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« are weakly varying functions of AE, it can be predicted on the
basis of eq 4 that if the assumptions made above are appropriate,
a linear relation should exist between In k,, and E,,. From the
results shown in Figure 1 there is obvious agreement between
theory and experiment. The agreement is not surprising given
the assumptions involved and the nature of the excited states. The
excited states appear to share a common deactivating mode. The
results of investigations of low-temperature emission spectra of
Os(bpy);* and several related complexes of the type Os-
(bpy),L,** 3!! all show vibrational progressions of approximately
1300 cm™ corresponding to ligand-based skeletal stretching vi-
brations'2 and appear to be the dominant deactivating modes, wy.!?
The assumption of a low-temperature limit is clearly appropriate
for a vibration having hwy = 1300 cm™ since Awy/kgT > 6.5

Inherent in the success of eq 4 is the assumption that variations
in V are relatively small for the series of excited states. Clearly,
V will not be constant, but it appears in the intercept as In V2.
Variations in ¥, which are in the range ca. 30-100 cm™! from eq
1, must be too small to affect the linear relationship between In
k;; and E,, noticeably., The importance of significant changes
in ¥ may appear in the enhanced lifetimes in Table I for phen
complexes compared to analogous bpy complexes. The lifetime
enhancements of approximately a factor of 3 are almost entirely
due to the faster radiationless decay of the bpy excited states. The
similarity in slopes in Figure 1 suggests similar deactivating modes
and S values for the two series and that radiationless decay rate
differences come from a decrease in the electron tunneling matrix
element for the phen complexes.

_ A third assumption is that S, which is a measure of excited-state
distortion in the deactivating mode or modes, is constant. Pre-
liminary Franck-Condon analyses on the emission spectra of these
complexes using standard procedures!® show that systematic
variations in Ap? and hence in S do occur as E.,, increases.
However, the variations are relatively small and act only to modify
slightly the observed slopes and intercepts of the plots of In &,
vs. E ., and not the conclusions reached here. Further work on
the quantitative evaluation of ¥V, Ay? and S is currently in
progress.

The smaller but still significant variations in the radiative rate
constants in Table I should also be noted since it is their interplay
with k,, which determines excited-state lifetimes. In particular,
as the luminescence is moved to higher energy, &, becomes more
important in determining excited-state lifetimes. Radiative decay
rate constants are predicted to increase approximately as the cube
of the emission energy, provided that the integrated intensity of
the charge-transfer absorption remains constant.!® The data in
Table I are in agreement with this prediction, and it appears that
there exist satisfactory theoretical bases for accounting in a detailed
way for relative excited-state lifetimes in this series of compounds.
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Let us think about the electronic requirements for transition-
metal-catalyzed linking of two carbenes to an olefin, 1, two
carbynes to an acetylene, 2, or the reverse reaction, the direct
dismantling of a coordinated ethylene or acetylene. A wide range
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of coordination numbers and geometries could be envisaged, but
the essence of the reactions is revealed by examining the naked
metal case and then restoring the other ligands. Figure 1 shows
a level correlation diagram for reaction 1 for M = W and no
ligands. The two methylenes are put in a conformation appropriate
to the final geometry of the coordinated olefin.!

Each methylene contributes a ¢ and p orbital, 3.2 Two me-
thylenes bring to M(CH,), in- and out-of-phase combinations of
these o and p orbitals. Three of these four combinations find a
metal partner to interact with—they are la,, 1b,, 2a, as seen in
Figure 1. The fourth combination, 2b,, 4, having too many nodes,

is of the wrong pseudosymmetry to interact effectively with any
metal s, p, or d orbital. Above these four orbitals lie three metal
d’s, unaffected by the methylenes. Higher still are some met-
al-carbene antibonding combinations, 4a,, 3b,, 5a,, hybridized
at the metal to point away from the carbenes.

On the olefin side we have la;, the CC ¢ bond, and 2a; and
1b,, the two combinations responsible for metal-olefin bonding.
Note the 7 and 7* components here.® Above these lie four metal
orbitals as well as 2b, and 5a,, antibonding partners to 1b, and
2a,.

