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The rhenium(V) complex [(HCpaReOCH ™ ([1]T), the tris(pyrazolyl)methane analogue of the known tris-
(pyrazolyl)borate complex (HBpReOC} (2), has been prepared. The two complexes are strikingly similar, as

are the phosphine oxide adducts [(H@BeCL(OPPR)]CI ([3]Cl) and (HBpz)ReCL(OPPh) (4), which have

been characterized by X-ray crystallography. Comparison of the bimolecular reductidiBé&f, [and 2 by
triarylphosphines reveals a pronounced charge effect, with the cationic species being reduced alyoBPh

1000 times faster than its neutral analogue in,CkH at room temperature. Ligand substitution of the adducts

[3]* and4 is dissociative, with the cationic complex dissociating phosphine oxide about 56 times more slowly
than the neutral compound. The relative impact of charge on ground and transition states in atom transfer reactions
is discussed.

Introduction corresponding overall charge. It was anticipated that this change
remote from the coordination sphere would only minimally
o . . perturb other steric and electronic features of the complexes.
compounds containing an oxygen atom that is multiply bonded The results of a detailed kinetic study of the reduction of the

to a transition metal in a high oxidation state. The salient feature two complexes by PRhas well as the subsequent dissociation
of these compounds is their redox properties: such compou_ndsOf OPPh from the reduced species, thus speak directly to the
can transfer an oxygen atom to reductants such as phosphinesyite ences in reactivity engendered by the change in overall
sulfides, and alkenésOxygen atom transfer chemistry has been charge
implicated in various reactions of industrial and biological '
importance, including olefin epoxidatidrand catalysis by  gxperimental Section
cytochrome P-450. _

There is a clear need to establish the factors which control ~ General Methods Unless otherwise noted, all procedures were
the reactivity of the metatoxo moiety. The effects of ancillary carried out on the benchtop. When necessary, acetonitrile, chloroform,

licands and metal oxidation state have received the mostand methylene chloride were dried o¥eA molecular sieves, followed
'9 P xiaatl V v . by Cah. Pyridine was dried over CaHAnhydrous 1,2-dichlorobenzene
attention? The effect of overall charge on metal-mediated

. (99%) was obtained from Aldrich and used without further purification.
oxygen atom transfer, in contrast, has not been explored pry ether was vacuum transferred from sodium benzophenone ketyl.
systematically. We chose to try to isolate the effects of charge HCpz,14 (HBpz;)ReOC} (2),3 and ReOG(OPPh)(SMe)!® were

in a simple model system involving the reduction of rhenium- prepared using literature procedures. All other reagents were com-
(V) by triarylphosphines. Rhenium(V) forms a large number mercially available and used without further purification.

of stable octahedral complexes with multiple bonds to oxygen. ~ NMR spectra were measured on a General Electric GN-300 or a
Triphenylphosphine is widely used to study oxygen atom Varian-300 FT-NMR spectrometer. Chemi(_:al shifts faéi and
transfer because the reactions proceed cleanly and r&gidly. C{'H} spectra are reported in parts per million referenced to TMS;
Phosphine oxidation has been used to study the redox behaviof10se for*'P spectra are reported in parts per million referenced to
of molybdenum-containing enzymésmodels of tungsten external HPO.. The peaks due to the pyrazole protons are listed only

$ d tal hvri del f cvtoch as their chemical shifts and multiplicities; their coupling constants are
énzymes, and oxometal porphyrin models of cytochrome always 2 Hz. Pyrazole H-4 protons appear as triplets, and pyrazole

There is considerable interest in the chemistry of inorganic

P-4501° H-3 and H-5 protons appear as doublets. Infrared spectra were recorded
Here we describe the preparation of the cationic tris-
(pyrazolyl)methane complex [(HCpReOCH]*, which differs (8) (a) Spiro, T. G., EdMolybdenum Enzymg¥/iley: New York, 1985.
from the knownr'~13 tris(pyrazolyl)borate complex (HBp E(b) HiIIe,hIIQ. Ig:hgml. Re. 19Eg% H%, 2?57—1%%16696(30)2;;4?2,3?.4H.;
i it i ennepohl, P.; Solomon, E. Chem. Re. , .
ReOC} only in the substitution of carbon for boron and in the (9) Tucci. G. G.. Donahue. J. P.. Holm. R. Horg, Chem 1098 37,
1602-1608.
(1) Arthur J. Schmitt Presidential Fellow (1998000). (10) (a) Bortolini, O.; Meunier, BJ. Chem. Soc., Chem. Commad883
(2) Nugent, W. A.; Mayer, J. MMetal-Ligand Multiple BondsWiley: 1364-1366. (b) Chin, D.-H.; LaMar, G. N.; Balch, A. LJ. Am. Chem.
New York, 1988. So0c.1980 102 5945-5947. (c) Ledon, H.; Bonnet, M.; Lallemand,
(3) Wiberg, K. B., Ed.Oxidation in Organic ChemistryAcademic J.-Y.J. Chem. Soc., Chem. Commua®79 702-704.
Press: New York, 1985. (11) Abrams, M. J.; Davison, Ainorg. Chim. Actal984 82, 125-128.
(4) Ortiz de Montellano, P. RCytochrome P-450: Structur&lechanism, (12) Degnan, I. A.; Behm, J.; Cook, M. R.; Herrmann, W.I#org. Chem.
and BiochemistryPlenum: New York, 1995. 1991, 30, 2165-2170.
(5) Holm, R. H.Chem. Re. 1987, 87, 1401-1449. (13) Brown, S. N.; Mayer, J. Minorg. Chem.1992 31, 4091-4100.
(6) Rouschias, GChem. Re. 1974 74, 531-566. (14) Julia, S.; del Mazo, J. M.; Avila, L.; Elguero,Qrg. Prep. Proc. Int.
(7) Moyer, B. A,; Sipe, B. K.; Meyer, T. Jnorg. Chem1981, 20, 1475~ 1984 16, 299-307.
1480. (15) Grove, D. E.; Wilkinson, GJ. Chem. Soc. A966 1224-1230.
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as evaporated films on KBr plates on a Perkin-Elmer Paragon 1000 J = 8, 3 Hz, 6H, meta); 9.28 (t, 1H, pz trans to ORP®.37 (t, 2H,
FT-IR spectrometer. UVvis data were collected on a Beckman DU-  pz cis to OPP¥). IR (cm™%): 1438 (m), 1404 (m), 1270 (w), 1241 (w),
7500 diode-array spectrophotometer equipped with a multicell transport 1141 (s), 1123 (s, PO), 1054 (vs, br, BF), 854 (w), 773 (w). UV
block. Mass spectra were obtained on a JEOL JMS-AX 505HA mass vis (CHLCly): Amax= 370 nm,e = 3.6 x 1® M~ cm™L. Anal. Calcd
spectrometer using the FAB ionization mode and 3-nitrobenzyl alcohol for C,gH,sNBOCLF,PRe: C, 40.21: H, 3.02: N, 10.05. Found: C,
as a matrix. In all cases, observed intensities were in satisfactory 409 40: H, 3.16; N, 10.15.

reement with calcul i ic distributions. Elemental anal
agreement with calculated isotopic distributions. Elemental analyses (HBpzs)ReCh(OPPhy) (4). Into a 50 mL Erlenmeyer flask were

were performed by M-H-W Laboratories (Phoenix, AZ). laced |
[(HCpz3)ReOCL]CI ([2]Cl) . To a 50 mL round-bottom flask were placed (HBpg)ReOC} (2, 330 mg, 0.68 mmol), PRI3.51 g, 13.37

added a magnetic stirbar, ReQEPPh)(SMe) (1.28 g, 1.97 mmol), mmol), and CHCI, (8.5 mL). After being stirred for 24 h, the solution
and HCpz (0.44 g, 2.04 mmol). A Teflon needle valve was attached Was evaporated to dryness, and the solid residue washed with ether

to the flask, which was then affixed to a vacuum line. Dry CH (20 (100 mL). The crude material was recrystallized from CH/ether to
mL) was added by vacuum transfer, and the solution was stirred for Yield orange crystals of the product. Yield: 308 mg (61%).NMR

4.5 h. After the volume was reduced by 50%, ether (10 mL) was (CDChk): 6 —19.11 (d, 1H, pz trans to OPph—14.76 (d, 2H, pz cis
condensed on top of the blue solution. The next day, the flask was to OPPR); —13.12 (d, 1H, pz trans to OPRh—5.38 (d, 2H, pz cis to
removed from the vacuum line and the blue solid collected on a glass OPPR); —3.40 (s, 1H, pzBH); 6.09 (t, 1H, pz trans to OPB)h 6.76
frit, washed with ether, and air-dried to yield 0.94 g &fCl (91%). (dd,J = 13, 8 Hz, 6H, ortho); 7.05 (t, 2H, pz cis to ORPH7.45 (t,

IH NMR (CDCl): 6 6.24 (t, 1H, pz trans to oxo); 6.92 (t, 2H, pz cis J= 7 Hz, 3H, para); 7.62 (td] = 8, 3 Hz, 6H, meta)3'P{*H} NMR

to ox0); 7.56 (d, 1H, pz trans to oxo); 8.42 (d, 2H, pz cis to 0x0); 8.66 (CD.Cly): 6 120.48. IR (cm%): 1636 (w), 1590 (m), 1496 (m), 1486
(d, 1H, pz trans to oxo); 9.32 (d, 2H, pz cis to ox0); 12.54 (s, 1H, (m), 1438 (s), 1403 (s), 1388 (m), 1305 (s), 1266 (m), 1207 (s), 1155
pzCH). *3C{*H} NMR (CDCly): ¢ 150.8, 148.8, 141.0, 135.2, 111.3,  (vs, P-0), 1119 (s), 1092 (m), 1072 (m), 1047 (s), 1028 (m), 998
108.8, 75.3. IR (cmb): 1504 (m), 1444 (m), 1410 (w), 1390 (m), 1271 (m), 919 (w), 885 (w), 851 (w), 812 (w), 787 (s). UWis (CH.CL):

(s), 1244 (s), 1094 (m), 1062 (s), 1007 (s), 986 (s+=Rg, 908 (m), Amax = 338 nm,e = 3.6 x 108 M1 cm™L. FABMS: m/z 748 (M").

854 (m), 830 (W), 765 (s). UVVis (CHCl): Amax = 678 nm,e = Anal. Calcd for GH,sNeBOCLPRe: C, 43.33; H, 3.37; N, 11.23.
120 Mt cmt. FABMS: mvz 487 (M*). Anal. Calcd for GoH1oNs- Found: C, 43.72: H, 3.61; N, 11.33.

OCLRe: C, 22.97; H, 1.93; N, 16.08. Found: C, 22.80; H, 1.79; N, ' ' .
15.83. [(HCpz3)Re(py)CLICl was prepared on a small scale by adding

[(HCpzs)ReOCL]BF4 ([1]BF.). To a 50 mL Erlenmeyer flask were  [3IC! (1.90 mg, 2.4Qumol), dry pyridine (1.QuL, 12.4xmol), and dry
added []CI (478 mg, 0.91 mmol), AgBF (Aldrich, 178 mg, 0.91 CD.Cl; (1 mL) to a valved NMR tube in the drybox. The tube was
mmol), CHCN (20 mL), and a magnetic stirbar. After the mixture ~heated at 50C for two weeks; NMR monitoring of the yellow solution
was stirred for 30 min, the white solid was removed by suction filtration, Showed the presence of starting material throughout this period. The
and the volume of the dark blue solution reduced to 10 mL on the tube was subsequently heated in a“@oil bath until the reaction
rotary evaporator. Vapor diffusion of ether10 mL) into the solution was complete (118 hfH NMR (CD.Cl,): 6 —18.22 (d, 2H, pz cis to
resulted in the precipitation of more white solid. The insoluble material py); —14.14 (d, 2H, pz cis to py);-12.81 (d, 1H, pz cis to py);-8.94
was removed by suction filtration, and the blue solution evaporated to (d, J=5 Hz, 2H, py 2,6-H);—3.94 (t,J = 8 Hz, 1H, py 4-H);—1.32
dryness. The blue residue was crystallized from acetonitrile/ether to (d, 1H, pz trans to py); 5.38 (s, 1H, 4&H); 7.41 (t, 2H, pz cis to py);
furnish 301 mg of analytically purel]BF, (56%).'H NMR (CD3CN): 13.03 (t, 1H, pz trans to py); 17.25 &= 7 Hz, 2H, py 3,5-H). UV
0 6.31 (t, 1H, pz trans to oxo); 6.97 (t, 2H, pz cis to oxo); 7.57 (d, 1H, vis (1,2-GH4CLo): Amax= 432 nm,e = 1.5 x 10 M~ cm™1. FABMS:
pz trans to oxo); 8.09 (d, 1H, pz trans to oxo); 8.48 (d, 2H, pz cis to m/z 550 (M*).

