. The slower proximal reactivity is

coupled to each other. understandable in light of steric limitations imposed by the
A 1D-ROESY experiment was conducted for Et®,(PO} - nearby tolylimido rings.

SEt in an effort to determine the phosphoryl orientation of the -

isolated product. Use was made of the (E&%~ ligand for (33) Thomas, L. Cinterpretation of the Infrared Spectra of Organophos-

. . o L - . phorus Compoundgdieyden: London, 1974.
internal comparison: irradiation of tolylimido ring protons gave (34) Corbridge, D. E. CTopics in Phosphorus Chemistrinterscience:

a significant enhancement of one methylene group of this New York, 1969; Vol. 6, pp 235365.
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Scheme 1 cation. All Mo—S(thiolate) boAhds are now equivalent, and their
+ lengths (2.424(2)2.439(2) A) are similar to those in MeS-
EtS{Mo,}SEt {Mo3}S (2.431(1) and 2.439(1) A).
1.00 The reduced donation by the second thiolate bridge in MeS-
d 30:10 p {Mo_} SMe" compared to the sulfide bridge in ME®80,} S is
manifested in a number of ways. The central $Bla@ore is
0.75 EtS{Mo,(PO)}SEt  0.25 expanded with a longer MeMo bond (2.878(1) vs 2.8347(5)
d P/p A) and a greater cross-core S(1$(2) distance (3.921(4) vs
3.860(2) A). The core remains fairly planar, with a dihedral
l d 18:10 p l d 21:10 p l angle between Moplanes of 174.3(2) Some coligands also
respond. The acetate bridge and the dithiophosphate ligands
0.48 0.27 0.17 0.08 contract toward the metals. M@ bonds are substantially
Pid-d P/d-p Plp-p shortened (2.157(6) and 2.164(5) A vs 2.192(3) and 2.204(3)
EtS{Mo,(PO),}SEt" A). Mo—S(dithiophosphate) bonds (2.489¢3.501(3) A) are
shorter than the corresponding bonds in ¥E8,} S (trans to
thiolate, 2.514(1) and 2.525(1) A). The Mdl(imido) bonds,
d: attack at distal P-O-C however, are not significantly affected (1.721(7) and 1.724(6)
p: attack at proximal P-O-C A vs 1.730(3) and 1.731(3) A).

The methyl thiolate ligands are identical in the two com-

Part 3. Structural Studies. Three crystal structures are Pounds. All methyl groups are in distal invertomer positions,
presented. The structures of Me®#o,}S 2 and of MeS- consistent with the major solution isomer for both compounds.
{Mo2} SMe* CF:SO;~ 3 were compared in an effort to S—C bond lengths are similar (1.814(9) and 1.832(9).,& Vs
determine structural evidence within the latter for the thiolate 1-825(4) A). Even the pyramidicity of the thiolate sulfur bridges
and dithiophosphate ligand activation. The third crystal structure 'S Similar, as judged by the sum of the bond angles at the sulfur
was for Et§Moy(PO) SEt 4. This was obtained to compare ~ Sites (297.3(8)and 296.9(8)vs 297.1(4)). Thus, the activation
the structural differences, within that single compound, between Of the MeS bridge to nucleophilic attack is not evidenced in
a monoanionic diester (EtghS~ and a dianionic monoester ~ the structural data by any Mo/S/C bond parameters.
(EtO)OPS$2~ unit; in addition, the structure was of interest as Structural evidence for the activation of the dithiophosphates

a rare example of monoalky! dithiophosphate complexes. is limited to the Mo—S(dithiopho_sphatr_e) contraction as noted
The structures are shown in Figures3 Selected metrical ~ above. P-S bond lengths are similar in the two compounds.
results are listed in Tables 2 and 3. Beyond the P atoms the structure for Mé®,} S was subject

The structure of MefMoz}'S (Figure 1) is similar to those to disorder, and further comparisons thereof are precluded.
of various Z§Mo,} S compounds reported previously including ~ The structure of EtSVlo(PO)} SEt is now described. The
EtSY Mo} S35 H,NS{ M0z} S22 MesCCH=NS{ Mo} S2° and complex has idealize@s symmetry, but now the vertical mirror
st{ MOZ}S.17 Several common features of this group are as plane contains the two mObedenumS. The critical intramolecular
follows. The overall structures are idealiz€dsymmetry with ~ difference lies in the (EtQPS™ ligand on Mo(1) compared to
a vertical mirror plane bisecting the SMdcore and containing  the dianionic EtO(O)PS™ ligand on Mo(2).
the sulfur bridges. Imido linkages are linear, and acetate ligands The Mo—Mo bond is barely longer, 2.8948(9) A, and the
bridge symmetrically. The SM8 cores are virtually planar;  cross-core S(1)-S(2) distance (3.920(3) A) is identical to the
for the present MeBVlo,} S the dihedral angle for Mo$lanes  corresponding parameters of Mé#o,} SMe*. Despite the
is indeed 180.0(2) Mo—S(bridge) bonds to tricoordinate S(1)  formal inequivalence, the MeS(thiolate) bond lengths are all
are longer than those to sulfide S(2) corresponding to greater similar (2.434(2)-2.442(2) A), and these are comparable to the
bonding within the Me-S(2) bondg? For Me§ Moz} S, Mo— corresponding Me S(thiolate) bonds in both M€#o,} S and
S(1) bond lengths are 2.431(1) and 2.439(1) A vs 2.354(1) and MeS[ Moz} SMe" (2.424(2)-2.439(2) A).

2.356(1) A for those of Me-S(2). Due to the disparate Mo The acetate no longer binds symmetrically, reflecting the
S(bridge) bonds, Me S(dithiophosphate) bond lengths are also disparity in the dithiophosphate donors. The Me{©Q(1) bond
different; these inversely correlate with trans M8(bridge) length is 2.155(4) A compared to 2.186(2) A for MofZ)(2).
bond lengths and reflect the greater trans influence of sulfide Since Mo(2) possesses doubly negative EtO(&HR $he longer
S(2) compared to thiolate S(1). The shorter-Mg(dithiophos- Mo(2)—0(2) bond is consistent with less electron demand by
phate) bond lengths are 2.525(1) and 2.514(1) A for those transMo(2) than by Mo(1). The Mo(BO(1) bond length is

to thiolate S(1), while the longer bond lengths are 2.552(1) and contracted to an extent comparable to that noted above in MeS-
2.560(1) A for those trans to sulfide S(2). {Mo2}SMe" (2.157(6) and 2.164(5) A).

Compared to the previously characterized benzyl thiolate BzS- Mo—S(dithiophosphate) bonds are shorter for the dinegative
{Mogz}S structuré the structure of MefVio,} S differs sig- EtO(O)PS$?~ ligand (2.464(2) and 2.465(2) A) than for the
nificantly in one aspect which is important to the present uninegative (EtQPS~ ligand (2.510(2) and 2.516(2) A). The
study: the bridge thiolate S(3)C(25) bond length is 1.825(4) latter are typical: these are comparable to those in{W&s} S
A'in MeS{Mo3} S, but it was 1.852(6) A in BZ3o3} S. which are trans to the thiolate bridge (2.514(1) and 2.525(1)

The structure of the activated cation Mé®%o,} SMe" A). The Mo—S bonds to the dinegative ligand, however, are
CRSQ; is now described and compared to that of inert, neutral the shortest of all Me S(dithiophosphate) bonds in the three
MeS{ Moy} S. Conversion of the S(2) sulfide in the latter to a compounds reported herein, consistent with the greater electron
second thiolate in the former removes the inequivalence of the donation from the EtO(O)R% dianion. The corresponding
bridge sulfurs and yields idealize@,, symmetry within the P—S bonds follow an inverse trend: the-B bond lengths in
the monoanion ligand are typical (1.998(3) and 2.005(3) A)
(35) Noble, M. E.; Williams, D. Elnorg. Chem.1988 27, 749-752. while those in the dianion ligand are significantly longer (2.040-
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(3) and 2.041(3) A). This is consistent with the relative formal Mo Mo Mo
PS bond orders of the free ligands, 1.5 in (E€%~ vs 1 in (-)/ . (-) / (2-)/’
EtO(0=)PS?". R—S 8 : MR 7
Beyond the P atoms, disorder within the monoanion (RS) \ 07N N,
precludes further comparisons using that ligand. Within the Mo Mo Mo
dianionic ligand, the phosphoryH©O bond is very short (1.472- A B C
(5) A) compared to the ester-® bond (1.603(5) A). The
greater steric effect of PO vs P-O is evident: of the six 2N
tetrahedral angles at P(2), the three angles involving O(6) (i.e., P’(-) Mo
Z—P(2y=0(6) angles) are expanded while the three others (those / \ 7
not involving O(6)) are correspondingly compressed when these Et——O S
are compared to the analogous angles of the (P&}~ ligands
within MeS{ Mo} SMe* 3. D
Given the paucity of metallocomplexes containing monoester
dithiophosphate ligands, brief mention of comparative crystal- \ .
lographic results is appropriate. Only three crystal structure \P -i_) *Mo
studies could be located, but only one, that of HRBH,- / .
AsPhp)Ni(S,P(O)OMe)]36 contains the appropriate bidentate "Et---0 3
RO(0)PS?~ ligand. The other two include [(N@T.S;Ni- 6
(S2P(OH)OED)] 37 which contains a monoanionic, acid ligand, E
EtO(HO)PS™, and [(MePhP}ReNy(SP(0)OEt)],3® which )
contains EtO(O)PS~ as a bridging, tridentates(S,0) ligand. Et O S
Restricting therefore to the case of [PIGHASPH)NI(SP- \ / \
(O)OMe)], comparison to the present structure of {B8,- / \ /
(PO)} SEt4 shows the RO(O)PS" ligands to be very similar. Et—oO s
Relevant bond lengths from the nickel structure are the -)
following: P=0, 1.47(1) A; P-0, 1.597(8) A; and P-S, 2.024- F