The level correlations are straightforward. The critical orbital,
2b,, is carbene—carbene antibonding. As the carbenes near each
other, this level goes up in energy, sharply so. It must correlate
to a CC ¢* or 7* level, and no metal mixing can assuage its
destabilization. Metal interaction can keep one b, orbital (1b,)
down in energy but not two.

At this point a convention for electron counting must be es-
tablished. If the carbenes and the olefin are treated as neutral,

(1) This may not necessarily be the equilibrium orientation of the two
carbenes—that being set by either steric factors (as it seems to be in the known
biscarbene complexes, to be referenced later) or by electronic factors: the two
acceptors will avoid, if possible, competing for the same metal d orbital. See,
for instance: Burdett, J. K.; Albright, T. A. Inorg. Chem. 1979, 18, 2112-2120
and references therein. Be that as it may, the ethylene precursor geometry
must be attained early on in the reaction.

(2) See: Harrison, J. F. In “Carbene Chemistry”, 2nd Ed.; Kirmse, W.,
Ed.; Academic Press: New York, 1971; pp 159-193.

(3) For a general discussion of L,M(ethylene) complexes, see: Eisenstein,
O.; Hoffmann, R. J. Am. Chem. Soc. 1981, 103, 4308-4320. Albright, T.
A.; Hoffmann, R.; Thibeault, J. C.; Thorn, D. L. Ibid. 1979, 101, 3801-3812.
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Figure 1. Evolution of frontier orbitals of W(CH,), as a function of
C-W-C angle. The energies are taken from an extended Hiickel cal-
culation. Note the nonlinear CC distance scale at the top. The filling
of levels for a d2 case (carbenes neuiral) is indicated.

the electron counts are as shown in Figure 1. The reaction en-
counters a level crossing, is “forbidden”, for all electron counts
greater than d2.

From this basic picture the evolution of the orbitals of a fully
coordinated metal may be predicted. If two ligands are added
in the plane of the carbenes, 5, the symmetric (a,) and antisym-
metric (b,) ligand base combinations interact primarily with 3b,
and 5a, on the left of Figure 1, with 2b, and 5a; on the right. The
essential level crossing is untouched. If two axial ligands are also
added, 6, the 2%, 3a,, orbital is removed from the picture. Again
the level crossings due to b, remain. A similar procedure may
be followed for any desired metal coordination geometry.

et Yl L=——-Mz=--L
= L '-/T L
L
5 6

The reaction therefore is controlled by the relative location of
the carbene 2b, orbital and the metal a,, b, and/or 3a, orbitals.
If 2b, is raised in energy and/or if the nonbonding metal d orbitals
are lowered in energy so that the metal levels end up lower in
energy than the 2b, orbital, the orbital crossings will not take place.
The reaction becomes allowed for d* and d electron counts (and
d® for 5). This can be accomplished by any combination of the
following: putting = donors on the carbene, substituting the
carbene carbon by a more electropositive atom, making the metal
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more electronegative, or putting « acceptors on the metal. When
the reaction is “allowed”, one would expect a small barrier for
biscarbene—olefin interconversion, no judgment being made here
as to which side of the reaction is thermodynamically more stable.

There are thousands of known olefin complexes. But only one
class of substituted ethylenes cleaves readily to two complexed
carbenes. This is 7, used by Lappert,* and the related 8, by Ofele,’
in the synthesis of numerous biscarbenes of type 5 and 6 as well
as biscarbenes of other coordination numbers and electron counts.
The electron-donating substituents on the carbene fragments are
apparent.

