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Oxygen atom transfers involving terminal metaixo func-
tionalities are central to many biological transformatiépspomi-
nent in applications to organic synthe%ié,and of increasing
importance in inorganic systems as synthetic tdolgbjectives
in biomimicry8° and targets of fundamental studfe$® As a
synthetic route to (silox)VN (4, silox = 'BusSiO), the deoxy-
genation of (siloxdWNO (2) by (silox)yTa (1-Ta) was attempted
without success, despite ample precedent in cleavages of ep
oxides’® N,O, NOM CO, and CO%2 A comparison study
involving sources of M(silox) (1-M; M =V, Nb, Ta) revealed
that features of deoxygenations ®»fand RPO (R= Me, Ph,

‘Bu) are the consequences of electronic effects enforced by a

limiting steric environment.

Table 1. summarizes the deoxygenation studies, and shows

that (siloxyTa (1-Ta) preferred to cyclometalate to (silgx)

1
HTaOSIBu,CMe,CH, (5-Ta, 87%, 14 d¥ rather than deoxy
genate (siloxdWNO (2)*to (silox)sWN (4, 12%)}* whereas the
smaller (siloxjV (1-V)* slowly (85°C, ~1.4 x 104 M~1s?)
converted? to the nitride. (siloxjNb(;7%-N,C-4-picoline) (-Nb-
(4-pic), S = 0)** and (siloxyNbPMe; (1-NbPMe, S = 1)
deoxygenate@ and formed4 and (silox}NbO (3-Nb) swiftly at
first, then more slowly as the released 4-picoline and PMe
inhibited the reactions, respectively. With a 4-picoline scavenger
(1-Ta) present in the former, swift cyclometalation to (silex)

T Cornell University.

* Long Island University, Dept. of Chemistry, Brooklyn, New York 11201.

§ University of Memphis, Dept. of Chemistry, Memphis, Tennessee 38152.

(1) (a) Cytochrome P450, Structure, Mechanism and Biochemiging
ed.; Ortiz de Montellano, P. R., Ed., Plenum: New York, 1995. (b) Enemark,
J. H.; Young, C. GAdv. Inorg. Chem1993 40, 1—88.

(2) (a) Palucki, M.; Finney, N. S.; Pospisil, P. J.;l&éuy M. L.; Ishida, T.;
Jacobsen, E. NJ. Am. Chem. S0d.998 120, 948-954. (b) Finney, N. S.;
Pospisil, P. J.; Chang, S.; Palucki, M.; Konsler, R. G.; Hansen, K. B.; Jacobsen,
E. N. Angew. Chem., Int. Ed. Endl997, 36, 1720-1723.

(3) Katsuki, T.Coord. Chem. Re 1995 140, 189-214.

(4) () Kalb, H. C.; VanNieuwenzhe, M. S.; Sharpless, Khem. Re.
1994 94, 2483-2547. (b) Norrby, P.-O.; Rasmussen, T.; Haller, J.; Strassner,
T.; Houk, K. N.J. Am. Chem. Sod.999 121, 10186-10192.

(5) (a) Ruiz, J.; Vivanco, M.; Floriani, C.; Chiesi-Villa, A.; Guastini, .
Chem. Soc. Chem. CommuiB9], 762-764. (b) Vivanco, M.; Ruiz, J.;
Floriani, C.; Chiesi-Villa, A.; Rizzoli, COrganometallics1993 12, 1802—
1810.

(6) Odom, A. L.; Cummins, C. C.; Protasiewicz, J.D.Am. Chem. Soc.
1995 117, 6613-6614.

(7) (a) Crevier, T. J.; Mayer, J. Ml. Am. Chem. S0d.997, 119 8485~
8491. (b) Hall, K. A.; Mayer, J. MJ. Am. Chem. Sod.992 114, 10402~
10411.

(8) Lim, B. S.; Sung, K.-M.; Holm, R. HJ. Am. Chem. So200Q 122,
7410-7411 and references therein.

(9) Jin, N.; Bourassa, J. L.; Tizio, S. C.; Groves, JAhgew. Chem., Int.
Ed. 200Q 39, 3849-3851.

(10) Bonanno, J. B.; Henry, T. P.; Neithamer, D. R.; Wolczanski, P. T.;
Lobkovsky, E. B.J. Am. Chem. S0d.996 118 5132-5133.

(11) Veige, A. S.; Kleckley, T. S.; Chamberlin, R. L. M.; Neithamer, D.
R.; Lee, C. E.; Wolczanski, P. T.; Lobkovsky, E. B.; Glassey, W.JV.
Organomet. Chenil999 591, 194-203.

