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afforded a 50% yield of (+)-B3-vetivone (1), mp 43.5-47.0°,
(lit. 43.5-46.032), spectrally and chromatographically iden-
tical with an authentic sample.!4 Lithium aluminum hy-
dride reduction of 1 gave allylic alcohol 12. Subsequent de-
hydration of 12 with 10-camphorsulfonic acid in benzene
gave (%)-B-vetispirene (3), spectrally identical with (—)-g-
vetispirene,*® in 86% overall yield.

Lithium aluminum hydride reduction of 10 followed by
selective acetylation (acetic anhydride, pyridine) of the re-
sulting diol produced a mixture of hydroxyacetates 13 in
81% yield (mp 45-55°; ir 3350, 1725, 1650, 1240 cm™};
NMR (CCly) 6 0.97 (d, 3 H), 1.22 (s, 6 H), 1.3-2.1 (enve-
lope with singlets at 1.75, 2.03, 17 H), 5.20 (m, 2 H)). Re-
duction of 13 with lithium in ethylamine'? afforded a 75%
yield of a 9:1 mixture of two compounds. The major compo-
nent was shown to be (+)-hinesol (2), spectrally and chro-
matographically identical with an authentic sample.!4.16

To make use of the C-1,2 double bond present in 6, the
following transformations were conducted. Successive treat-
ment of 6 with methyllithium and 1.2 N HCl-ether (4:1)
yielded ketol 14 which was dehydrated with 10-camphorsul-
fonic acid to trienone 15 in an overall yield of 78% (ir 1671,
892 cm~!; NMR (CCly) 6 0.97 (d, 3 H), 1.83 (d, 3 H),
1.8-2.8 (envelope with singlet at 1.95, 10 H), 4.90 (broad s,
2 H), 5.58 (broad s, 1 H), 5.68 (q, 1 H)). Treatment of 15
with lithium aluminum hydride gave a mixture of solid iso-
meric alcohols 16 in quantitative yield (mp 51-62°). Con-
version of 16 to the corresponding chlorides 17 with N-chlo-
rosuccinimide-dimethyl sulfide complex'” followed imme-
diately by reduction with lithium aluminum hydride gave
an 80% yield of a 37:63 mixture of trienes 18 and (+)-a-
vetispirene (5),'® separated and purified by preparative gas
chromatography (10 ft X Y, in. 10% SE-30, 190°, 60 ml He
min~1),
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Reactions of Transition Metal-Nitrogen s-Bonds.
IL.! Pentakis( N, N-dimethylcarbamato)niobium(V)
and Its Facile Exchange Reaction with Carbon Dioxide

Sir:
We wish to report the interesting structure and dynamic
solution behavior of Nb(O,CNMe,)s (1) and to propose a

mechanism which accounts for the observed facile carbon
dioxide exchange reaction (eq 1).

Nb(O,CNMe,); + x*CO, ==
Nb(0,*CNMe,),(0,CNMe,);_, + (x — 1)*CO, + nCO, (1)
where n = 0-5

A benzene solution of Nb(NMe,)s reacts with CO, (5 or
more equiv) in a sealed tube at room temperature to give
Nb(O2CNMe,)s (1). 1is an air-sensitive, pale yellow crys-
talline solid, only very sparingly soluble in alkane solvents
but appreciably soluble in benzene and toluene. A cryoscop-
ic molecular weight determination shows that 1 is mono-
meric in benzene. The 'H NMR spectrum of 1 in toluene-
dg at 60 MHz shows a single resonance at 2.56 ppm from
HMDS (hexamethyldisiloxane) at ambient temperatures.
On cooling the sample this resonance splits into a 3:2 dou-
blet at 2.28 and 2.50 ppm (rel HMDS), T, = —65°. No
further change in the spectrum is observed on cooling the
sample to —90°. A methylene chloride-freon 11 solution of
1 shows similar 'H NMR spectroscopic properties; the 3:2
doublet persists to —120° (100 MHz) which is the limit of
our low temperature capability. The '"H NMR spectroscop-
ic properties of 1 are independent of the concentration of 1.
These observations alone, however, are singularly uninfor-
mative with regard to the coordination properties of the
metal.