0= <)

7 8

A similar analysis may be made for the carbyne coupling re-
action 2. This process is also forbidden for all electron counts
above six (metal d electrons and electrons in carbyne p orbitals
combined), unless once again one applies the strategy for inter-
changing metal and carbyne p levels detailed above. Seven-co-
ordination presents a special case where an electron count of four
is optimal. With proper attention paid to the annoying problem
of electron counting, the analysis is easily extended to nitrene,
oxido, and isocyanide linkups. It encompasses as diverse phe-
nomena as the noninterconvertability of bound PhNO and
(PhN)(0),S the existence of separate (NR); and RNNR com-
plexes’ and (O)(CHR) and (R,CO) complexes,® though in very
different environments, the photochemically induced cleavage of
a dioxo ligand in (TPP)Mo(0,),,” and the coupling of two iso-
cyanides to a diaminoacetylene in a seven-coordinate Mo(II)
complex.!? Particularly exciting is the prescription, forthcoming,

(4) See: Cetinkaya, B.; Dixneuf, P.; Lappert, M. F. J. Chem. Soc., Dalton
Trans. 1974, 1827-1833. Lappert, M. F.; Pye, P. L.; Mc Laughlin, G. M.
Ibid. 1977, 1272-1282. Lappert, M. F.; Pye, P. L. Ibid. 1977, 1283-1291,
2172-2180. Hitcheock, P. B.; Lappert, M. F.; Pye, P. L. Ibid. 1978, 826-836.
Lappert, M. F,; Pye, P. L. Ibid. 1978, 837-844. Of particular interest is a
chelating cis-biscarbene structure derived from 7 incorporated in a macrocycle:
Hitchcock, P. B.; Lappert, M. F.; Terreros, P.; Wainwright, K. P. J. Chem.
Soc., Chem. Commun. 1980, 1180-1181. Here the “face-to-face” ethylenelike
biscarbene geometry is enforced, and a small C-Ru-C angle of 78.1° is
observed. .

(5) (a) Ofele, K. J. Organomet. Chem. 1968, 12, P42-P43. Ofele, K.;
Roos, R.; Herberhold, M. Z. Naturforsch. B 1976, B31,1070-1077. Kreiter,
C. G.; Ofele, K.; Wieser, G. W. Chem. Ber. 1976, 109, 1749-1758. Ofele,
K.; Herberhold, M. Angew. Chem. 1970, 775. (b) Biscarbene intermediates
have been suggested in the remarkable trans—cis isomerization of complexed
1,2-dimethoxyethylenes. Weinberg, E. L.; Burton, J. T.; Baird, M. C,;
Herberhold, M. Z. Naturforsch. B 1981, 36B, 485-487.

(6) Maatta, E. A;; Wentworth, R. A. D. Inorg. Chem. 1979, 18, 2409-
2413; 1980, 19, 2597-2599.

(7) (a) Haymore, B. L.; Maatta, F. A.; Wentworth, R. A. D. J. Am. Chem.
Soc. 1979, 101, 2063-2068. Chong, A. O.; Oshima, K.; Sharpless, K. B. Ibid.
1977, 99, 3420-3426. Nugent, W. R.; Harlow, R. L. J. Chem. Soc., Chem.
Commun. 1979, 1105-1106. (b) Doedens, R. J.; Ibers, J. A. Inorg. Chem.
1969, 8, 2709-2714. Nakamura, A.; Aotake, M.; Otsuka, S. J. Am. Chem.
Soc. 1974, 96, 3456-3462.

(8) (a) Wengrovius, J. H.; Schrock, R. R.; Churchill, M. R.; Missert, J.
R.; Youngs, W. J. J. Am. Chem. Soc. 1980, 102, 4515-4516. Churchill, M.
R.; Rheingold, A. L.; Youngs, W. J,; Schrock, R. R.; Wengrovius, J. L. J.
Organomet. Chem. 1981, 704, C17-C20. (b) Green, M.; Howard, J. A.K;
Laguna, A.; Smart, L. E.; Spencer, J. L.; Stone, F. G. A. J. Chem. Soc.,
Dalton Trans. 1977, 278-287. Ittel, S. D. J. Organomet. Chem. 1977, 137,
223-228. Brown, K. L.; Clark, G. R.; Headford, C. E. L.; Marsden, K.;
Roper, W. R. J. Am. Chem. Soc. 1979, 101, 503-505. Tsou, T. T.; Huffman,
J. C.; Kochi, J. K. Inorg. Chem. 1979, 18, 2311-2317. