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Comparative Kinetics of Oxo Transfer to Substrate Mediated by
Bis(dithiolene)dioxomolybdenum and -tungsten Complexes
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The recent discovery of enzymes containing tungsten has created a new imperative for examination of key features
of the structure and reactivity of biologically related compounds of this element and their relation to the
corresponding properties of analogous molybdenum complexes. We have examined the relative rates of oxygen
atom (oxo) transfer to substrate in the second-order reactiong(fh®)y,]?>~ + (RO%-nR'1P — [MO(mnt),]2~ +
(RO)-nR'wPO in DMF solution (M= Mo, W;n=0,R=Me;n=1,R=Me,R =Ph;n=1, R=E{,R =

Me). At all temperatures examinekly, > kw; at 298 K, kyo/kw ~ 10?—10%. For (MeO)}PhP as substrate, the
activation parameters for M= Mo/W are AH* = 8.2/11 kcal/mol andAS' = —33/—38 eu. For (MeQP, the

values areAH* = 10/14 kcal/mol andAS" = —32/—33 eu. The rate differences arise primarily because of the
activation enthalpy differenceAH*y — AH*y, ~3—4 kcal/mol. Using a recent theoretical treatment of
molybdenum-mediated oxo transfer to substrate (Pietsch, M. A.; Hall, Nhdg. Chem.1996 35, 1273), an

energy profile for the preceding oxo transfer reactions is proposed. Factors contributing to the difference in
barriers, whose individual values fall in or close to thEl* = 10—20 kcal/mol range for oxidation of tertiary
phosphines by M80O, complexes, are considered. Reducibility of the metal center and the strengthOf M
bonds are two factors that will tend to differentially increase the tungsten vs molybdenum barrier. Data from
other systems are assembled to support this contention. The present results suggest that, more iggnerally,

kw for atom transfer or other processes involving reduction of the metal center and the reverse for oxidation. At
present, this work provides the only comparative oxo transfer rates for molybdenum and tungsten compounds
with common substrates.

Introduction one W-OIN (1.97 A) bonc® in better agreement with the
The discovery of at least a dozen enzymes whose nativegzzt(i!?g? phic results. All tungsten enzymes have pterin

catalytic sites contain tungstehhas created the subfield of Hille5 has usefully classified the large group of mononuclear

EﬁggritgnhiI[ijéot:gg:greil;“\;/vr?:r%msetgémg lé)(r:r;eIZ?eZg lgf chi)scr%l;rmlg molybdenum enzymes that catalyze the general reactign X
P ’ 9 yHZO — XO + 2H* + 2e into three families named for their
produce analogous molybdenum and tungsten enzymes. How-

ever. hvoerthermophilic archaea arow oblioately on tunasten prototypic members: xanthine oxidase, sulfite oxidase, and
» yp phl 9 gately 9 DMSO reductase. These enzymes may be broadly described
and are unable to utilize molybdenum. The enzymes thus far

. ) . as oxotransferases in that oxygen atom (oxo) transfer involves
isolated from these organisms are mainly members of the

. . ) addition or removal of an oxygen atom to or from the
aldehyde oxidoreductase (AOR) family, catalyzing the overall . - . .
reaction RCHO+ H,0 — RCOOH+ 2H+ + 26 with broad molybdenum site. In two cases, milk xanthine oxidasmd

substrate specificity. The crystal structure of the AQ@R, 67 the DMSO reductase fronRhodobacter sphaeroidgs this

; i pathway has been proven B§O-labeling experiments. The
kDar) .from Pyrococcus funosyePf) has been solved at 2.3-A aldehyde oxidase reaction, catalyzed by both molybdenum and
resolution3 The enzyme contains per subunit ong&eluster

and one tungsten atom at the catalytic site; the two subunitstum‘:’Sten enzymes, is ostensibly one of oxo transfer, with a
) g - Y ’ .~ possible source of transferred oxygen being oxo or hydroxo
are bridged by a structural iron atom. The tungsten atom is

coordinated in a distorted trigonal prismatic manner by two ligands in the fully oxidized (M(V1)) forms of the enzymes.
e . g pr y However, the active structures of AGRnd the molybdenum
dithiolene chelate rings from two pterin cofactors and perhaps

. L~ 910 .
by two oxygenous ligands. The initial EXAFS study of aldehyde oxidoreductase frobesulfaibrio gigas>12are quite

s . ~different. In the oxidized form, the latter contains an WS
dithionite-reducedPf AOR, which predated the X-ray determi- . .
nation, indicated the presence o?tw \@ groups a)tll.74 A group to which are coordinated a water molecule and the

about three W-S bonds at 2.41 A, and a possible"\®/N bond (5) Hille, R. Chem. Re. 1996 96, 2757.
at 1.97 A4 A subsequent investigation has disclosed orre@V (6) (Ba)é-iillg,_lrt.; SDr:_%'cfller,Fle-ﬂ-|_1830|AChecl"r;]l987152E‘éﬁ)ég‘@ll{l7 (g%?clqulttz.
: ; . E.; Hille, R.; Holm, R. HJ. Am. Chem. So , . Note
(.75 A) bond, four or five W-S (2.40 A) bonds, and possibly that the reaction scheme presented in this reference has been fevised
to take into account the subsequent finding by protein crystallography
(1) Kletzin, A.; Adams, M. W. W.FEMS Microbiol. Re. 1996 18, 5. that the oxidized enzyme contains the monooxo’Mogroup?®
(2) Johnson, M. K.; Rees, D. C.; Adams, M. W. Whem. Re. 1996 (7) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96,
96, 2817. 2239.
(3) Chan, M. K.; Mukund, S.; Kletzin, A.; Adams, M. W. W.; Rees, D. (8) Schindelin, H.; Kisker, C.; Hilton, J.; Rajagopalan, K. V.; Rees, D.
C. Sciencel995 267, 1463. C. Sciencel996 272 1615.
(4) George, G. N.; Prince, R. C.; Mukund, S.; Adams, M. W.JVAm. (9) Ronmia@, M. J.; Archer, M.; Moura, I.; Moura, J. J. G.; LeGall, J.; Engh,
Chem. Soc1992 114, 3521. R.; Schneider, M.; Hof, P.; Huber, Rciencel995 270 1170.