(4) and 2.032(4) A. The thiolate dealkylationk(» step) is similar to some other
Discussion C—S cleavage reactions _in metdhiolate complexes. _This
. ) ) ) ) general area has been of interest for many years due in part to

Two points are immediately notable. First, the cations RS- p qrqdesulfurization. In addition, thiolate dealkylations have
{Mo2} SR", by themselves, are very unusual in displaying two peen ysed synthetically to prepare metlifide complexes.
different types of ligand activation. Sec.ond, in comparison t0 ¢ the various metatthiolate G-S cleavage reactions which
the neutral complexes RBl102} S, the cations demonstrate the  haye peen reported, three general mechanisms are well repre-
effects of electronic stress and the response of the ligands t0ggteq to daté-44 heterolytic (nucleophilic) substitution, alkene
that stress. The stress arises directly from the diminution in gjimination. and homolysis. Many reported reactions do not
electron contribution from a sulfur bridge upon alkylation. Th?s tidily fit these categories, and indubitably other mechanisms
renders the molybdenum centers potently more electron with- 5, 4i For example, SET is a reasonable proposition especially
drawing toward other ligands. The effect is manifested chemi- ¢, arvis although this pathway may be difficult to distinguish
cally within the thiolate and dithiophosphate ligands and 51 5.1 in the case of metal thiolates. Nevertheless, SET has
structurally within metatligand bond distances. The decrease peen proposed for desulfurizations of condensed thiophenic
in the bridge sulfur contribution is fairly costly to the complex g pstrates using nickel complex&sHeterolytic substitutions,
as a whole, since the second dithiophosphate ligand remainsg,ch, a5 those of the present study, are frequently encountered
activated even after the first is de-esterified. when an additional nucleophile is present in the solution. Among

The activation of the thiolate and dithiophosphoester groups ¢ qdest of these are reactions, some used synthetically,
toward heterolysis can be explained using simple inductive peyeen alkanethiolate sources and metal halide reagents to give
arguments, although other effects may also be operating. Givenata1 sulfide products- RX.4
the increase in electron withdrawal, the drift in electron density
toward the molybdenums and toward dealkylation can be (39) The literature is extensive, and only representative examples are cited.
pictorially represented as shown A—C for a thiolate and in General references include the following: Blower, P. J.; Dilworth, J.
D—F for a dithiophosphate. (In these diagrams, the different Ehgg‘oggihgqﬁf%ggz 76,121-185. Dilworth, J. RStud. Inorg.
line representations are meant to convey relative bond strength,0) curtis, M. D.; Druker, S. HJ. Am. Chem. Sod997, 119, 1027
information and are not necessarily formal orders. The paren- 1036. Riaz, U.; Curnow, O. J.; Curtis, M. D. Am. Chem. S04994
thetical full charges which are shown are for the ligand.) " 116 4357—436D3-_H dilr R LK dis 1 o
Variations in the bonding were corroborated in some cases by “% fgng%u;asnéi&éssaa" yriacou, R. L; Kanatzidis, M.Iiorg. Chem.
the crystallographic comparisons. On the basis of the various (42) Birnbaum, J.; Laurie, J. C. V.; Rakowski DuBois, @ganometallics
reactions which were studied, the actual dealkylation steps 1999 9, 156-164. Weberg, R. T; Laurie, J. C. V.; Rakowski DuBois,