OXO)’&'% (d, 2H14gg cis to (1);(8)3 9.19 (15261£I1-|,362-I)1I2FL(3cm 1),1;238 [{ (9?>-HCpz3)ReOCl} »(u-Cl)][ReOCl 4] was generated in solution
(m), w), (m), (m), (m), (m), W), by dissolving ICI (3.00 mg, 5.70zmol) in CDCN (1 mL). The

(l:(;?csd(}/jr’ EZH?(;EI\_IZB?C?IZSREE((?)Z%OSZ(SIL 815 4716(m lzl 71313625).!:@32:1-' suspension was filtered and the filtrate added to a NMR tube. The blue

C. 21.04' H 161 N 14.56. solution was monitored byH NMR for one week. The resulting

[(HCpzz)ReCL(OPPH)ICI ([3]CI) . To a 25 mL Erlenmeyer flask equilibrium mixture included the starting material, free Hg @nd the
were added JICI (59 mg, 0.11 mmol), PPh(102 mg, 0.39 mmol), new productH NMR (CDsCN): ¢ 6.38 (t, 1H); 6.66 (d, 1H); 7.12 (t,
and CHCN (10 mL). After the mixture was stirred for 1 h, the crude 2H); 7.63 (d, 1H); 8.76 (d, 2H); 9.16 (s, 1H; 46H); 9.23 (d, 2H).
brown product was collected by filtration and washed with two 10 mL  FABMS: nvz 1009 (M).
aliquots of ether. More product was precipitated by adding ether to the  X-ray Structure Determinations of [(HCpz3)Re(OPPH,)CI,]Cl-
mother liquor. The combined brown solids were recrystallized from 0.5 CDC}; ([3]CI-0.5 CDCk) and (HBpzs)Re(OPPH)Cl,CeHe (4+
chloroform/ether. The yellow crystals were collected by suction CeHe). Orange plates of the salBJCI were deposited after slow
filtration, washed with ether, and air-dried. The total yield 8fdl diffusion of ether into a solution of the complex in CRCA crystal
was 33 mg (37%):H NMR (CDClk): 6 —20.85 (d, 1H, pz trans to a5 glued to the tip of a glass fiber in the air and examined on an
OPPR); —17.14 (d, 2H, pz cis to OPBh —15.91 (d, 1H, pz rans 0 ppraf-Nonius CAD4 diffractometer using Mo cKradiation with a
OPPR); —9.36 (d, 2H, pz cis to OPR] 4.35 (s, 1H, p&CH); 7.15 graphite monochromator. (= 0.710 73 A). The crystal was triclinic
Sdig_?)ﬁ’z 86:2}:9'?5)??3%’ (Z'E:)L?ﬂ(upz_tZa:sz’tosgé))gl;a())’;(.t?ozgd’ (spacg groupDi). The unit cell was determingd on the b'asis of 24
0z cis to OPin). ’31P{1H}1NMR ((’3D2C£I2): 5170.34. IR’(cml): 1440 reflections with 15.0 < 6 < 15.9. Crystal quality was monitored by
(M), 1404 (s), 1276 (s), 1243 (w), 1122 (s-©), 855 (m), 778 (S). recording three standard reflggtlons approm_mately every ;80 reﬂectl_ons
FABMS: miz 749 (M*). Anal. Calcd for GaHasNsClsOPRe: C, 42.83; measured; decay was negligible. An empirical absorption correction
H, 3.22: N, 10.70. Found: C, 43.00: H, 3.10: N, 11.00. was applied 4 = 4.336 mnT?!, transmission factors 0.816®.9999).

[(HCpz3)ReClL(OPPhy)|BF 4 ([3]BF2). To a 25 mL Erlenmeyer flask The rhenium atom was located on a _Patterson map, the remaining non-
were addedJ]BF, (301 mg, 0.53 mmol), PRK1.40 g, 5.33 mmol), hydrogen atoms were found on difference Fourier syntheses, and
and CHCN (15 mL). After being stirred for 10 min, the yellow solution hydrogens were plaged in calculated positions. Tvyo additional peaks
was evaporated. The residual solid was washed with ether, and two'ere found on the difference map; these were assigned to the C and a
crops of crystals were grown from GEIN/ether. The yellow crystals Cl of a disordered chloroform molecule located on the inversion center.
were collected by suction filtration, washed with ether, and air-dried. There were additional small peaks near these on the difference map,
Yield: 290 mg (51%)!H NMR (CD,Cly): 6 —21.25 (d, 1H, pz trans but the other two Cl atoms could not be refined successfully and were
to OPPR); —17.72 (d, 2H, pz cis to OPRh —16.18 (d, 1H, pz trans omitted from the final model. Final full-matrix least-squares refinement
to OPPR); —9.71 (d, 2H, pz cis to OPR) 1.62 (s, 1H, pzCH); 7.28 on F2 converged aR = 0.0301 for 5166 reflections witR, > 4o(Fo)

(dd,J = 13, 8 Hz, 6H, ortho); 7.60 (1] = 7 Hz, 3H, para); 7.73 (td, andR = 0.0330 for all data (wWR2= 0.0830 and 0.0866, respectively).



Charge Effects on Oxygen Atom Transfer Inorganic Chemistry, Vol. 39, No. 2, 200327

All calculations used SHELXTL (Bruker Analytical X-ray Systems), and isostructural analogue to the known tris(pyrazolyl)borate
with scattering factors and anomalous dispersion terms taken from thecomplex (HBpg)ReOC} (2),11-13 we set out to isolate salts of
literature:® _ _ the hitherto unknown tris(pyrazolyl)methane complex [(H§pz
Yellow prisms of the tris(pyrazolyl)borate compléxvere deposited ReOCH* ([1]). While the rhenium(VIl) complex [(HCp-
after slow diffusion of benzene into a solution of the complex in 1,2- ReQjRe0; has been isolatett,no other high-valent rhenium
dichloroethane. A crystal was glued to the tip of a glass fiber in the air _ . ’ .
tris(pyrazolyl)methane complexes have been reported. This

and examined as described above. The unit cell (tricliRib), was . . . . .
determined on the basis of 24 reflections with 14<76 < 16.0°. Decay contrasts with the rich chemistry of rhenium(V) and rhenium-

was negligible, and an empirical absorption correction was appiied ( (I!) involving tris® and tetraki&’ pyrazolylborate ligands.

= 3.872 mm?, transmission factors 0.224@.3078). Data reduction Stirring ReOCY(OPPh)(SMey)1521in dichloromethane with
and analysis were as described above except for the treatment of theHCpz!422 for 4.5 h yields a blue solution; addition of ether
hydrogen atoms, which were found on difference Fourier maps and precipitates the air stable salt]Cl (eq 1). [1]Cl is sparingly
refined isotropically, except those on the solvent molecule, which were
placed in calculated positions. Final full-matrix least-squares refinement

/O_\N\H,Cl *

on F2 converged aR = 0.0180 for 5605 reflections witR, > 40(F,) 9 M @) CH.CI N ?
andR = 0.0197 for all data (WR2= 0.0452 and 0.0462, respectively). Cl—glé‘ o s nee NN 22 %N/R'e\ ol cr
Kinetics. UV—vis data were collected on a Beckman DU-7500 cr| NN RT N ey
diode-array spectrophotometer equipped with a multicell transport block. OPPhy c @
The temperature was regulated by a circulating water/ethylene glycol HCpz4 H e

mixture and was measured by a thermocouple inserted in the cell block.