S0020-1669(97)01426-2 CCC: $15.00 © 1998 American Chemical Society
Published on Web 03/13/1998



Kinetics of Oxo Transfer for Mo and W Complexes Inorganic Chemistry, Vol. 37, No. 7, 1998603

dithiolene ring from one pterin cofactor ligand. The water Table 1. Tungsten-Mediated Oxo Transfer Reactins
ligand, activated toward deprotonation by coordination, is

. . . species reactants product ref.
considered a likely source of transferred oxygen in the product
acid!® These two cases constitute the only available comparison w(il) - W(Iv)
between crystallographically characterized molybdenum and weciPrs)® N,O, Op, Me,SO, COp, 80,  [WOCI,(PRy)s]° 19
tungsten enzymes that catalyze the same overall reaction, there \7/
being no implication of similarities in mechanisms at this stage. S
In _the Hille scheme, th(_D. gigas enzyme, _With its I\/!d'OS_ WaV) — W)
unit and one bound pterin cofactor ligand, is categorized in the Me, Me
xanthine oxidase family. w( o@ )el @O [wo(o@ )l 20
The foregoing differences notwithstanding, the emergence of e e
tungsten enzymes at a time when the structural features of
molybdenum oxotransferases are being established and mecha Wos©HI" Me,S0, PhyAsO [W(O)0s] 2
nistic aspects further advanced inevitably directs attention to [Wobdn.™ MesNO [WO,(bdlt) > 13
the fundamental chemistry of oxdlithiolene complexes of [WO(mnt,I* HCOg™ [WOR{mnt))* ¢ 16
these elements. The bis(dithiolene) complexes [MOfFdt}~
and [MOx(bdt),]2~ (M = Mo,1212W13) and [MO(mnt]? and Wb = Wy
Yt - 1"‘ 15 \A/16.1 R . . [WO2(82CNC3H10)] (MeO)3P [W203(82GNCsHy )] 22
[MOy(mnty]?~ (M = Mo,*15 W16.1% are pertinent in this [WOL(S;CN(CHzPh)).] Et,P [WO(S,CN(CH,Ph),),(PEt,)] 23

respect. In the course of our current investigation of the
synthesis and oxo transfer reactivity of molybdenum and

For the fimited number of earlier examples, cf. ref. 18. "Fl;, = Meg, PhyMe. “Some products bind

tungsten dithiolenes, we have been aware of certain inadequaciegiecxygenated oxo source (CO, olefins). 9Site in a heteropolytungstate. ®°HCO,™ reported as

in information requisite to an understanding of this type of

reactivity. Two deserve mention here. First, the atom transfer

chemistry of tungsten is poorly developed. In our 1987
treatment of oxo transféf,no more than a half-dozen tungsten-

mediated reactions could be documented. All oxo transfer
reactions described since then and known to us are collected in

Table 11°24 About a dozen new reactions have emerged, of
which two involve oxe-dithiolene complexes. Except for the
system [WO(bd§]2~/MesNO, for which there is a rate constant

(10) Huber, R.; Hof, P.; Duarte, R. O.; Moura, J. J. G.; Moura, |.; Liu,
M.-Y.; LeGall, J.; Hille, R.; Archer, M.; Rorma, M. J. Proc. Natl.
Acad. Sci. U.S.A1996 93, 8846.

(11) (a) Boyde, S.; Ellis, S. R.; Garner, C. D.; Clegg, WChem. Soc.,
Chem. Commuril986 1541. (b) Oku, H.; Ueyama, N.; Kondo, M.;
Nakamura, A.Inorg. Chem.1994 33, 209. bdt= benzene-1,2-
dithiolate(2-).

(12) (a) Yoshinaga, N.; Ueyama, N.; Okamura, T.; NakamuraCkem.
Lett.199Q 1655. (b) Ueyama, N.; Oku, H.; Kondo, M.; Okamura, T.;
Yoshinaga, N.; Nakamura, Anorg. Chem.1996 35, 643.

(13) Ueyama, N.; Oku, H.; Nakamura, A. Am. Chem. S0d.992 114,
7310.

(14) (a) McCleverty, J. A.; Locke, J.; Ratcliff, B.; Wharton, E.ldorg.
Chim. Actal969 3, 283. (b) Stiefel, E. I.; Bennett, L. E.; Dori, Z.;
Crawford, T. H.; Simo, C.; Gray, H. Bnorg. Chem.197Q 9, 281.
mnt = maleonitriledithiolate(2).

(15) (a) Das, S. K.; Chaudhury, P. K.; Biswas, D.; Sarkad. &m. Chem.
So0c.1994 116, 9061. (b) Oku, H.; Ueyama, N.; Nakamura, A.; Kai,
Y.; Kanehisa, NChem. Lett1994 607.

(16) Sarkar, S.; Das, S. Kroc. Indian Acad. Scil992 104, 533.

(17) Das, S. K.; Biswas, D.; Maiti, R.; Sarkar, 5.Am. Chem. S0d.996
118 1387.

(18) Holm, R. H.Chem. Re. 1987, 87, 1.

(19) (a) Su, F.-M.; Bryan, J. C.; Jang, S.; Mayer, J.mblyhedron1989
8, 1261. (b) Brock, S. L.; Mayer, J. Mnorg. Chem1991, 30, 2138.
(c) Hall, K. A.; Mayer, J. M.J. Am. Chem. S0d.992 114, 10402.
(d) Mayer, J. M. InAdvances in Transition Metal Coordination
Chemistry Che, C.-M., Ed.; JAl Press: New York, 1996; Vol. 1, pp
105-157.

(20) Listemann, M. L.; Schrock, R. R.; Dewan, J. C.; Kolodziej, R. M.
Inorg. Chem.1988 27, 264.

(21) Piepgrass, K.; Pope, M. T. Am. Chem. S0d.989 111, 753.

(22) Yu, S.-B.; Holm, R. Hinorg. Chem.1989 28, 4385.

(23) Lee, S.; Staley, D. L.; Rheingold, A. L.; Cooper, Nldborg. Chem.
199Q 29, 4391.

(24) The reduction of a WO, complex to a presumed MO species with
benzoin has been reported: Cervilla, A.; Llopis, E.; Ribera, A;
Domenech, A.; Sinn, EJ. Chem. Soc., Dalton Tran4994 3511.
We do not consider this a primary oxo transfer reactfoas are all
others in Table 1, because oxygen in the initial complex is removed

reduced substrate product. fW(V) product from a complete intermetal oxo transfer reaction'®:
wWVo + W0, - WY,0,.
at one temperaturé, there are no kinetics parameters. In
contrast, the oxo transfer chemistry of molybdenum is the most
extensive of any metal in terms of both observed and kinetically
defined reaction&3-31 some of which are pertinent to the present
work. Second, there are almost no datarelative reaction
rates in systems differing only in the metal. The ratio of
observed rate constarkg./kw = 25 is reported for the reaction
systems at room temperature with [MO(btft)/MesNO in DMF
at ambient temperatufé. While the rate order W= Mo for
oxo transfer from substrate (and Me W for the reverse
reaction) is consistent with periodic properties and anticipated
by other results (vide infra), a quantitative kinetics comparison
including activation parameters is absent for any substrate. In
this work, we address the relative kinetics of atom transfer from
metal center to substrate in the systems containing,[M@x)]2~
(M = Mo, W) with (MeOxP and (MeO)PhP as principal
substrates.
Experimental Section

Materials. The compounds (EN),[MO(mnt);] (M = Mo,*52W17),
(BugN)2[MoOz(mnt)],*52 and (PAP)[WO2(mnt)]*” were prepared as
described. Trimethyl phosphite (Aldrich, 99.99%) and methyldi-
ethoxyphosphine (99%, Strem) were used as received. Phenyldimethoxy-
phosphine (98%, Strem) was vacuum-distilled prior to uU8€. NMR
spectra indicateet 1% impurities in these substrate compounds. DMF
(anhydrous, 99.8%, Aldrich) was used as received. Acetonitrile was
distilled from CaH, and THF, from sodium; both solvents were stored
over 4 A molecular sieves. All complexes, substrates, solutions, and
solvents were stored under a pure dinitrogen atmosphere.

(25) Holm, R. H.Coord. Chem. Re 199Q 100, 183.

(26) Enemark, J. H.; Young, C. G\dv. Inorg. Chem1994 40, 2.

(27) Caradonna, J. P.; Reddy, P. R.; Holm, RJHAmM. Chem. S0d.988
110, 2139.

(28) Schultz, B. E.; Holm, R. Hinorg. Chem.1993 32, 4244.

(29) (a) Unoura, K.; Kato, Y.; Abe, K.; lwase, A.; Ogino, Bull. Chem.
Soc. Jpnl199] 64, 3372. (b) Bhattacharjee, S.; Battacharyya JR.
Chem. Soc., Dalton Tran&992 1357;1993 1151. (c) Baird, D. M,;
Aburri, C.; Barron, L. S.; Rodriguez, S. Anorg. Chim. Actal995
237, 117. (d) Laughlin, L. J.; Young, C. Gnorg. Chem.1996 35,
1050. (e) Huang, H. H.; Huang, W.; Yang, H. X.; Gao, P. L.; Han, D.
G. Polyhedron1997, 16, 2163. (f) Dutta, S. K.; McConville, D. B.;
Youngs, W. J.; Chaudhury, Mhorg. Chem1997, 36, 2517. (g) Plass,
W. Z. Anorg. Allg. Chem1997, 623 997.

as oxide (water) by protonation. This reaction is in the same category (30) Lorber, C.; Plutino, M. R.; Elding, L. I.; Nordlander, £.Chem. Soc.,

as the more common transformation W0, + 2RSH— Mo'VO +
RSSR+ H,0, in which the protic reactant acts as both a proton donor
and a reductant.

Dalton Trans.1997, 3997.
(31) Oku, H.; Ueyama, N.; Kondo, M.; Nakamura, lhorg. Chem1994
3

3 .
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Table 2. Kinetics Data for the Reaction [M@mnt)]*~ + X — species indicated that the mnt complexes were the most stable
[MO(mnt)]*>~ + XO in DMF Solutions (M= Mo, W) by spectrophotometric examination under the time and temper-
T k AH* AS ature conditions used in kinetics ruffs Consequently, reaction
M X (K) (M-1s™h) (kcal/mol) (eu)
Mo (MeOLPhP 278 0.14(1) 8.2(4) —33(1) NG cﬁ [2-
288  0.27(1) S 0 DMF
298 0.45(2) / >M 2 +(RO)s,RP —— >
303  0.64(1) NG s | s -nMin
308  0.74(3) S
313 0.85(2) # —CN
318 1.1(1) L
W (MeO)RPhP 288 29(2x 104  11(1) —38(2)
298  4.5(2)x 1074 o L2-
313  1.2(1)x 102 NC s | _s—CN
318 1.7(1)x 1073 ~ + '
328 3.1(2)x 10°3 NCIS/M\ I oN (RO)3-nR nPO (1)
Mo  (MeO)P 288  1.3(1x 102  10(1) —-32(1)

203 1.7(1)x 1072

208 2.5(1)x 102 system 116 = 0, 1) in DMF was selected for study. It involves

308  4.2(1)x 102 oxo transfer to substrate in a second-order process and structural
313 5.5(1)x 102 conversion from distorted trigonal prismatic [M@nt),]2~ 15217
318  7.8(2)x 1072 to square pyramidal [MO(mnflf~.150:17 Structural differences
323 9.5(5)x 1cri between complexes in the same oxidation state are negligible.
328  13(1)x10° The principal substrates, (Meg) and (MeOy)PhP, were

W (MeO)P 313 25(2x 10°°  14(1) —33(2) selected because they afforded clean reactions at experimentally
g%g g'z&;i ig: convenient rates for both metals. These are obviously not
338 1.4(1)x 10 biological substrates. However, we have demonstrated that the
348 3.1(4)x 107 oxidized form (Md"O) of DMSO reductase froR. sphaeriodes
353  4.8(3)x 10 can oxidize a water-soluble tertiary phosphine to the phosphine

oxide with transfer of thé®0 label®® Oxo transfer processes
Kinetics Measurements. Reactions were performed under anaero- of the complexes in reaction 1 are not complicated by the
bic conditions in DMF solutions, except for several ambient-temperature reaction M&YO + MoV'O, — OMY—0—MVOQ %217common to
measurements in acetonitrile and THF. Reactions were monitored usingmany molybdenum oxo transfer systet&8® presumably be-

a Cary 3 spectrophotometer equipped with a cell compartment cayse bhoth complexes are anionic. Note that the reaction
thermostated te-0.5°C and a multicell changer. Thermal equilibrium systems of eq 1 differ only in the metal.

was reached by placing quartz cells (1 mm, NSG Glass) charged with ™ i otics of Oxo Transfer. Kinetics of reactions 25 were

0.2 mL of [MOx(mnt)]?>~ solution into the cell compartment 20 . .
min prior to reaction initiation. Reactions were started by the injection followed spectrophotometrically at different temperatures. A

of a DMF solution of the substrate (principally (Me®)or (MeOYPhP) time course of reaction 2 at 298 K is illustrated in Figure 1.
through the septum cap of the quartz cell using gastight syringes
(Hamilton) fitted with 21 gauge stainless steel needles. [MOOZ(mnt)Z]Z_ + (MeO),PhP—

Substrate oxidations were monitored by following the decrease in 2—
intensity of the 425 nm band of [Ma@mnt)]?>~ or of the 382 nm band [MoO(mnt)]” + (MeORLPhPO (2)
of [WO,(mnt)]?~. Reaction systems had the initial oxidant concentra- 2—
tions [MoO,(mnt)2-Jo = (1.0-2.6) x 10-3 M, with 10110 equiv of  LWOAMntLl" + (MeO),PhP—
substrate, and [W&mnt)> Jo = 9.4 x 10%—1.7 x 103 M, with 250— [WO(mnt),] 4 (MeO),PhPO (3)
4000 equiv of substrate, depending on reaction rates. For each substrate,
reactions were conducted at a minimum of five temperatures in the [MOOZ(mnt)Z]% + (MeO),P—
ranges in Table 2. At each temperature, at least four independent runs
were performed under pseudo-first-order conditions. Plots oflr{( [MoO(mnt),]*” + (MeO),PO (4)
Au)/(Ao — As)] vs time were linear over at least 3 half-lives. Plots of
kobs VS substrate concentration were linear and yielded second-order[WOz(mnt)z]} + (MeO),P—

rate constants, from which activation parameters were determined from o
plots of the Eyring equatiok = (ksT/h)[exp(AS/R — AHYRT)]. [WO(mnt)]” + (MeO)LPO (5)
Results and Discussion The bands of [Mo@mnt)]2~ at 425 and 525 nm decrease in

. ) . o intensity with time while a feature at 368 nm due to
Selection of Reaction SystemslIn assessing the kinetics of [MoO(mnt)]2~ grows in. Tight isosbestic points are observed
oxo transfer in molybdenum and tungsten systems, we choSey; 357 and 378 nm. The final spectrum is the same as that of
to utilize bis(dithiolene) complexes because of the relationship [MoO(mnt);]2~ measured separately. A corresponding depiction
to the two pterin cofactor ligands in members of the DMSO  t reaction 3 is provided in Figure 2. Here the 382 and 455

reductase family. A number of bis(dithiolene) MO and features of [WQ(mnt),]2~ decrease in intensity as the reaction

MVO, complexes of these elements have been preparéd. proceeds while the 355 nm band of [WO(mi#) becomes
Preliminary screening of some of the M® and Md'O;

(33) We encountered some difficulty in devising other reaction systems

(32) (a) Ansari, M. A,; Chandrasekaran, J.; Sarkarln8rg. Chim. Acta for both molybdenum and tungsten with the same ligands that allowed
1987, 133 133. (b) Matsubayashi, G.-E.; Nojo, T.; Tanaka)org. guantitive kinetics measurements in the absence of complex instability
Chim. Actal988 154, 133. (c) Coucouvanis, D.; Hadjikyriacou, A.; or other undesired reactions. For example, we were unable to obtain
Toupadakis, A.; Koo, S.-M.; lleperuma, O.; Draganjac, M.; Salifoglou, a well-behaved kinetics description of the system [MoO@titiMes-

