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BPTI protein, used for the parametrization of the Karplus
equation.!* The RMS difference between measured J couplings
and the couplings calculated from the crystal structure refined
with anisotropic B factors was slightly larger, 1.01 Hz. The major
contributions to the RMS difference originate primarily from five
residues, K70, K78, Y85, E135, and S141. Polar residues K70,
Y85, and E135 are involved in intermolecular crystal contacts,
K78 is in a sharp turn immediately adjacent to the major inter-
protein contact domain in the crystal, and S141 is the last residue
observed in the crystal structure.!'

Energy minimization of the crystal structure or a 100 ps mo-
lecular dynamics (MD) simulation of the fully hydrated protein
significantly decreased agreement between measured and calcu-
lated J values. This occurred despite the small RMS deviation
(1.50 A for the backbone atoms, 2.06 4 tor all atoms) between
the crystal structure and the tinic averageu MD structure, sug-
gesting that straightforward energy minimization of a good
(1.65-A) crystal structure can lead to false local minima and that
100 ps of dynamics simulation may be insufficient to cure this.
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As part of a study of the chemistry of metal-bound ketenes,!?
we sought the preparation of niobocene—ketene complexes so as
to extend our earlier work on vanadocene analogues. In the course
of these studies, we have used unsymmetrically substituted ketenes
to determine reaction stereoselectivities;® herein we describe some
unprecedented ketene isomerizations as well as a novel synthesis
of the first ketene—hydride complex.

Treatment of Cp’,NbCl (Cp’ = 53-CsH,SiMe;)* with ketenes
gives rise to the desired ketene complexes (eq 1) in 70-80% yields.

Cp/,NbCI + RIR2C=C=0 — Cp’,Nb(C)(OCCR'R?) (1)
1, R! = R? = Me

(1) Galante, J. M.; Bruno, J. W.; Hazin, P. N,; Folting, K.; Huffman, J.
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Figure 1. Voltammograms of compounds 2 (a) and 3 (b): 15 mM in
THF/1.0 M Bu,N*BF,". Platinum disk working electrode: potentials
are in volts relative to a Ag/Ag™ reference electrode, Scan rates = 100
mV/s.

This contrasts with Cp,NbCl, which gives only reductive coupling
of two ketene moieties. Although several isomers are possible,
the symmetrically substituted ketenes yield only one complex
isomer (C=0 bound); thus, exo~endo isomerism is not a factor.’
However, with unsymmetrical ketenes isomeric mixtures are
observed (via 'TH NMR) due to E-Z isomerism about the C=C
bond (eq 2).5 For 3 the E:Z ratio is 81:19, while for 4 it is 70:30

cl cl
CpNbE—0 cpNbT=0
¢’ = c
i 14
R” “Ph Ph” R

exo-£ exo-Z

]

(in C4Dg); these assignments are based on variable-temperature
NMR studies (the E-Z equilibrium shifts but remains slow on
the NMR time scale up to 75 °C) and an X-ray diffraction study’
of exo-(E)-4. Compounds 3 and 4 were allowed to equilibrate
(toluene, 20 °C) in the presence of equimolar EtPhC=C=0 and
MePhC=C=0, respectively. In neither case was ketene exchange
observed, so this isomerization constitutes the first example of an
intramolecular C=C isomerization of a C=0 bound ketene.

Voltammograms for 2 and 3 are presented in Figure 1. The
sequential cathodic sweeps exhibit a form commonly associated
with an ECEC mechanism (eq 3-5).58 We suggest that wave A

(5) Alkene ligands normally do exhibit exo—endo isomerism in Cp,Nb(H)
(alkene) complexes: (a) Klazinga, A. H.; Teuben, J. H. J. Organomet. Chem.
1980, /94, 309-316. (b) Burger, B. J.; Santarsiero, B. D.; Trimmer, M. S.;
Bercaw, J. E. J. Am. Chem. Soc. 1988, 110, 3134-3146.

(6) Spectroscopic and analytical data are included as Supplementary
Material.

(7) Crystal data for 4: C,H33NbCIOSi;,, MW = 522,035, monoclinic,
P2, a=1938(5) A, b=1581() A c=2161(1)A a=8=90°1
=95.41 (6)°, ¥ =12700 (7) &%, Z =4,d = 1.28 gcm™,

(8) (a) Geiger, W. E. Prog. Inorg. Chem. 1985, 13, 275-352. (b) Kotz,
1. C. In Topics in Organic Electrochemistry; Fry, A. 1., Britton, W. E., Eds.;
Plenum: New York, NY, 1986; Chapter 3.
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(Figure 1, first sweep) represents reduction and isomerization to
endo metallaenolate (57), wave B represents oxidation of this to
a ketene complex (6) which is an isomer of the starting material,
and that wave C in the second sweep represents reduction of 6.
Possible formulations for 6 include endo-C=0 or -C=C bound
ketene complexes; this point is under study. The relative heights
of waves A and C in the second sweep depend on ketene sub-
stituents and scan rate, suggesting that this ligand is involved in
the isomerization process. We have also noted that added chloride
(as LiCl) has no effect on the voltammetry, and that standard-
ization with Cp,Fe®* indicates that the processes depicted in
Figure 1 are one-electron events. The key observation, then, is
that the ketene complexes undergo a one-electron reduction via
a process which involves a structural change in the ketene ligand.