Solutions were prepared in 1 cm quartz cells fitted with septum caps. . .
The order of the phosphine oxidation process was determined in soluble in polar organic solvents such asCH, CHCk, and

dichloromethane at room temperature. FaC], the reaction was ~ CHsCN, and insoluble in ether, benzene, alcohols, and water.
followed by measuring the decrease in absorbance of the startinglts *H NMR spectrum indicates that the complex has mirror
material at 678 nm. Eight experiments were done under pseudo-first- Symmetry, consistent with tridentate coordination of the HCpz
order conditions with initial Re(V) concentrations ranging from 8.1 ligand. FAB mass spectrometry confirms the composition of

10*t0 1.9x 10°% M, and with excess phosphine (280 equiv). For the cation, and a strong stretch in the IR at 985 tindicates

procedure was followed fo2, measuring the absorbance at 690 nm, Attempts to grow a crystal of1JCl suitable for X-ray

ure wa . : .
and using initial Re(V) concentrations from 4:410™10 8.3 x 10° diffraction structure determination were unsuccessful. A crystal

M with 40—80 equiv of phosphine. . . .
The ligand substitution process was studied using the phosphine of the perrhenate sall]ReQ, was studied by X-ray diffraction,

oxide adducts @]BF4 and4) and excess pyridine. The reactions were Which confirmed tridentate binding of the HGpligand?®

monitored by following the appearance of the pyridine addutig( Refinement of the structure was complicated by the presence
= 432 nm for BIBF4; Amax = 469 nm for4). The dependence of the  of two independent molecules in the unit cell, and the deter-

rate of ligand substitution on pyridine concentration was determined mination of accurate metrical data was frustrated by positional

at experimentally convenient temperatures (73 antlG} fespectively), disorder involving the oxo and chloride ligantfsA similar
Wlthl [Re(lll)] = (1.2-3.9) x 10*Mand [pyp =4.1x 10%t0 4.1x disorder problem is observed with crystals of (HBjReOChH
10~ M. (2).%5 The latter is isostructural with (HBgMoOCL, whose

Pseudo-first-order rate constants were obtained by using a IeaSt'disorder has been described in detail in the literatfire

squares fit to the equation |, — Al = —kt + In|JA. — A|. These " .
plots were linear for at least 4 half-lives. Activation parameters were The tetrafluoroborate salt of] " was prepared by metathesis

determined from plots of I(T) vs 1/T.17 of [1]CI with AgBF, in acetonitrile. Surprisingly, thtH NMR
Reversibility Experiment. Into an NMR tube sealed to a ground- -
glass joint were added]Cl (3.9 mg, 5.0umol) and P(GDs)s (29.4 (18) Herrmann, W. A; Roesky, P. W.; Kuhn, F. E.; Elison, M.; Artus, G.;

mg, 0.11 mmol). Into another tube were added0.0 mg, 13.4mol) fgggrgz \4/1\/70{1?1?8;) C. C.; Lopes, A.; Basset, J.Ihbrg. Chem.

and P(GDs)3 (42.1 mg, 0.15 mmol). After evacuation on the vacuum (19) (a) Thomas, J. A.: Davison, Anorg. Chim. Actal991 190, 231—

line, approximately 1 mL of dry CECl, was transferred to each tube 235. (b) Tisato, F.; Bolzati, C.; Duatti, A.: Bandoli, G.; Refosco, F.
at—78°C. The tubes were flame-sealed under vacuum and subsequently Inorg. Chem1993 32, 2042-2048. (c) DuMez, D. D., Mayer, J. M.
monitored by'H and3!P NMR spectroscopy. The tubes were heated J. Am. Chem. So2996 118 12416-12423. (d) Masui, C. S.; Mayer,
by full immersion in an 85°C water bath. Reaction progress was J. M. Inorg. Chim. Actal996 251, 325-333. (e) Herberhold, M.;
monitored by observing the disappearance of the starting material. ‘E];n’ G. X.; Milius, W.J. Organomet. Chend.996 512 111-116. (f)
. . rown, S. N.; Myers, A. W.; Fulton, J. R.; Mayer, J. @rganome-
Photochemistry. In the drybox4 (2.6 mg, 3.8«mol) and dimethyl tallics 1998 17, 3364-3374. (g) Doerrer, L. H.; Galsworthy, J. R.;
terephthalate (0.1 mg, used as an internal standard) were dissolved in Green, M. L. H.: Leech, M. AJ. Chem. Soc., Dalton Tran&99§
2 mL of dry CDsCN. A syringe was used to transfer 1 mL of the yellow 2483-2487.
solution to each of two NMR tubes, which were capped and removed (20) (a) Paulo, A.; Reddy, K. R.; Domingos, A.; Santosinbrg. Chem.
from the drybox. One tube was wrapped securely in aluminum foil. 1998 37, 6807-6813. (b) Paulo, A.; Domingos, A.; Santos|riorg.
The tubes were irradiatedrfd h in aRayonet photochemical reactor Chem.1996 35, 1798-1807. (c) Paulo, A, Domingos, A.; Marcalo,
. . Y p . J.; Dematos, A. P.; Santos,lhorg. Chem1995 34, 2113-2120. (d)
equipped with 350 nm Ne bulb3H NMR spectra were obtained at Paulo, A.; Domingos, A.; Dematos, A. P.; Santos, I. Carvalho, M. F.
various intervals throughout the irradiation process. The reaction N. N.; Pombeiro, A. J. LInorg. Chem.1994 33, 4729-4737.
progress was monitored by observing the appearance of the-Re  (21) (a) Bryan, J. C.; Stenkamp, R. E.; Tulip, T. H.; Mayer, J.I~org.
NCCD; adduct. Chem.1987 26, 2283-2288. (b) Abu-Omar, M. M.; Khan, S. Inorg.
Chem.1998 37, 4979-4985.
Results (22) Jameson, D. L.; Castellano, R. Korg. Synth.1998 32, 59-61.
(23) Crystal data for]]ReOy+1.5CDCE: Ci1.9H10D1.5ClesNeOsRe, green,
Synthesis and Characterization of Tris(pyrazolyl)methane M 20 G, Hioinic, Space groupl a = 12.028(3) A,
Rhenium Complexesin our efforts to prepare an isoelectronic — 67.9‘4&7? \), :’°2654.7'(11)( % Z’O‘: 4, pc' :(2.72'57 9 cms3, ,(M();\’/'g
Ka) = 0.979 mnt?, F(000)= 1692, crystal size 0.3% 0.20 x 0.18
(16) International Tables of Crystallographluwer Academic Publish- mm. A total of 9345 unique reflections withh = 2.00-24.99 were
ers: Dordrecht, The Netherlands, 1992; Vol. C. collected. For 7179 reflections with> 40(l), R = 0.1292 and GOF-
(17) Frost, A. A.; Pearson, R. Xinetics and Mechanism2nd ed.; (F? = 1.078.

Wiley: New York, 1961. (24) Parkin, GChem. Re. 1993 93, 887-911.
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spectrum of 1]BF, differs from that of the chloride salt in the
location of the methine protor)(9.19 in [1]BF4 vs 6 12.19 in
[1]Clin CD3CN). Other spectroscopic characteristics (s,
IR) are essentially unaffected by the counterion.

Solutions of L]CI are stable for weeks at room temperature
in noncoordinating solvents. Howevel]€l undergoes ligand
substitution in acetonitrile over several days to form an
equilibrium mixture of products!H NMR and FAB mass
spectrometric analyses show unreacted starting material, free
HCpz, and a new species which we assign f#3-HCpz)-
ReOC}} »(u-CI)]*. The mass spectrum shows a prominent peak
at m/z = 1009 which possesses an isotope pattern consistent
with the presence of two rhenium and five chlorine atoms. The

Seymore and Brown

IH NMR shows new pyrazole triplets in a 2:1 ratio, four new
doublets (2:2:1:1 ratio), and a methine-8 singlet; these all

identify a species possessing mirror symmetry. The methine

C—H resonances of the dimer and of free Hgabkwvays appear
in a 2:1 ratio, which suggests that 3 equiv &f(l is required

to form 1 equiv of the dimer, consistent with the stoichiometry

of eq 2. The tetrafluoroborate salt]BF, is stable indefinitely
in CDsCN.

CD4CN

3 [(HCpz3)ReOCI,]ClI
[{n2-(HCpz3)ReOCl,},(u-Cl)]* ReOCl,™ + HCpz,

@

Synthesis and Structure of Rhenium(lll) Compounds.
When [L]Cl is stirred in the presence of PRloxygen atom
transfer takes place withil h toproduce the isolable phosphine
oxide adduct [(HCpzReChk(OPPR)ICI ([3]CI, eq 3). The
tetrafluoroborate salt reacts analogously to giS§BFa.

o |* OPPhy| *
@N\Fy'e:m PPh @N\ F{\/ma
»?N/l ol or == %N/ ™al|cr A
(el [3)CI

Mass spectra show the parent i@ at m/z= 749, and the
presence of bound phosphine oxide is confirmed by th©P
stretch in the IR {po = 1122 cn1? for [3]Cl). The 'H NMR

Figure 1. SHELXTL plot (30% thermal ellipsoids) of the cation of
[(HCpzs)ReCL(OPPR)]CI-0.5CDC} ([3]CI-0.5CDCE). Hydrogen at-
oms are omitted for clarity.

the oxo complex, PPh, and excess ligant:2° However, the
phosphine oxide addudthas never been isolated or observed
directly because oxygen atom transfer is usually slower than
subsequent displacement of the phosphine oxide ligand. We have
successfully prepared by using high concentrations of PPh
and relatively low temperatures. Under these conditions, bimo-
lecular atom transfer is much faster than unimolecular ligand
exchange (vide infra), and can be isolated uncontaminated
by the phosphine adduct (HByReChL(PPh).1

The structures of the tris(pyrazolyl)methane complgiC|
(Figure 1) and the tris(pyrazolyl)borate complkéxFigure 2)
were determined by single-crystal X-ray diffraction. Crystal-
lographic details are listed in Table 1, and bond distances and
angles in Table 2. The structures are remarkably similar. The
only statistically significant differences in metdigand dis-

spectra are paramagnetically shifted but extremely sharp, whichtances are the ReCl bond lengths, which in cationi@[* are

is characteristic of octahedral Re(lll) complexXéd.he sharp
spectrum allows one to observe normatH coupling constants,

slightly shorter than in neutral. The observed phosphorus
oxygen distances (1.499(4) A av) and-Re@—P bond angles

even the 2 Hz couplings characteristic of the pyrazole protons. (151° av) are typical of 8 phosphine oxide adductg.
Resonances for the ortho and meta hydrogens show coupling Reduction Kinetics. The kinetics of the reduction of the

to phosphorus, which suggests that¥fenucleus relaxes rather
slowly. This was confirmed by the observation of a shdR
{H} resonance at 170.34 in CRCl,. Observation of’P NMR
spectra of paramagnets is rare but precedef¥ted.

The neutral tris(pyrazolyl)borate analogue 8ff, (HBpz)-
ReCL(OPPHR) (4), is presumably an intermediate in reported
preparations of rhenium(lll) complexes (HBJReCh(L) from

(25) Crystal data foR: CoH;0BCI.NgORe, blueM = 486.14,T = 293 K,
monoclinic, space groufc, a = 15.1181(21) Ab = 7.9611(15) A,
c=13.3972(23) Ap = 108.498(13), V = 1477.3(4) B, Z = 4, p.
= 2.186 g cm3, u(Mo Ka) = 0.859 mn1t, F(000) = 912, crystal
size 0.22x 0.10 x 0.09 mm. A total of 2360 unique reflections with
6 = 3.01-24.99 were collected. For 2235 reflections with> 4o-
(), R = 0.0439 and GORP) = 1.096.

(26) Lincoln, S.; Koch, S. Alnorg. Chem.1986 25, 1594-1602.

(27) (a) Chatt, J.; Leigh, G. J.; Mingos, D. M. P.Chem. Soc. A969
1674-1680. (b) Rossi, R.; Duatti, A.; Magon, L.; Casellato, U
Graziani, R.; Toniolo, LJ. Chem. Soc., Dalton Tran$982 1949~
1952.

(28) Demadis, K. D.; Bakir, M.; Klesczewski, B. G.; Williams, D. S.; White,
P. S.; Meyer, T. Jinorg. Chim. Actal998 270, 511-526.

rhenium(V) oxo compoundsl]Cl, [1]BF4, and 2 by triph-
enylphosphine were studied spectrophotometrically under pseudo-
first-order conditions (excess P#hat 25.3 °C in dichlo-
romethane. The reactions obey first-order kinetics tbhalf-

lives (Figure S1, Supporting Information), and are also observed
to be first-order in triphenylphosphine. Second-order rate
constants were extracted from the linear plotskgf versus
[PPhy] (Figure S2); these givégeq = 0.047(8) M st for

(29) Brown, S. N.; Mayer, J. MOrganometallics1995 14, 2951-2960.
(30) (a) Christie, J. A.; Collins, T. J.; Krafft, T. E.; Santarsiero, B. D.;
Spies, G. HJ. Chem. Soc., Chem. Commur284 198-199. (b)
Mronga, N.; Weller, F.; Dehnicke, KZ. Anorg. Allg. Chem1983

502 35-44. (c) Philipp, G.; Wocadlo, S.; Massa, W.; Dehnicke, K.;

Fenske, D.; Maichle-Mossmer, C.; Niquet, E.; 8tea J.Z. Natur-
forsch. B1995 50, 1-10. (d) Menon, M.; Pramanik, A.; Bag, N.;
Chakravorty, A.lnorg. Chem1994 33, 403-404. (e) Larsen, S. K;;
Pierpont, C. G.; DeMunno, G.; Dolcetti, Ghorg. Chem.1986 25,
4828-4831. (f) Luo, H. Y.; Liu, S.; Rettig, S. J.; Orvig, Can. J.
Chem. 1995 73, 2272-2281. (g) Baird, D. M.; Fanwick, P. E.;
Barwick, T.Inorg. Chem.1985 24, 3753-3758.
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Table 1. Crystallographic Data for [(HCpRe(OPPE)CI,]CI-0.5CDCE ([3]CI-0.5CDCE) and (HBpz)Re(OPPB)Cl,:CsHe (4:CsHe)

[3]CI-0.5 CDC} 4-CeHs
empirical formula Gs.H25D0 Cls sNsOPRe GsH31BCI.NOPRe
fw 845.75 826.52
temp (K) 293 293
A (R)

space group

0.710 73 (Mo ko)
P1

0.710 73 (Mo Kx)
P1

total no. of data collected 5511 5890
no. of indep reflns 5511 5890
a(d) 8.7612(11) 8.867(2)
b (A) 12.755(2) 11.288(2)
c(A) 14.418(2) 16.881(3)
a (deg) 81.149(11) 84.22(3)
p (deg) 85.397(9) 85.08(3)
y (deg) 81.243(12) 89.35(3)
V (A3) 1570.8(4) 1674.8(6)
VA 2 2

Pcalcd (g/cr‘r?) 1.788 1.639
cryst size (mm) 0.4% 0.25x 0.05 0.38x 0.22x 0.12
w (mm™2) 4.336 3.872

Rindices | > 40(1)]?
Rindices (all dat&)

R1=0.0301, wR2= 0.0830
R1=0.0330, wR2= 0.0866

*R1= J|[Fo| — [Fell/X|Fol; WR2 = (X[W(Fo* — F)I/ Y W(Fo))V2

R1= 0.0180, wR2= 0.0452
R1= 0.0197, wR2= 0.0462

Table 2. Selected Bond Lengths (A) and Angles (deg) for [(HR2(OPPKCI,]CI-0.5CDC} ([3]CI-0.5CDC}) and

(HBpk)Re(OPPE\)Glg'CeHe (4'C6H6)

[3]CI-0.5 CDCh 4-CHs [3]CI-0.5 CDCh 4-CeHs
Re-N12 2.063(4) 2.062(2) ReCl1 2.3703(13) 2.3891(11)
Re-N22 2.094(4) 2.084(2) ReCI2 2.3676(13) 2.3824(11)
Re-N32 2.089(4) 2.083(2) PO 1.494(4) 1.503(2)
Re-O 2.101(4) 2.103(2)
N12-Re-N22 83.8(2) 85.02(9) N32Re-Cl1 89.04(13) 90.40(7)
N12—Re-N32 84.8(2) 85.16(9) N12Re-CI2 92.59(12) 94.47(7)
N22—Re-N32 85.2(2) 88.34(10) N22Re-CI2 92.01(12) 88.99(7)
N12—-Re-O 175.46(14) 173.98(8) N32Re—CI2 176.40(12) 177.33(7)
N22-Re-O 92.3(2) 91.01(9) ©Re-Cl1 90.44(11) 90.19(6)
N32—-Re-O 92.6(2) 90.20(9) ORe-CI2 89.84(12) 89.98(6)
N12-Re-Cl1 93.24(12) 93.68(7) CHRe-Cl2 93.60(5) 92.26(4)
N22—Re—Cl1 173.76(11) 178.26(6) PO—Re 151.6(2) 149.72(12)

[1]CI, 0.097(3) Mt s~Lfor [1]BF4, and 8.6(6)x 10 >M~1s71
for 2. Thus, at room temperaturyci/k: ~ 550 andkpyer,/
Ko = 2.

The reactions ofJ]Cl and 2 with PPk were also monitored
in 1,2-dichlorobenzene. The reduction rate fdl at 25.3°C
is 0.0574(3) M1 s™1, a 20% increase over the rate in @Hp;
the rate for2 is identical to that in dichloromethane. The
variation of the rate of reduction ofi]" with solvent and
counterion suggests that ion-pairing effects have a modest
influence on the reaction.

Rate constants were measured over 20 °C temperature
range in 1,2-dichlorobenzene to obtain activation parameters
for the two reactions (Table Sla and Figure S4a, Supporting
Information). Reduction of|CI takes place witAH¥= 13.4
+ 0.5 kcal/mol andASF = —19 + 2 catmol~ K~1 (289-322
K), while 2 is reduced witPAH¥ = 17.114 0.13 kcal/mol and
AS = —19.74 0.4 catmol~1 K1 (291—351 K). The observed
entropies of activation are identical within experimental error
and are consistent with an associative process. The enhanced
rate of reaction of triphenylphosphine with cationl¢dl is due

entirely to a .Iower enthalpy of activation. ) ) Figure 2. SHELXTL plot (30% thermal ellipsoids) of (HBgReCk-
To determine whether oxygen atom transfer is reversible, the (OPPh)-CsHs (4-CsHs). Hydrogen atoms and the solvent of crystal-

phosphine oxide adduct8]CI and [4] were each treated with lization are omitted for clarity.

an excess of P(Ds); in CD,Cl,. Monitoring by 3P and'H

NMR spectroscopy revealed no free Bffg)s in either case; (eq 4) does not take place at a rate competitive with phosphine
the only products observed were the"ReP(GsDs); adducts oxide dissociation; oxygen atom transfer is effectively irrevers-
and free OP(GHs)s. Thus, the degenerate exchange reaction ible.
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Table 3. Second-Order Rate Constants for the Addition of Tertiary
Phosphines tol]Cl and 2 (1,2-Dichlorobenzene, 312 K)

PAr; 30’p31 k[l]CI (Mfl Sfl) ko (M71 571)
P(-CeH:OMe),  —0.81 1.18(6) 9.27(9% 104
P(p-CoHaMe)s —0.51 0.78(4) 9.17(7x 107
P(GsHs)3 0.00 0.181(3) 3.58(3) 1074
P(p-CsHCl): +0.69 0.032(3) 2.08(10) 10°*

1 T T T
0
v -1
[=2)
kel
2 b —cl ]
-4 I ; I
-1 -0.5 0.5 1

0
3op
Figure 3. Substituent effects on oxygen atom transfer to-€4H.X)s
from [1]CI (open circles) an (solid circles) in CHCI, at 39°C in
1,2-GHCl,. Three times the Hammett parameter is used as the
ordinate to account for the trisubstitution of the phosphines.

OP(CgHs)3 ?P(Cst)s
Re'' +P(CeDs)s —X— Re'' +P(CeHs)s @

The reductions of J]JCI and 2 were conducted with several
para-substituted triarylphosphinepRisH4X)s (X = H, Cl, Me,
OMe) to explore the effect of phosphine nucleophilicity on
reactivity (Table 3). A plot of the logarithms of the rates as a
function of the Hammett substituent parametersdluesy for
[2]Cland2is shown in Figure 3. A linear correlation is observed
in both cases, and the correlation is better witfR? = 0.996
for [1]Cl and 0.97 for2) than witho™* (R? = 0.88 for [1]CI and
0.87 for 2). The rates of reaction increase as phosphine
nucleophilicity increases for both rhenium complexes, but the
cationic complex I]* is more sensitive to this electronic effect
(p[1]+ = —1.08;[)2 = —0.47).