A. Inorg. Chem.1991, 30, 754. NO in acetonitrile examined by othets.
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1368 14
| . 12
[MoO,(mnt),]”+ (MeO),PhP  —— Mo/P(OCH,),
[MoO(mnt),J>+ (MeO),PhPO 10-
84
An(k/T) »"/
6 -
4 Mo/P(OCHj;),Ph
A
2 -
0- I 1 1 I U T
31 32 33 34 35 36
1T X 10°
204
. T — 184 W/P({OCH;),

300 400 500 600 700

A (nm) 16-/
Figure 1. Spectrophotometric monitoring of the reaction system -In(k/T)M-
[MoOz(mnt)]?~ (3.30 mM)+ (MeO)PhP (1.8 equiv) in DMF solution 124 /

at 298 K. These quantities were selected to provide small incremental
changes in spectra recorded every 2 min for a period of 64 min. Band 104 W/P(OCH,),Ph
maxima and isosbestic points (hnm) are indicated. 8-

T T T T T T
29 30 341 32 33 34

1/T X 10°

Figure 3. Eyring plots for reactions 2 and 4 (upper) and reactions 3
and 5 (lower) in DMF solutions.

1355 6+

[WO,(mnt)J*+ (MeO),PhP ——»
[WO(mnt),l" + (MeO),PhPO Table 3. Rate Constants for Substrate Oxidation by [M®nt)]2~

in DMF Solutions at 298 K
A
M X k(M1s?) M X k(M1s9
Mo (MeO)P 25x 102 W (MeO)P 9.7x 10°6a
Mo (MeO)PhP 0.45 W  (MeQPhP 4.5x 104
Mo (EtO)MeP 1.1 W (EtO)MeP 3.4x 1072
a Calculated from the Eyring equation.
. : : - - . acceleration by molybdenum vs tungsten is in thé—11m?
300 350 400 450 500 550 600 range. Activation entropies are large and negative, consistent

X (nm) with a second-order process. The observed rang@,to —38
Figure 2. Spectrophotometric monitoring of the reaction system €U, iS narrow and consistent with a common associative
[WO5(mnt)]2~ (1.7 mM) + (MeO)PhP (600 equiv) in DMF solution ~ mechanism for the two metals. Although the database is not
at 298 K._These guantities were selecte_d to provid_e small incr_emental extensive, values oAS* occur in the range-10 to —37 eu for
changes in spectra recorded every 2 min for a period of 78 min. Band the oxidation of tertiary phosphines by M@, complexes in
maxima and isosbestic points (nm) are indicated. The unlabeled aprotic solventd8.27.28.30 All but one of these values is less than
isosbestic point occurs at 366 nm. ) . . .

—20 eu. BecausAS' is more negative for reaction 3 than for

more intense. Well-defined isosbestic points occur at 312, 346, éaction 2 by—5 eu, the predicted ratilvo/kw = 12 for the
366, and 545 nm. The final spectrum is the same as that of tWo reactions at constartH*, a value small compared to the
[WO(mnt)]2~ measured separately. In the case of reactions 4 €xperimental 1@)9’[ 298 K. For reactions 4 and 5, the values
and 531P NMR confirmed the formation of trimethyl phosphate. Of AS' are experimentally indistinguishable. The main source
The same UV-visible spectral changes were observed in Of the relative rates of the two metals must lie principally in
reactions 4 and 5 and with other substrates (vide infra). differences inAH* values, which are larger by 2.8 and 4 kcal
React|0ns 2_5 are Second_order W|th the rate |aW (6) Rate for the tungsten COmpIeXeS In reactions 2/3 and 4/5, respectlvely.

constants at different temperatures and activation parameters Reaction Profiles. In seeking the source of the larger rates

evaluated from the Eyring equation are collected in Table 2. With molybdenum than with tungsten complexes, we have
considered the theoretical analysis by Pietsch and Hall §PH),

—d[(MOZ(mnt)z)zf]/dt = who calculated a reaction pathway for the substrate oxidation
. , system (7) in water. While the reactant complex was simplified
K(MO,(mnt),)* ][(RO);_,R',P] (6)

VI
Eyring plots for reactions 2 and 3 are displayed in Figure 3. [Mo™ O,(SH),(NHg);] + MegP + H,0 —
Linear plots were observed in all cases. It is immediately [Mo" O(SH),(NH,),(OH,)] + Me,PO (7)
evident that large substantial differences exist for analogous
molybdenum- and tungsten-mediated reactions. For the ratefor calculational purposes and the geometries of all molybdenum
constants at 298 K given in TableB4o/kyw = 2600, 1000, 320
in the order of substrates listed. Thus, in these systems rate(34) Pietsch, M. A.; Hall, M. Blnorg. Chem.1996 35, 1273.
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14 % NG
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ZL>
NC S
+PRy =
. + solvent /O /PR3
o)
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50
o L2-
NG
Sl (soW)
NG 2 NCIS/'\IA\S
NC-%\ P S\?\CN
S—M—0
S/ \S CN
_ + R3PO
" on —_ —_—
NG —69
o) t O (@] I
168l .. 166lliv . 167 1|y .. 166l .. 166 ||
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:PRj PRs PR3 Ofsoy PR3 Ofsolv)

Figure 4. Proposed energy profile for reaction 1 with a generalized ®®strate, adapted from the work of Pietsch andH&dl reaction 7.
Energies (kcal/mol) are relative to the reactants, and bond lengths are optimized values; both refer to transition states and intermediates in react
7. Depictions of M= Mo and W species simulate theoretical descriptions. The order of events in reaction 7 is taken as the samevioravid