Early transition metal N,N-dimethylcarbamato com-
pounds show strong infrared absorptions in the region
1690-1550 cm~! attributable to a stretching mode of the
NCO; moiety.2 We have sought a distinction between bi-
dentate and monodentate Me,NCO,™ ligands from a com-
parison of the ir spectra of '2C!60,, 13C16Q;, and '2C!80,
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Figure 1. View of one molecule of Nb{O,CNMe,)s showing the atomic
numbering scheme. Atom ellipsoids represent equiprobability surfaces
of thermal displacement and contain 50% of the probability distribu-
tion. The sites and shapes of the atoms are determined by their final
anisotropic thermal parameters and by their perspective view.

Table I. Infrared Absorption Maxima in the 1690-1550-cm—*
Region Characteristic of vgt(NCO,)

Compound vste(N'2C1°0,)  A'3Ca At0b
Z1(0,CNMe,), 1594 29 4
W(NMe,),(0,CNMe,), 1640 43 23
Nb(O,CNMe,); 1616 24 0

1685 40 25

2 AC = pgy ((N'2C140,) — gy (N13C40,). B A0 = vgy, (N'2C1€0,)
— v (NTICT30,),

labeled compounds. A comparison of the ir spectra of 1 with
those of the presumed? eight-coordinate Zr(O,CNMe,)4
and the known' six-coordinate W(NMe;)3(0,CNMe,); led
us to believe that 1 has both monodentate and bidentate
Me,;NCO;~ ligands.* See Table 1. Thus the low tempera-
ture limiting 'H NMR spectrum® and vibrational spectra
could readily be interpreted in terms of either seven- or
eight-coordinate niobium. Because of the uncertainty of this
prediction and the intriguing structural possibilities which
both seven- and eight-coordination offer for 1, we resorted
to a single-crystal X-ray determination.® See paragraph at
end of paper regarding supplementary material.

Crystal data: Nb(O,CNMe,)s; M = 533.34; triclinic; a
=9.437 (4), b = 9.710 (3), ¢ = 13.746 (5) A; o = 88.08
(3), 8 =95.68 (3), v = 114.42 (3)°; Z = 2; deaied = 1.552
g/cm?; space group P1. Intensity data were collected on a
Syntex P1 computer controlled diffractometer using Mo
K« radiation. In the refinement of the structure, 1577 re-
flections having F,2 > 35(F,?) were used. Niobium and the
other 30 non-hydrogen atoms were refined anisotropically
to give the final agreement factors Ry = 0.092 and R; =
0.106. An ORTEP view of the molecular structure of 1 is
shown in Figure 1 and the pertinent bond distances and
bond angles for the immediate coordination geometry of
niobium are given in Table II. Niobium is eight-coordinate
having three bidentate and two monodentate MesNCO,™
ligands. The NbOg moiety does not correspond to any ideal-
ized MLg polyhedra.”® This is clearly evident from the fact
that two almost mutually perpendicular planes contain Nb
and five of the NbOg oxygens. See Table IL. Of course, for
a MLy(L-L); structure a departure from an idealized MLg
geometry is expected due to the constraints imposed by the
chelating ligands. In this context it is interesting to compare
1 with eight-coordinate uranium(VI) compounds UL,(L-
6)3.% The latter adopt a trans L-U-L geometry whereas 1
shows a cis L-Nb-L geometry; the O(7)-Nb-O(9) angle is
90.5 (7)°. Note also that the Nb-O(7) and Nb-O(9) bond
distances, 1.91 (1) and 1.91 (2) A are much shorter tha
the W-O bond distances, 2.041 (6) A, in

Table II. Bond Distances (A), Bond Angles (deg), and Least-
Squares Planes for the NbO; Moiety of Nb(O,CNMe,) 2