Ligand Substitution Kinetics. The phosphine oxide adducts
[3]IBF4 and 4 undergo clean ligand substitution when treated
with pyridine in chlorinated solvents to give the corresponding
pyridine adducts [(HCpzReCbh(py)]BF4 and (HBpz)ReCb-
(py) 2 respectively. Ligand substitution reactions carried out

with [3]CI and pyridine at elevated temperatures also produce

[(HCpzs)ReCh(py)]' at rates similar to those of the tetrafluo-

roborate salt. However, reactions of the chloride salt are not

amenable to detailed kinetic study due to formation of an
insoluble byproduct, possibly (HCgReCk. Ligand substitution

is not significantly accelerated by irradiatioh € 350 nm,4

in CD3CN).

The kinetics of these ligand substitution reactions were studied

spectrophotometrically in 1,2-dichlorobenzene (3% ,Chf
dichlorobenzene was used f@IBF, due to its limited solubility

in pure dichlorobenzene). The observed decay is first-order in
rhenium. There is no dependence of the rate on pyridine

concentration for either complex (Figure S3a,b, Supporting
Information), consistent with a dissociative mechanism for
ligand substitution. This conclusion is supported by the large
positive entropies of activation of the reactions (Table Slb,
Figure S4b, Supporting Information): fa8]BF4, AH* = 29.6
+ 0.5 kcal/mol andAS' = +10 + 2 catmol~ K~1 (324-353
K); for 4, AH¥ = 28.4 4+ 0.9 kcal/mol andASf = +14 + 3

(31) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195.
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cakmol~t K~1(306-337 K). The neutral comple4kdissociates
phosphine oxide about 56 times more rapidly than does cationic
[3]" (kiger, = 4.99(9) x 105 st at 62°C, ks = 2.80(6) x

103 st at 64°C).

Discussion

Tris(pyrazolyl)borate and Tris(pyrazolyl)methane as Ho-
mologous Ligands.To discern the effect of charge on oxygen
atom transfer, we set out to prepare the tris(pyrazolyl)methane
rhenium(V) oxo complex [(HCpReOC} ™ ([1]1) as a cationic
analogue of the know#13 neutral tris(pyrazolyl)borate com-
plex (HBpz)ReOCh (2). It was hoped that this minimal
perturbatior-substitution of a carbon for a boron remote from
the metat-would allow a change in charge without significant
changes in other steric or electronic properties. The suitability
of this comparison was in some doubt because the two ligands
are known to differ in binding strength. Reger has reported in
his work with lead(ll) and tin(ll) that neutral tris(pyrazolyl)-
methane ligands do not bind as tightly as the anionic tris-
(pyrazolyl)borate analogué3.Vahrenkamp has noted similar
behavior in his studies of zinc(ll) coordination compounds
possessing tripodal ligands: whereas tris(pyrazolyl)borate ligands
are reliably tridentate, the tris(pyrazolyl)methane analogues are
often bidentaté® The lability of the tris(3,5-dimethylpyrazolyl)-
methane ligand in oxomolybdenum(V) complexes complicates
their isolation3* The difference in binding strength is also
evident in oxorhenium complexes. Herrmann has reported that
[(HCpz)ReQy] ™ is rather sensitive to hydrolysi8,in contrast
to the marked stability of (HBp¥ReG;.%° Likewise, [(HCpz)-
ReOC}]CI ([1]Cl) slowly dissociates HCpzin acetonitrile at
room temperature, where (HB)ReOC} (2) is stable indefi-
nitely.

In contrast to the differences in binding affinity, HGpnd
HBpz;~ do appear to confer very similar properties on the static
structures of their metal complexes. The spectral data presented
here establish that the rhenium(V) complexes [(HIRgOCH] "

([2]7) and (HBpz)ReOC} (2) are close analogues. THe NMR

data for both complexes show diamagnetic species possessing
tridentate poly(pyrazolyl) ligands with mirror symmetry. The
rhenium-oxo stretches in the IR spectra are nearly identiggl (

= 987 cnr?, v, = 975 cnTl), as are theélmax ande values in

the UV—vis spectra (for JJCl Amax = 678 nm,e = 120 M!

cmL; for 2, Amax = 690 nm,e = 125 M~1 cm™).

Unfortunately, positional disorder involving the oxo and
chlorine ligand3* precluded obtaining reasonable metrical
data for [L]JCI?% and 2.5 X-ray crystallographic data for the
rhenium(lll) phosphine oxide adducts [(HGIReCL(OPPh)]-

CI ([3]Cl) and (HBpz)ReCL(OPPh) (4) show that these two
metal complexes have qualitatively identical structures (Figures
1 and 2). Even quantitative differences in bond lengths and
angles are remarkably small (Table 2). The only statistically
significant difference in bond lengths are in the-R& bond
distances, and even here the differences are less than 0.02 A.
These results are in line with other structural comparisons in

(32) (a) Reger, D. L.; Collins, J. E.; Rheingold, A. L.; Liable-Sands, L. M.
Inorg. Chem.1999 38, 3235-3237. (b) Reger, D. L.; Collins, J. E.;
Rheingold, A. L.; Liable-Sands, L. M.; Yap, G. P. fmorg. Chem.
1997, 36, 345-351. (c) Reger, D. L.; Collins, J. E.; Myers, S. M,;
Rheingold, A. L.; Liable-Sands, L. Mnorg. Chem1996 35, 4904
4909.

(33) Titze, C.; Hermann, J.; Vahrenkamp,&hem. Ber1995 128 1095
1103.

(34) Dhawan, I. K.; Bruck, M. A.; Schilling, B.; Grittini, C.; Enemark, J.
H. Inorg. Chem.1995 34, 3801-3808.

(35) Degnan, I. A.; Herrmann, W. A.; Herdtweck, Ehem. Ber.199Q
123 1347-1349.
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the literature, which show that complexes of tris(pyrazolyl)-
borates and tris(pyrazolyl)methanes can have essentially identi-
cal structure$2-33.36-37 \We conclude that the rhenium(V) oxo
compounds]]* and2 are isosteric and isoelectronic analogues,
as are the phosphine oxide addu@{s [and4. Thus, differences

in reactivity may be attributed primarily to the difference in
overall charge.

Charge Effects on Atom Transfer. Most metal oxo com-
plexes oxidize triphenylphosphine to triphenylphosphine oXide.
The mechanism has been discussed extensively, and is generall)gigure 4. Orbital interactions in oxygen atom transfer.
believed to involve direct attack of the phosphine at the oxo

i 7,38-39 i i
ligand: The reactions described here also appear to follow that the cation reacts faster because there is a greater driving

th'z tr}:ech?n;fsm:[ Thethklnerslcs r?re cleanly plf[noltec%lr?r, alnd force for atom transfer, either because the cation has an
substituent efects on the phosphine are consistent with nuc eo'intrinsically weaker Re=O bond or because the cationic

philic attack by the phosphine at oxygen. Initial outer-sphere

electron transfer appears unlikely, given the low propensity of

rhenium(V) oxo complexes to act as outer-sphere oxidénts.
Prior coordination of the phosphine to the metal ceftaiso

seems improbable given the coordinative saturation of these

octahedral complexes. Note that dissociation of the HGgand

is not observed in the noncoordinating solvents in which oxygen
atom transfer has been studied, and even in acetonitrile take

place much more slowly than reaction with phosphine.
Compounds possessing the fR8]3" core exhibit a wide
range of reactivity toward PBhAt one end of the spectrum

are complexes which show no reactivity at the oxygen atom.

(HBpzs)ReO(Ph)CI, for example, does not react with phos-
phine2® and the dimeric oxorhenium(V) chelate [gREO-
(LSy)]2 ligates PPhto form 2 equiv of monomeric C§ReO-
(LSy)(PPh) without undergoing reduction (LS= 0-SGH4-
CH,S)#2Many rhenium(V) oxo compounds are reduced by$Ph
to form deoxygenated products. [ReO(SPI and (PRP)-
ReOCk* are typical examples, reacting with PRh refluxing
acetonitrile to form rhenium(lll) phosphine adducts. At the
reactive end of the spectrum is the cationic [(4en)ReOC]| "
(Mestacn= 1,4,7-trimethyl-1,4,7-triazacyclononane), which is
reduced within a day at room temperatéfte.
While the reduction of2 is typical, requiring elevated

temperatures or prolonged times, the reaction f [with

fragment binds the phosphine oxide more tightly. While we
cannot rule out the former effect, it seems unlikely to be large,
given the body of evidence in the organic literature suggesting
that polar effects on bond strength are miniffalhe effects

of charge on ligand binding can be addressed using the results
of the study of ligand substitution reactions of the phosphine
oxide adducts3]™ and4. Since these reactions are dissociative,

She energies of activation for ligand loss are approximately equal

to the equilibrium binding energies of the ligands. CatioBic [
does indeed bind phosphine oxide more tightly than nediral
as indicated by its slower rate of ligand dissociation. However,
the quantitative difference in bindindAH*4iss= 1.2 kcal/mol)

is much smaller than the kinetic difference in oxygen atom
transfer AAH*egn= 3.7 kcal/mol). Thus, while tighter binding
of phosphine oxide may contribute to the rate difference, it
cannot be its major determinant.

The observed substituent effects on atom transfer also indicate
that thermodynamic effects exert a relatively minor influence
on the reaction rate. The reductions of both [(HgBR2OChH] ™
([1]%) and (HBpz)ReOC} (2) go faster as the triarylphosphines
become more electron-rich (Table 3). Qualitatively, both reac-
tions involve nucleophilic attack of the phosphine at the oxo
group. Quantitatively, though, there is again a significant
difference: cationic]]* is much more sensitive to changes in
phosphine substituent thah(Figure 3;pry+ = —1.08; po =

triphenylphosphine is as fast as any reported for a rhenium(V) _q 47). One would expect the opposite if reductionif fwere

oxo complex. Despite having nearly identical ligand environ-
ments, the cationic complex]BF,4 reacts aboufl000 times
faster than the neutral tris(pyrazolyl)borate compoudn

favored by substantial driving force effects, for by the Hammond
postulate the more exothermic reaction should be ldss
selective. The greater selectivity dfif points to a kinetic effect,

dichloromethane at room temperature. This dramatic rate i the positive charge influencing the stability of the transition
enhancement is the first clean and quantitative example of agiate. This result is in line with other studies of atom transfer

charge effect on oxygen atom transfer and shows that this effectynat find poor correlations of reaction kinetics with thermody-
can rival or eclipse typical effects exerted by changing ligand namic driving forcet”

environmentg®

The charge effect can be rationalized by considering the

A key question is whether the charge effect on atom transfer mojecular orbitals involved in the reaction. Increasing the overall

is primarily kinetic or thermodynamic in origin. One could argue

(36) Bhambri, S.; Tocher, D. APolyhedron1996 15, 2763-2770.

(37) Humphrey, E. R.; Mann, K. L. V.; Reeves, Z. R.; Behrendt, A.; Jeffery,
J. C.; Maher, J. P.; McCleverty, J. A.; Ward, M. Dew J. Chem.
1999 23, 417-423.

(38) Conry, R. R.; Mayer, J. Mnorg. Chem.199Q 29, 4862-4867.

(39) Pietsch, M. A.; Hall, M. Blnorg. Chem.1996 35, 1273-1278.

(40) Bthm, G.; Wieghardt, K.; Nuber, B.; Weiss, lhorg. Chem.1991,

30, 3464-3476.

charge on the metal complex should lower the energy of all the
molecular orbitals, in particular the #0 x* orbital which
interacts with the phosphorus lone pair in the transition state
for reduction (Figure 4). The metal LUM&phosphine HOMO
interaction will therefore be stronger for the cationic complex,
and the reduction will go faster. In other words, the cationic
species is more electrophilic than the neutral, a result which

(41) This possibility has been conclusively excluded in the reactions of (45) (a) Wong, Y. L.; Ma, J. F.; Law, W. F.; Yan, Y.; Wong, W. T.; Zhang,

[(bpy):RUO(PR)]%*, where atom transfer is observed to exogenous
phosphine in preference to bound phosphine: Marmion, M. E.;
Takeuchi, K. JJ. Am. Chem. S0d.986 108 510-511.

(42) Jacob, J.; Guzei, I. A.; Espenson, Jlivbrg. Chem1999 38, 1040-
1041.

(43) Dilworth, J. R.; Neaves, B. D.; Hutchinson, J. P.; Zubieta, Jnétg.
Chim. Actal982 65, L223—1224.

(44) Rouschias, G.: Wilkinson, G. Chem. Soc. A967 993-1000.

Z.Y.;Mak, T.C. W.; Ng, D. K. PEur. J. Inorg. Chem1999 313—
321. (b) Donahue, J. P.; Goldsmith, C. R.; Nadiminti, U.; Holm, R.
H. J. Am. Chem. S0d.998 120, 12869-12881.

(46) (a) Bordwell, F. G.; Zhang, X. Ml. Am. Chem. S0d994 116, 973~
976. (b) Zhang, X. M.; Bordwell, F. Gl. Am. Chem. S0d994 116,
968-972.

(47) Abu-Omar, M. M.; Appelman, E. H.; Espenson, J.lrbrg. Chem.
1996 35, 7751-7757.
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has been suggested in other studies of metal oxo compléxes. rates (cationic 3] dissociates OPRhabout 50 times more
What is remarkable is the magnitude of the effect revealed by slowly than neutrafl) and appears to be primarily a transition-
the present study: an increase of one unit of positive chargestate effect. This large effect suggests that charge may be as
accelerates atom transfer by-2 orders of magnitude. important as the nature of ancillary ligands in tuning the
reactivity of oxometal species.
Conclusions
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