; ; ; ; M. J. Coord. Chem1988 19, 39—-48. Laurie, J. C. V.; Duncan, L.;
overall are consistent with\@ mechanisms in weakly polar Haltiwanger, R. C.- Weberg, R. T.. Rakowski DuBois, M. Am.

media. Chem. Soc1986 108, 6234-6241.
(43) Ng, C. T.; Wang, X.; Luh, T.-YJ. Org. Chem.1988 53, 2536~
(36) Gastaldi, L.; Porta, P.; Tomlinson, A. G.Chem. Soc., Dalton Trans. 2539.
1974 1424-1429. (44) Boorman, P. M.; Patel, V. Dnorg. Chim. Actal98Q 44, L85—L87.
(37) Kirmse, R.; Dietzsch, W.; Stach, J.; Golic; Bottcher, R.; Brunner, Boorman, M. P.; Chivers, T.; Mahadev, K. N.; O’'Dell, B. Dworg.
W.; Gribnau, M. C. M.; Keijzers, C. PViol. Phys.1986 57, 1139- Chim. Actal976 19, L35—-L37.
1152. (45) Eisch, J. J.; Hallenbeck, L. E.; Han, K.J. Am. Chem. Sod.986

(38) Abram, U.; Ritter, SInorg. Chim. Actal993 210, 99-105. 108 7763-7767.
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Although there has been considerable progress in the delinea{S;P(OMe})(S,P(O)OMe)], kinetic results confirmed the mech-
tion of the mechanistic aspects of—-S cleavage within anism and the triester (Me&MeS)PS was specifically iden-
metallothiolate complexes, the manner by which thiolate ligands tified; the reaction involved demethylation of [(FAGHPPh)-
are activated toward cleavage remains an important fundamentalCo(SP(OMe}).]* by free (MeO)PS~ liberated in a prior step.
After all, many metallothiolate complexes are very stable. The This was a sterically limited reaction, however: the analogous
present work demonstrates inductive activation, which has alsoreaction using the isobutyl ester apparently failed and the stable
been suggested in thioether and related cleavage sttidies.  salt [[PRPGH4PPR)Co(SP(OCHCHME,)2),]™ (Me;CHCH,O),-
other thioether and thiophenic complexes, a different mode of PS~ was isolated?

C—S activation involved electron donation from the metal into ~ The reason for the dithiophosphate ligand to display this
C—So* orbitals#7#8This is not significant in the present work  vulnerability to de-esterification was not necessarily evident in
due to the lack of adequate metal electrons. the reactions cited. The present work was able to demonstrate

In contrast to thiolate dealkylations, €© cleavage of that the enhanced reactivity was a result of increased electron
phosphoester ligands is much less established despite the avidvithdrawal. The present work also showed definitive dealky-
interest in metal-catalyzedHO cleavage in biological studies. lation both by X" and by (EtO)PS™ as given by the observation
With specific regard to dithiophosphates, these ligands tend to of EtX and triester (EtQJEtS)PS products.
be fairly inert and few examples of de-esterification have been  Once formed, the RO(O)R% ligand appears to be fairly
well characterized. The well-defined examples include as robust: within the present study, no further dealkylation was
products [(PBPCGH4(As,P)PR)Ni(SP(O)OMe)]3¢ [(NC),- ever observed and, for [(FRGHsASPh)Ni(S,P(O)OMe)]*
CoS:Ni(SP(OH)OENT 3" [(Me2PhP)ReNx(SP(O)OELt)],38 thermal stability was reported to 22%C whereupon the
[(R3PRLM(S:P(O)OR)] (M = Pd#® P£Y), and [(PRPGH4(As,P)- phosphinoarsine ligand decomposed. The phosphoryl linkage
Php)Co(SP(OMe))(S:P(0)OMe)]>! Except for [(NCYC,S:Ni- was shown to be poorly nucleophilic and weakly basic in the
(S;,P(OH)OEY)], whose mechanism of formation was not present work. The donor ability of a phosphoryl oxygen in a
evident, the other products conceivably arose from nucleophilic dithiophosphate monoester ligand is also evidenced in two of
attack on a bound (R@PS~ ligand. In each of those cases, the complexes cited above: [(N&CrSNi(S,P(OH)OEL)] 37
free (ROYPS~ (added in excess or liberated in situ) may have contains the protonated ligand and [(&P)ReN(S;P(O)-
been the nucleophile, although some of the cases also allowedDEt)]8 involves tridentate $S,0) coordination.
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