Bond distances

Bond angles

Nb-01 2.17 (1) 0O1-Nb-02 61.5 (5)
Nb-02 2.10 (1) 0O1-Nb-03 154.5 (5)
Nb-03 2.20 (1) 01-Nb-04 134.7 (6)
Nb-04 2.11 (1) O1-Nb-05 130.6 (6)
Nb-0S§ 2.20 (2) O1-Nb-06 74.8 (6)
Nb-06 2.02(2) 0O1-Nb-07 82.2 (6)
Nb-0Q7 1.91 (1) 0O1-Nb-09 80.8 (6)
Nb-09 1.91 (2) 02-Nb-03 133.0 (6)
Bond angles 02-Nb-04 74.3 (6)
02-Nb-05 1129 (7)

04-Nb-06 106.2 (6) 02-Nb-06 78.1 (6)
04-Nb-07 141.8 (6) 02-Nb-07 143.6 (6)
04-Nb-09 87.2 (6) 02-Nb-09 85.8 (6)
05-Nb-06 56.9 (1) 03-Nb-04 60.6 (6)
0O5-Nb-07 88.6 (7) 03-Nb-05 68.2 (6)
O5—-Nb-09 148.0 (7) 03-Nb-06 124.8 (7)
06—-Nb-07 91.4 (7 03-Nb-07 81.4 (6)
06—Nb-09 155.1 (7 03-Nb-09 80.0 (6)
07-Nb-09 90.5 (7 04-Nb-0S5 74.2 (6)

Least-Squares Planes
Atoms Equation of plane

I Nb,01,02,03,04,07 -0.872x — 0.028y — 0.489z = —-1.72§
I Nb, 01, 03, 0S5, 06, 09 0.141x — 0.958y — 0.250z = —3.441

Distance of Atoms from Plane

I I
Nb -0.16 Nb 0.11
01 0.19 01 -0.21
02 -0.02 03 -0.18
03 0.22 0§ 0.02
04 -0.08 06 0.09
07 -0.15 09 0.18
0S5 -2.03 02 1.78
06 -1.99 04 1.79
09 1.75 07 -1.81

aFor complete details see supplementary data.

W(NMe,)3(0,CNMes)s.! Oxygen to niobium w-bonding
may be important in 1 since niobium attains only 16 valence
shell electrons via NbOg o-bonding; cf.!
W(NMe;)3(0,CNMe,); where N to W w-bonding (i) al-
lows tungsten to attain 18 valence shell electrons and (ii)
exerts a high trans influence,® thus lengthening the trans
W-O bonds in the fac-WN3;0; octahedron.

The structure of 1 provides no insight into the mechanism
of the CO, exchange reaction (eq 1). The lability of 1
toward CO, exchange is seen in the following. When
Nb(0O,!3CNMe,)s, 0.01 mmol, was dissolved in toluene-ds,
0.40 ml, in an NMR tube, volume 3 ml, and allowed to
react with 12CO,, 0.20 mmol, at —40°, the half-life of
Nb(O,!3CNMe,)s was about 24 min.!°

A plausible mechanism for the exchange reaction (eq 1)
involves the initial deinsertion of CO, and formation of
Nb(O,CNMe,)4(NMe,). Direct evidence for the existence
of significant concentrations of Nb(O,CNMes)a(NMes) in
solutions of 1 is seen in the following. 1 dissolved in toluene-
dy yields a pale yellow solution, and, in the 'H NMR spec-
trum, in addition to the single resonance at 2.56 ppm
(HMDS), there are small peaks at 4.00 and 2.53 ppm
(HMDS). In the 'H NMR spectrum of Nb(O2!3CNMe3)s
only the high field resonances show 3Jisc_y = 3 Hz. How-
ever, toluene-dg solutions of 1 sealed under a positive pres-
sure of CO; are colorless and show only the single reso-
nance at 2.56 ppm (HMDS). When 1 is kept under a high
vacuum for a prolonged time or solutions of 1 are degassed
repeatedly, the relative concentration of the resonances as-
signed to Nb(O,CNMe,)4(NMe,) increases.

The existence of a significant concentration of
Nb(O,CNMes)4(NMe;) and its concentration dependence
on CO; pressure imply that it is an intermediate in the reac-
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tion leading to the rapid CO; exchange (eq 1). If this is in-
deed the case!! the facile reversible formation and cleavage
of M=N, M-0, and C-N bonds in eq 1 is truly remarkable
and has an obvious parallel in the facile reversible forma-
tion and rupture of M-H, M-C, and C-H bonds which
forms the basis for most catalytic processes involving transi-
tion metals and hydrocarbons.!?

The generality of CO; exchange reactions involving
M(O,CNMe,),, where M = an early transition metal, has
now been established,? and kinetic studies of these reactions
are currently in progress.
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Electron Affinities of Alkoxy Radicals and the Bond
Dissociation Energies in Aliphatic Alcohols
Sir:

One of the fundamental properties of a gas phase radical
is its adiabatic electron affinity. EA values are important
because of their utility in structure-stability correlations,!-3
and their knowledge is required!® for thermodynamic cy-
cles, e.g.

ROH — RO- + H*
AH®° = DH°(RO-H) - EA(RO-) + IP(H") (1)
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Figure 1. Relative photodetachment cross section for tert-butoxide
anion in the energy range 1.82-3.0 eV. An average of three indepen-
dently normalized runs is shown, resolution 23.8 nm (full width half
maximum), maximum fractional signal decrease of 8% at 400 nm. The
arrow indicates the threshold required to yield a hydroxyl bond
strength for rerz-butyl alcohol of 104 kcal/mol.

Recently, photodetachment experiments on small poly-
atomic anions have been shown to provide reliable limiting
EA estimates?-5 through the determination of the thresh-
olds for

A+ v — A + e

In this communication, we present results of photode-
tachment experiments for RO~ (R = CHs, 1-C4Hg, neo-
CsHi1). These results are particularly important in that
they establish the applicability of the technique to larger
and more complex ions. We draw attention here to the im-
plications of these data to O-H bond energies in aliphatic
alcohols. This is accomplished by utilizing the ionic equilib-
ria measurements of Mclver and Miller,® eq 2 (AH =HF,
R’OH, RC=CH).

ROH + A~ = RO" + AH
AH®° = DH°(RO-H) + EA(A:) —~ DH°(AH) ~ EA(A") (2)

Application of such cycles would provide an important al-
ternative to other methods, particularly thermochemical ki-
netics.”-!!

Alkoxide anions were generated in a Varian V-5900 ICR
spectrometer by 1 eV electron impact on dimethyl (and di-
methyl-de) peroxide; 8 or 12 eV electron impact on rtert-
butyl alcohol and its deuterated analog. Neopentoxide an-
ions were produced via proton transfer from the alcohol to
fluoride ion (from NF3). Ion ejection and kinetic experi-
ments showed that this reaction is practically encounter
controlled and thus cannot be appreciably endothermic (k
= (2.2 £ 0.4) X 10~!% ¢cm? molecule~! sec™!); the corre-
sponding reaction of tert-butyl alcohol + F~ (k = (0.9 £
0.2) X 10~1% ¢m3 molecule=! sec™!) could be driven by
reactant irradiation to produce additional rerz-butoxide
anion. This independently establishes the relative acidity
order, neopentyl alcohol = HF > tert-butyl alcohol, ob-
served by Mclver.® This order is critical to the discussion
that follows.

Relative photodetachment cross sections and threshold
energies were determined by methods previously de-
scribed.*3 Extrapolation of the linearly rising portion of
the curve to zero cross section {Figure 1) gives!? EA(CHj3-
O:) < 36.7 £ 09, EA(4+-C4Hy0O-) < 43,1 + 1.0, and
EA(neo-CsH;,0-) < 44.5 + 1.4 kcal/mol (thresholds at
779.6, 663.0, and 640.5 nm). Alternative onset values ob-
tained by subtracting the band width (23.8 nm) from the
apparent threshold gave 776.2, 657.0, and 637.0 nm respec-
tively, indicating that the data are adequately represented
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