W systems of reaction 1.

species along the reaction pathway were theoretically optimized, is developed upon formation of a Me-O single bond involving

the donor atom sets and atom charges (but not all Mo bondthe atom to be transferred to thgPRsubstrate and creation of
angles and lengths) are the same®#8,0r similar to36 those a short P-O bond typically found in phosphine oxides and
of functional atom transfer systems. The WD, reactant has  phosphate triesters. In reaction 7, the first intermedi&te (
Co, symmetry with a standard MeO bond distance (1.68 A).  symmetry) is some 69 kcal/mol more stable than the uncom-
The energy profile in Figure 4 is adapted from the results of bined reactants. The structure of this intermediate, which is an
PH. The energies of the possible transition states and inter-R,PO adduct of a MO complex, is chemically reasonable,
mediates relative to the reactants have been retained in order tglthough we are unaware of any such complexes having been
convey the calculated energy changes in the steps of reactiongjrectly detected in a molybdenum or tungsten oxo transfer
7. Mo—0 and P-O bond distances are displayed along the system. In the aqueous system (7), the next event is reckoned
bottom of thg diagram. There_ is no implication that these values tg pe formation of a seven-coordinate monosolvated entity, an
or the energies apply to reaction 1. However, we conclude that associative transition state. At this stage, a water molecule
the sequence of events, recognized but for the most part set outesjges on the molybdenum atom at a distance of 2.48 A, the
less exactly in various papers on molybdenum-mediated 0xo0 \1o—OPR, bond is near the dissociation limit, and the-®
transfer, is the same as for the reactions of molybdenum and 4 spectator MeO bond lengths are essentially unchanged.
tungsten studied here. A similar theoretical treatment for Next, the RPO ligand dissociates, and water occupies the
tungsten-mediated oxo transfer is not available. vacated site at an MeO distance of 2.17 A, affording [M¥O-

b T{Ee 'nr']t'al er:]\(ent IS th? nucleolphltllc at(;a.(f:tk. otn ?r?e oxo aiol\r/ln (SH):(NH3)2(OHy)] in a process that is predicted by PH to be
y the phosphin€, causing an electron dnitt Into the vacant Vo ., \certeq in nature. In succeeding steps, this species is

dyy orbital. This event generates the first transition state. One converted by coupled proterelectron transfer to the initial

Mo—O bond, involving a “spectator” oxo atom in the sense of Vi
. 70 . Mov'O, complex. In the nonaqueous system (1), we have no
Rappeand Goddard! is slightly shortened, the bond subject direct evidence for a solvated transition state or a (weakl
to attack is greatly lengthened, and a weak® interaction is solvated) final product [MO(mnty(DMF)]2-, so neither can y
developed. In reaction 7, generation of this transition state be ruled out V\‘;h'l did not i tigat t’h tter in detail
requires an activation energy of 14 kcal/mol. An intermediate € ruled out. e we did not investigate the matter in detatl,
the room-temperature rate constants for reaction 2 are somewhat
(35) Schultz, B. E.; Gheller, S. F.: Muetterties, M. C.; Scott, M. J.; Holm, Solvent-sensitive, with the extreme values varying by a factor
R. H.J. Am. Chem. S0d.993 115 2714. of 6 for the solvents tested (THF, 0.21; DMF, 0.45; MeCN, 1.2

(36) Xiao, Z.; Bruck, M. A.; Enemark, J. H.; Young, C. G.; Wedd, A. G. -1g1 ot ; ithi iag i
Inorg. Chem 1996 35, 7508, M~1s™1). The depictions of the various dithiolene species in

(37) Rappe A. K.; Goddard, W. A., lll.J. Am. Chem. Sod982 104 Figure 4 (including the solvated transition state and prOdUCt)
3287. simulate the PH theoretical predictions for reaction 7. Our brief




Kinetics of Oxo Transfer for Mo and W Complexes

Table 4. Differences of Redox Potentials of Pairs of Mononuclear
Molybdenum and Tungsten Complexes
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Table 5. Metal-Oxo Bond Distances and Stretching Frequencies
in [MV'O,L,]?~ Complexes (L= mnt, bdt)

. Emo — Ew VMo

couplé oxidn states V) ref compound M-0 (A) (cm™) ref
[MFg]%%, [MFg]—/2- 6+/5+, 5+/4+ 1.01,0.98 38 (BusP),[MoO,(mnt),] 1.69(1), 1.73(2) 885,850 15a
[MCl |23~ 4+/3+ 0.87 39, 40 (PhyPY[MoO5(mnt)]:2MeOH  1.721(6) 885,851 12b, 47
[M([9]ane(NMe))Cls] 1+ 4+/3+ 0.84 41 Qo[WOz(mnt))] 1.701(6% 916,874 17
[M(HB(Mepz)s)Cls] o/t 4+/3+ 0.82 42a Q2[MoO2(bdt))] 1.724(2), 1.730(») 858,829 12b, 47
[MOCIs]*~2-, [MOCls] 23~ 6+/5+, 5+/4+ 0.75,0.75 40 Qz[WO,(bdt)] 1.727(9), 1.737(8) 885,843 13, 47
[MNCI )2-/2- 6+/5+ 0.68 40
IMCI - S5+/a+ 0.65 39, 40 *Q=BuN".Q=PhP*. Q= EtN".
[MO([9]ane(NMe))Cly]1+/0 5+/4+ 0.62 41 .
[MCl g%~ 6-+/5+ 0.61 39, 40 the valuable work of Moock, Heath, Sharpe, and their co-
[MOz(HB(MgzPZ)s)L]e 6+/5+ 0.56-0.61 42b workers3®40who have provided potentials for a number of redox
[mg(gtg)z];’lf’ MO(SRUIL - Zﬂgi St 8-53 0.7 413?’ couples differing only in the metal. With innocent, weakly
EM(C(N)S%%]*/“*'[ (SRM 54 /4t 027 a4 polarizable ligands, values dEy, — Ew are largest and
[M(mnt)3]22 4413+ (?) 0.27,0.37 14b, 45 maximize at cal V for the hexafluoride couples. There is a
[M([9]ane(NMe))(CO)] 1 1+/0 0.09 41 notable separation of ca. 0.3 V between the [B% couple
[M(tfd) 5], [M(tfd) 3] d 0.07,0.04 46 and those that contain anionic sulfur ligandszeacid ligands.

a Abbreviations: [9]ane(NMg)= N,N',N"-trimethyl-1,3,5-triazacy-
clononane; bdt benzene-1,2-dithiolate{?); HB(Mezpz); = tris(3,5-
dimethylpyrazolyl)borate(®); mnt = maleonitriledithiolate(2); tfd
= 1,2-bis(trifluoromethyl)ethylene-1,2-dithiolate{2. * W potential at
293 K; Mo potential at 273 K¢ R = 2,4,6-GH.("Pr). ¢ Oxidation states
uncertain Includes a set of six monoanionic ligands.

description of the energy profile for reaction 7 does not include

certain orbital and structural changes; for these details the

original treatment by PH must be consulted.

Three of these (mnt, bdt, tfd) are of the dithiolene type. For
the couples [MO(mn$]1~2~ in dichloromethaneky, — Ew =

0.17 V. Ligands in the lower part of the table are just those
expected to form the more covalent bonds, whose effect would
attenuate intrinsic electronic and reactivity differences between
the metals. In the [MO(mmd)'~2~ couple, for example, the
M(V) state is well-defined by EPR217consequently, the ligand

in the monoanion and dianion is reasonably formulated as a
dithiolate dianion. The decreased potential difference is due
to bond covalency, as in [MO(SR} /2, whose ligands are

As PH have noted, and as is the case here, the theoretica\nnocem and whose difference is the same as that of

activation barrier of 14 kcal/mol is comparable to measured

values ofAH*, all of which are in the 16820 kcal/mol range in
aprotic solventd827.28.30 These values include whatever sol-

vation effects factor into creation of the transition states, whereas
the PH energies do not. This unresolved matter notwithstanding,
the apparent conformity of theoretical and experimental energies
to a narrow interval suggests that some validity may be extended

to the theoretical description of rate-limiting transition state

formation. At least two properties, inherent to the metals, appear

important in this respect: the reducibility of the metal center
and the strength of terminal metadxo bonds. In terms of

[MO(bdt);]*~/2=. Indeed, the smallest differences in potential
are found with the highly oxidized [M(tfd)* complexes, in
which the metal and (noninnocent) ligand oxidation states are
not certain owing to electron delocalization. The most important
conclusion from the data in Table 4 is that, ligand effects on
redox potentials notwithstanding, there are no exceptions to the
potential ordefEy, > Ew. One should, therefore, expect that
any event that increases the electron density at the two metal
centers would require an incrementally larger energy for
tungsten than molybdenum, other factors being constant as with
the outer-sphere redox couples of Table 4.

achieving the transition state, these factors can only be assessed Tha formation of the first transition state involves the

by appeal to experimental data for other systems.
Whether the formation of the first transition state involves
partial electron transfer to Mo(V1) or full transfer of an electron

concerted processes of electron transfer to the metal center and
lengthening of one M-O bond of the M'O, group. Therefore,
the relative strengths of MO bonds are relevant. Summarized

pair to give Mo(lV), the process is one of reduction. The iy Table 5 are the MO, stretching frequencié®174’measured
relative tendencies of molybdenum and tungsten to be reducednder the same conditions and"™O bond lengths for pairs
follow from redox potential differences at parity of ligation and  of mnt and bdt complexes. With the same ligango > oo,

under otherwise identical conditions. There being no such jndicating stiffer bonds in the tungsten complexes.

In

databa_lse previous_ly presenteq, we have collected in Table 4\w0,(mnt),]2-, the bond distances are mildly suggestive of
potentials of chemically reversible mononuclear redox couples shorter bonds compared to the more accurate of the two

that appear to fulfill these criter#46 We note in particular

(38) Moock, K. H.; Rock, M. HJ. Chem. Soc., Dalton Tran$993 2459.

(39) Heath, G. A.; Moock, K. H.; Sharpe, D. W. A;; Yellowless, L.JJ.
Chem. Soc., Chem. Commur285 1503.

(40) Moock, K. H.; Macgregor, S. A.; Heath, G. A.; Derrick, S.; Boete
Chem. Soc., Dalton Tran4996 2067.

(41) (a) Backes-Dahmann, G.; Herrmann, W.; Wieghardt, K.; Weiss, J.
Inorg. Chem1985 24, 485. (b) Backes-Dahmann, G.; Wieghardt, K.
Inorg. Chem.1985 24, 4049.

(42) (a) Millar, M.; Lincoln, S.; Koch, S. AJ. Am. Chem. S04982 104,
288. (b) Eagle, A. A.; Tiekink, E. R. T.; Young, C. Gorg. Chem.
1997, 36, 6315.

(43) Soong, S.-L.; Chebolu, V.; Koch, S. A.; O’Sullivan, T.; Millar, M.
Inorg. Chem.1986 25, 4068.