(12) Neithamer, D. R.; LaPointe, R. E.; Wheeler, R. A.; Richeson, D. S.;
Van Duyne, G. D.; Wolczanski, P. T. Am. Chem. Sod.989 111, 9056~
9072.

(13) Miller, R. L.; Toreki, R.; LaPointe, R. E.; Wolczanski, P. T.; Van
Duyne, G. D.; Roe, D. CJ. Am. Chem. S0d.993 115 5570-5588.

(14) Spectroscopic information, magnetic measurements (Evans’ method),

and elemental analyses are available as Supporting Information.

10.1021/ja004329w CCC: $20.00

6419

1
HNbOSIBu,CMe,CH, (5-Nb, 23°C, <5 min)* competed with
deoxygenation5-Nb then slowly deoxygenate®d, presumably
via reversible formation ofl-Nb. The thermodynamics of
deoxygenatiolt were investigated by high-level quantum calcula-
tions}® with (HO);M serving as the model of respective tris-silox
centers inl-M and 3-M. In each case the reaction was extremely
exoergic (25°C: M =V, AG® ,, = —66 kcal/mol; M= Nb,
Ta, —100 kcal/mol). With favorable thermodynamics, the un-
competitive (-Ta) and relatively slowX-V, 1-Nb) deoxygen-
ations are puzzling.

Since (siloxjV (1-V, S= 1) binds various L (L= THF, py,
etc.), while (silox}Ta (1-Ta, S= 0) does not/ the singlet and
triplet states ofl-M were examined via quantum calculatiofis.
Figure 1 reveals that-V is a triplet at the optimized geometries
for S= 0 ((dp)?) andS= 1 ((d2)Y(dx/d\,)?), and the TS barrier
is 17 kcal/mol, assuming a facile intersystem crossinga is a
singlet at the optimized = 0 andS = 1 geometries and its
intersystem crossing barrier is 17 kcal/mbiNb is a singlet, but
the conversion barrier to a triplet of nearly the same energy is 2
kcal/mol. If the approach of (silo)VNO (2) to the1-M center
is linear because of intermolecular silox/silox interactions, then
a 4e repulsion will result in the case df-Ta, but successful
docking to anS = 1 intermediate (siloxMONW(silox); (1—
M—2) will occur for M =V, Nb. The additional ST barrier
forced onl-Ta allows unimolecular cyclometalation to compete
with the bimolecular deoxygenation af

Table 1 lists the results of RO deoxygenations byl{V, Ta)
and1-NbL (L = 4-pic, PMe), which are predicted by quantum
calculations to be exothermic for \-(L5 kcal/mol) and Nb or
Ta (—45 kcal/mol) with MgPO. Curiously1-Ta and1-NbL both
deoxygenated M@0 and PkPO, but failed withBusPO; 1-Ta
cyclometalated tb-Ta, 1-Nb(4-pic) converted to (siloxNb=
NCHCHCMeCHCH=Nb(silox); (6; 85°C, 35 d) and 4-picoliné?
and 1-NbPMe decomposed. The inability to deoxygenées-

PO is not steric in origin, as an X-ray crystal structure of (s§@x)
OPBu; (1-VOPBU3) attests. BPO deoxygenation attempts with
1-V led to (siloxkV-OPR; (1-VOPR;; R = Me, Ph,'Bu),** and
prolonged thermolysis (10CC, >20 d) of (silox}VO (3-V) with
PMe; afforded somd-VOPMe;, consistent with calculations that
portray the phospine oxide adducts as the most stable species in
the vanadium systeff:2°

The S-T energetics of Figure 1 do not explain the slow rates
of deoxygenation of (silox)VNO (2) by 1-NbL and1-V, nor do
they rationalize the disparate;®O (R= Me, Ph) andBuzPO
results with1-Ta and1-NbL. Is there an intrinsic problem to
O-atom transfer foR and'BusPO?