In an attempt to generate and trap a niobaenolate, 3 was treated
with sodium amalgam (in ether) and quenched with added ethanol.
Further investigation revealed that the one-pot process requires
2 equiv of reductant and that the proton source must be added
in the presence of the second reducing equivalent. The resulting
product is exo-(£)-Cp’,Nb(H) (OCCMePh) (7a, eq 6), isolated

Cp'2Nb<%|/O Na_ EQH,_ Ha Cp'2Nb<%/O (6)
1 1
Me/c‘ Ph Me” °s Ph
7a

as an off-white solid in 60% yield; in solution it undergoes slow
equilibration to a 50:50 mixture of 7a and exo-(Z)-7b (these
assigniments are corroborated by NOE experiments). These are
the first metal complexes to contain both hydride and ketene
ligands. We propose that the synthetic sequence involves reduction
to a metallaenolate (as indicated by the voltammetric experiments,
eq 3), which is protonated at carbon to give 8.° This Nb(IV)

325 Nats —2, 1Cp,Nb(Cl) (C(=0)—CR,H)]  (7)
-NaOEt
N

8———-—»_N:Cl Cp’sz(H% (OCCR,) (8)

acyl is rapidly reduced by the second equivalent of sodium, with
loss of CI". The resulting Nb(11I) acyl then undergoes §-H
elimination to give the ultimate product. Although Baird has
observed acyl 3-H elimination resulting in metal hydride and free
ketene,'%1! there is no example of such a process giving a ketene
hydride complex. Consistent with the proposed mechanism, we
note that (a) if niobaenolate 57 is deliberately oxidized prior to

(9) (a) Baird, G. S.; Davies, S. G.; Jones, R. H,; Prout, K.; Warner, P. J.
Chem. Soc., Chem. Commun. 1984, 745-746. (b) Brown, S. L.; Davies, S.
G.; Warner, P.; Jones, R. H.; Prout, K. /bid. 1985, 1446-1447, (c) Seeman,
J. 1.; Davies, S. G. J. Am. Chem. Soc. 1985, 107, 6522-6531. (d) Liebeskind,
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607-609.

(10) (a) Hommeltoft, S. 1.; Baird, M. C. J. Am. Chem. Soc. 1985, 107,
2548-2549. (b) Hommeltoft, S. 1.; Baird, M. C. Organometallics 1986, 5,
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(b) Moore, E. J.; Straus, D. A.; Armantrout, J.; Santarsiero, B. D.; Grubbs,
R. H.; Bercaw, J. E. J. Am. Chem. Soc. 1983, 105, 2068-2070. (c¢) Ho, S.
C. H.; Straus, D. A.; Schaefer, W. P.. Grubbs, R. H. J. Am. Chem. Soc. 1984,
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0002-7863/89,/1511-5491801.50/0

addition of the proton source, 3 is regenerated; (b) if the initially
formed intermediate 5™ is removed from the excess amalgam before
it is treated with the proton source, a mixture of 3 and 7 results;
and (c) the use of MeOD as quencher results in D incorporation
only at the Nb-D site. These observations would seem to preclude
alternate mechanisms involving loss of chloride in the first re-
duction step or an initial two-electron reduction (also, a reduced
niobium center should react with ethanol to give H, and Nb-OEt;
neither is observed).

Lastly, we note that the synthetic sequence of €7, H*, ¢ is
equivalent to treatment with hydride. However, treatment of 3
with LiAlH,4 gave rapid conversion to Cp’,Nb(u-H),AlH,, while
milder hydride sources (MBH,) failed to react. Similarly,
treatment of Cp’,Nb(BH,) or Cp’,Nb(H) (PPh;) with ketenes
gave intractable products, suggesting niobium-hydride-induced
ketene polymerization.!* Thus, a ketene-mediated synthesis of
7 appears to be the only viable route, and it illustrates the fact
that the complexed ketene can support chemistry with which free
ketenes are incompatible. Further studies of the utility of the
complexed ketenes are in progress.
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Nitrous oxide is a thermodynamically potent oxidant for oxo-
transfer reactions (AGy® = 25 kcal/mol), but it is remarkably
kinetically inert in the absence of a suitable activating center
(usually a transition metal);"? moreover, the sole byproduct of
oxo transfer from N,O, dinitrogen, is an innocent, unreactive one.
For these reasons nitrous oxide is an attractive oxygen-atom source
for effecting selective chemical oxidations. Other workers, most
notably Bottomley’s group, have exploited N,O as a reagent for
preparing unusual transition-metal-oxo clusters,>* while Lunsford
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