(44) (a) Malik, W. U.; Ali, I. Indian J. Chem1963 1, 374. (b) Boadsgaard,
H.; Treadwell, W. D.Hely. Chim. Actal955 38, 1669.

(45) McCleverty, J. A.; Locke, J.; Wharton, E.J. Chem. Soc. A968
816.

[MoOx(mnt)]?~ structures, but the crystalline environments are
different. These distances in the [M@®dt)]?~ pair are not
distinguishable. Although no MO bond is broken in the PH
description or previous conceptidhd’28 of transition state
formation, we consider briefly the actual strengths of such bonds.
Collected in Table 6 are bond dissociation energy (BDE)
differences for pairs of molybdenum and tungsten compounds
ranging in oxidation state from M(ll) to M(VI}8-52 Unless

(46) Davison, A.; Edelstein, N.; Holm, R. H.; Maki, A. H. Am. Chem.
Soc.1964 86, 2799.

(47) Oku, H.; Ueyama, N.; Nakamura, Morg. Chem.1995 34, 3667.

(48) Glidewell, C.Inorg. Chim. Actal977, 24, 149.

(49) Pedley, J. B.; Marshall, E. Ml. Phys. Chem. Ref. Dati983 12,
967.

(50) Donahue, J. P.; Holm, R. HPolyhedron1993 12, 571.

(51) Pershina, V.; Fricke, Bl. Phys. Chem1995 99, 144.
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Table 6. Molybdenum- and TungsterOxo Bond Dissociation are the consequence of two intrinsic propertiestucibility as
Energies manifested by redox potentials abdnd length deformatioas
BDE (kcal/mol) reflected by stretching frequencies and BDE values. 1t is
compound M=Mo M=W  BDEw— DBEyo ref assur_n_ed that any differential solvation energy in attaining the
transition state is small because the [Mi@nt)]2~ complexes
mgz ﬁg' 133 115621 160 1%5’ 21 438' 49 are isostruptural with the same charge and were used at similar
MOCl, 101 127 26 50 concentrations. Further, if the PH conception of the first
15 169 19 51 transition state is correct, the structural change to reach it is
MO; 141 142 (1) 50 rather small. We consider this likely in the present reactions.
141 150 9 48 In any case, we have no basis for estimating any differential
MOCL? 158 179 21 52 rearrangement energy. While it remains to be more generally
aTheoretical estimates. established that for metal-centered reduckggm > kw and the

reverse for oxidation, several other redox reactions do follow
otherwise indicated, BDE’s were calculated from thermochemi- these trend® Larger differences in barriers may be anticipated
cal data. The values of BQE — BDEy, for MO,Cl, and for Mo/W reactant pairs with ligands less covalent than
MOCI, are perhaps the most pertinent and are in the 2® dithiolenes. Should a native molybdenum atom in an enzyme
kcal/mol range. Taking these data as a rough guide, reaction 1be replaceable by tungsten (or conversely) with retention of
sacrifices one MO bond of energy ca. 150 kcal/mol to form  structure and activity, the present results indicate the expected
a P-0O bond of energy 148 kcal/mét. From Table 6, BDiy direction of the rate change. In view of the monooxo centers
> BDEw,, With the least certain case being MQvhere the present in the AOR (W) and DMSO reductase (Mo) families,
BDE difference calculated from heats of formation is essentially considerable interest attends the oxo transfer propensities of
nil. Pyykk&>* has argued that relativistic effects are responsible dithiolene-coordinated monooxo M(VI) groups. We recently
for these and other property trends of molybdenum and tungstenprepared components of the potential oxo transfer couple
compounds. On the basis of the data in Table 6, the conclusion[nonoxo-M"] + [O] — [MV'O] as bis(dithiolene) complexes
that more energy is required to deform a-\® than a Me-O with M = Mo and W. Their reactivity properties are currently
bond from its equilibrium value seems inescapable. under investigatioR®

Summary. We have established that for three pairs of )

second-order oxo transfer reactions 1 using oxidants with bis- _Acknowledgment. This research was supported by NSF
(dithiolene) coordination, the rate order kgo > kw in the Grant 94-23830. We thank Dr. C. Lorber for yseful d|sc_uss_|ons
direction M(VI) — M(IV) and the molybdenum rates are2t0 and Dr. E. Nordlander for a copy of ref 30 prior to publication.
10° faster at room temperature. Two reactions were examined |c971426Q
as a function of temperature in order to evaluate activation
parameters. We conclude that the faster rates with molybdenum(SS) (a) Campion, R. J.; Purdie, N.; Sutin, Norg. Chem1964 3, 1091.
(b) Leipoldt, J. G.; Dennis, C. R.; Grobler, E. Gorg. Chim. Acta

(52) Pershina, V.; Fricke, Bl. Phys. Chem1996 100, 8748. 1983 77, L45. (c) Borish, E. T.; Kirschenbaum, L. J.; Mentasti,JE.
(53) This is the value for (EtQIPO3° Tertiary phosphine oxides tend to Chem. Soc., Dalton Tran$985 1789. (d) Ballistreri, F. P.; Barvuzzi,
have P-O BDE'’s in the 133-139 kcal/mol range. Cf.: Gilheany, D. E. G. M.; Tomaselli, G. A.; Toscano, R. M. Org. Chem1996 61,
G. In The Chemistry of Organophosphorus Compoundsl. 2 6381.
Hartley, F. R., Ed.; Wiley & Sons: New York, 1992; Chapter 1. (56) Donahue, J. P.; Lorber, C.; Nordlander, E.; Holm, RIFAm. Chem.

(54) PyykKg P.Chem. Re. 1988 88, 563. Soc, in press.