The smaller substrates MO and P§PO may attack (siloxM
(1-M; M = Nb, Ta) at the side of the PO bond, whereas O-atom
transfer from (siloxdJWNO (2) and ‘BusPO may be sterically
restricted to occur linearly. With substantial thermodynamic
impetus, the deoxygenations are swift as long as (SMQE
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Table 1. (silox)sM (1-M; M =V, Ta)/(siloxsNbL (L = 4-pic, PMe) + EO — (silox)sMO (3-M) + E and Related Reactions {0s or C;Ds)

(silox)sM/(silox)sNbL (silox)sMO + other products

1-M; M =V, Ta/l-NbL EO 3-M; M =V, Nb, Ta E T(°C) qualitative rate
1-v (silox)sWNO (2) 3V (silox)aWN (4) 85 slowt
1-Nb(4-pic) 2 3-Nb + 4-pic 4 85 fast then slot
1-NbPMe; 2 3-Nb + PMe; 4 23 fast then slofv
1-Nb(4-pic)+ 1-Ta 2 3-Nb + 5-Nb + 1-Ta(4-pic) 4 23 fast then sldlv
1-Ta 2 5-Ta (87%),3-Ta (12%) 4 (12%) 23 -
1-v RsPO (R= Me, Ph,'Bu) (silox)sVOPR; (1-VOPRy) - 100 -
1-Nb(4-pic) MePO 3-Nb + 4-pic MesP 23 fast
1-Nb(4-pic) PRPO 3-Nb + 4-pic PhP 23 fast then slotv
1-Nb(4-pic) 'BusPO 6" - 85" -
1-Nb(4-pic)+ 1-Ta BuPO 5-Nb + 1-Ta(4-pic) - 23 -
1-NbPMe; RsPO (R= Me, Ph) 3-Nb + PMe; RsP 23 fast
1-NbPMe; BuPO no reactioh - 23 -
1-Ta RsPO (R= Me, Ph) 3-Ta RsP 23 fast
1-Ta ‘BusPO 5-Ta - 85 -

2k~ 1.4 x 104 M~ s7% PInhibition by released 4-picoliné.Inhibition by PMe; 61% conversion afte2 d and 86% after 9 d; with 8 equiv
of PMe;, 10% conversion after 2 d.Swift competitive deoxygenation and cyclometalatiorbthlb; 5-Nb then deoxygenatexsslowly. € At 85 °C
and 11 h, 23% deoxygenation and 7B%a. " No deoxygenation after 75 d. FosR+ 3-V — 1-VOPR;: R = Me, 70% conversion after 86 d
(100°C), k ~ 2 x 1077 M~t s7%. 9Inhibition by released 4-pic; 50% conversiontat 0 and 85% conversion at~ 15 h." After 35 d at 85°C,
sparingly solubles produced! 10 equiv.] Thermal degradation df-NbPMe; affords multiple products.

on O and E, and the M@-bond. Consequently, correlation of a
reactanu* orbital with a producto-orbital is required in a linear
O-atom transfer, but as the-MD—E angle decreases-character
can be mixed into low-lyinge-type orbitals. Intersystem crossing
must occur at a maximum for a linear O-atom transfer, because
\ significant mixing with antA; excited-state derived from popula-
sor tion of the og*-orbital is needed to ensure conversion from the
A, (reactant) state to th®A; (product) staté? the greater the
' degree of bending in the MO—E angle, the greater the/s-
Figure 1. Energetics (kcal/mol, 25C) of (HOxM (M =V, Nb, Ta) as mixing, and intersystem crossing becomes more facile.
models for (siloxyM (M =V, 1-V; Nb, 1-Nb; Ta, 1-Ta). S and T refer The mismatch in the numbers of occupied reactant and product
to the singlet and triplet energies at those optimized geometries. S@T g-orbitals and its effect on intersystem crossing in O-atom transfer
refers to the singlet energy at the optimized triplet geometry. Intersystem gre related to several findings: (1) despitAk°,, of —82 kcal/
crossing barriers are indicated by the middle vertical lines. mol, N, scission in {Bu(3,5-MeCsHs)N}sMo](u-N,) has an
appreciable barrie’\H* = 23.3 (3) kcal/mol) and requires a kink
in the MoNNMo linkage to facilitate triplet reactant/singlet
product intersystem crossiig(2) enantioselective epoxidations
e o using Jacobsen’s catalyst require an olefin to approach the Mn-
I ""---‘4a1_ o (ox0) at a low Mn-O—-E angle?323 (3) O-atom transfers in .
M o — % 568 b|0|n<_)|_rgan|c systems have been calculgted by DFT to occur via
EDB 4g2e T l M o transition states withilM—O—E near 90;?* (4) phosphine oxide
(DO M 0
M O

Ta(OH),

M—0 + E

o

chelation may enable the necessary geometry for O-atom trans-
fer;?> and (5) O-atom transfers from M@ are subject to spin-

E
(eV) state crossing effects.
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Figure 2. Orbital correlation diagram for generic M-O& MO + E; . .
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