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Figure 1. Computer-generated perspective drawing of the X-ray model
of methyl isosartortuoate (1). Oxygen atoms are crosshatched, hydrogens
are omitted for clarity, and no absolute configuration is implied.

stituted double bond. A summary of the significant '"H NMR
data and decoupling experiments is given in the supplementary
material.

Methyl isosartortuoate (1) is the first tetraterpenoid of this
structural type, and its biosynthesis is not known. Since diterpenes
of the cembrene? class are commonly found in soft corals, a
plausible biogenesis would involve generation of the cyclohexene
ring by a Diels—Alder coupling of two cembrenes. This would
generate the carbon skeleton of isosartortuoate in an efficient
manner. The most obvious precursors suggested by this scheme
have not yet been identified as natural products, but examples
of the various functionalities can be found in known marine
cembrenes.! If the proposed Diels—Alder reaction had an endo
transition state, the stereochemistries at C1, C2, and C21 would
be those observed in 1.
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given on any current masthead page.
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Although there is now an extensive spectroscopic literature
concerning homonuclear diatomics of first-row transition metals,
relatively little is known about dimers of the second and third
transition series.! Theoretical calculations for third-row systems
predict more comparable (n + 1)s and nd orbital sizes and energies
than for their lighter congeners, due primarily to relativistic ef-
fects.? This trend is expected to yield enhanced d—d bonding in
third-row dimers, a prediction consistent with reported® mass

t1984-1985 JILA Visting Fellow. Permanent address: Department of
Physics and Astronomy, University of Oklahoma, Norman, OK 73019.

(1) For recent reviews, see: Weltner, W., Jr.; Van Zee, R. J. Annu. Rev.
Phys. Chem. 1984, 35, 291-327; Chem. Soc. Faraday Symp. 1980, No. 14,
7-250.

(2) Pitzer, K. S. Acc. Chem. Res. 1979, 12, 271-276. Pyykkd, P.; Des-
claux, J.-P. Ibid. 1979, 12, 276-281.
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Figure 1. Negative ion mass spectrum following dissociation/ionization
of Rey(CO)yp in a flowing afterglow apparatus incorporating a microwave
discharge ion source. Anions marked by asterisks photodetached at 488
nm.

spectrometric dissociation energies. Spectroscopic confirmation
of these predictions has not yet been possible, due to the nearly*
total lack of data for dimers of open d-shell third-row metal atoms.

In this paper, we report the first spectroscopic observation of
Re, and Re,", obtained by negative ion photoelectron spectroscopy.
This system provides an excellent test of the predicted enhance-
ment of multiple bonding in heavier members of an isoelectronic
metal dimer series. Although strong d—d bonding is suggested
by the pervasiveness of multiple Re-Re bonding in stable coor-
dination compounds,® a weak bond in the bare Re, molecule might
be expected in view of the van der Waals bonding?® in its first-row
congener, Mn,. The data reported here provide gas-phase vi-
brational frequencies for Re, and Re,™. Their high vibrational
force constants indicate that multiple Re-Re bonding does indeed
occur in both the neutral and anionic dimers.

These results also illustrate a new synthetic route to metal-metal
bonded, coordinatively unsaturated metal carbonyl anions. There
has recently been much interest in the synthesis and chemical
characterization of mononuclear transition-metal carbonyl anions.”
The production of Re,(CO),”, n = 0-9, reported here suggests
that the gas-phase chemistries of these dinuclear reactive inter-
mediates are also potentially characterizable by flowing afterglow
techniques.

Anions were prepared in our flowing afterglow source® by
seeding Re,(CO),q vapor ina 150 STP cm?® ™! He flow ~10 ¢cm
downstream of a 2.45-GHz microwave cavity discharge. The
anions were then gently extracted and mass-selected by a Wien
filter, yielding the mass spectrum displayed in Figure 1. All
possible fragment Re,(CO),,” metal carbonyl anions were detected.
The species marked by asterisks, and only these, were observed
to photodetach at 488.0 nm, implying electron affinities below
~2.2 eV. The spectra of the ligated anions will be reported in
a future publication.

To obtain the photoelectron spectrum reported here, the
mass-selected Re,™ ion beam crossed by the intracavity radiation
of a cw argon ion laser. A small fraction of the photodetached

(3) Gingerich, K. A. In ref 1b, pp 109-125.

(4) An excited-state Pt, progression has been reported by matrix isolation
absorption spectroscopy: Jansson, K.; Scullman, R. J. Mol. Spectrosc. 1976,
61,299-312,

(5) Cotton, F. A.; Walton, R. A, “Multiple Bonds Between Metal Atoms”;
Wiley: New York, 1982,

(6) Moskovits, M.; DiLella, D. P.; Limm, W. J. Chem. Phys. 1984, 80,
626-633; Baumann, C. A.; Van Zee, R. J,; Bhat, S. V.; Weltner, W., Jr. J.
Chem. Phys. 1983, 78, 190-199. Rivoal, J.-C.; Emampour, J. S.; Zeringue,
K. J.; Vala, M. Chem. Phys. Lett. 1982, 92, 313-316.

(7) Lane, K.; Sallans, L.; Squires, R. R. J. Am. Chem. Soc. 1984, 106,
2719-2721. McDonald, R. N.; Chowdhury, A. K.; Schell, P. L. J. 4m. Chem.
Soc. 1984, 106, 6095-6096 and references therein.

(8) Leopold, D. G.; Murray, K. K.; Miller, A. E. S,; Lineberger, W. C. J.
Chem. Phys., in press. Feigerle, C. S. Ph.D. Thesis, University of Colorado,
Boulder, 1983.
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Figure 2. Photoelectron spectrum of Re,™. Labels indicate Re, < Re,”
vibrational quantum numbers for transitions to the ground and (excited)
Re, states. The low electron kinetic energy region was obtained at 457.9
nm, but the entire spectrum is displayed as for 488.0-nm (2.540 eV)
excitation for clarity. Intensities of the bands below ~0.5 eV are sup-
pressed by up to a factor of 3 by a decreasing instrumental sensitivity in
this region.

electrons were energy-analyzed by a hemispherical electrostatic
monochromator with multichannel detection. The instrumental
resolution was 11 meV (90 cm™) in the electron kinetic energy
region above 0.7 eV and up to ~20 meV at lower energies. A
detailed description of the negative ion photoelectron spectrometer
has recently appeared.®

The photoelectron spectrum of Re,”, shown in Figure 2, displays
at least four vibronic band systems. The rightmost of these
corresponds to the transition between the ground states of the
anionic and neutral dimers, and its origin band position yields a
Re, electron affinity of 1.571 & 0.008 eV. The observed vibronic
structure indicates fundamental vibrational frequencies of 340
+ 20 cm™! for Re, and 320 = 15 cm™ for Re,”. The same
vibrational frequencies are observed in a second band system 890
#.30 cm™ higher in energy. Harmonic Franck-Condon analyses
of these intensity profiles indicate a change of 0.03 A in the
internuclear separation on electron attachment for both systems
and a vibrational temperature of 1200 K. On the basis of this
anion temperature and the similar intensities of the two band
systems, we assign them to different states of Re, rather than Re,".
The small shifts in bond lengths and vibrational frequencies on
electron attachment suggest that both Re, electronic states result
from the detachment of a nonbonding or weakly antibonding
electron. At least two additional band systems are observed in
the low electron kinetic energy region of the spectrum, with in-
tensity maxima approximately 5100 and 6200 cm™ from that of
the ground-state band system.

The Re, and Re,™ vibrational frequencies observed here imply
unusually large force constants of 6.4 £ 0.8 and 5.6 £ 0.5 mdyn
A~ respectively. Among the homonuclear transition-metal di-
mers, force constants of this magnitude have been reported® only
for Mo, (6.44 mdyn A™') and V, (4.34 mdyn A1), which are
multiply bonded.!®'! In contrast, the single 6s—6s bond in Au,
yields a vibrational force constant® only one-third that of Re,. We
conclude that these results provide strong evidence for multiple
bonding in both Re, and Re,”. The bonding in this third row dimer

(9) DiLella, D. P.; Limm, W.; Lipson, R. H.; Moskovits, M.; Taylor, K.
V. J. Chem. Phys. 1982, 77, 5263-5266.

(10) Hopkins, J. B.; Langridge-Smith, P. R, R.; Morse, M, D.; Smalley,
R. E. J. Chem. Phys. 1983, 78, 1627-1637. McLean, A. D.; Liu, B. Chem.
Phys. Lett. 1983, 101, 144-148; Goodgame, M. M.; Goddard, W. A., III Phys.
Rev. Lett. 1982, 48, 135-138. Atha, P. M.; Hillier, I. H. Mol. Phys. 1982,
45, 285-293.

(11) Langridge-Smith, P. R. R.; Morse, M. D.; Hansen, G. P.; Smalley,
R. E. J. Chem. Phys. 1984, 80, 593—-600. Walch, S. P.; Bauschlicher, C. W.,
Jr.; Roos, B. O.; Nelin, C. J. Chem. Phys. Lett. 1983, 103, 175-179.
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thus differs dramatically from the van der Waals bonding® in the
isoelectronic first-row molecule, Mn,.
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We report that the helical metallocene 3, prepared previously
by the steps summarized in eq 1,! can be obtained optically active

H
:) l)t Buli Q
O O “‘ B @
. ' CSHS H 2THF

2 3 (M= Fe)
9 (M= Co* PFg)

R® (£-Bu) Me,Si

by a simple procedure that controls the direction in which the helix
winds during photocyclization.2 Consider the cyclization of diether
(8,5)-1. If the steric bulk of the silyloxyls favored their placement
outside the helix, ring A would stack above ring B, and the helix
would wind to the left (eq 2).> In fact, however, when (S,5)-1,

(5,5)-1

(M)-2

synthesized from (S)-4 (see below), is photocyclized as in eq 1,
it gives helical hydrocarbon 2 that is largely racemic.* So does
the isomer of 1 synthesized® from (R)-(-)-5, giving the isomer
of 2 in which both double bonds are shifted one position.”
Supposing the scheme’s failure to be a consequence of ROH
having eliminated from the precursors, 1 and its isomer, before
they cyclize, experiments were performed to prevent the elimi-
nations. The discovery was that with propylene oxide added to
consume HI as it forms,® with a full mole of I, to effect the

*Dedicated to Professor Harry H. Wasserman on his 65th birthday.

(1) Katz, T. J.; Pesti, J. J. Am. Chem. Soc. 1982, 103, 346,

(2) In winding hexahelicene esters of (~)-menthol and other chiral alcohols,
Martin previously achieved such selection (usually small, except in one pho-
tocylization at =78 °C, and of unanalyzed origin). See: (a) Cochez, Y;
Jespers, J.; Libert, V.; Mislow, K.; Martin, R. H. Bull. Soc. Chim. Belg. 1975,
84,1033 (b) Cochez, Y.; Martin, R. H.; Jespers, J. Isr. J. Chem. 1975, 15,
29. (c) Vanest, J.; Martin, R. H. Recl. Trav. Chim. Pays-Bas 1979, 98, 113,

(3) P = left-handed and M == right-handed helix. See: Cahn, R. S,;
Ingold, C.; Prelog, V. Angew. Chem., Int. Ed. Engl. 1966, 5, 385.

(4) Synthesized from (S)-4 [40% enantiomeric excess (ee)], it gave (P)-
(+)-2in <3% ee.>8

(5) Asinref 1.

(6) The chiral selectivity is (strangely) opposite to that expected according
to eq 2. For absolute configurations see notes 31 and 37 below.

(7) Previously prepared by combining 2 with z-BuLi and then aqueous
acetic acid;' its structure was confirmed by X-ray diffraction analysis of a
sample prepared from racemic 5. We thank Dr. lan Williams of MIT for the
analysis.
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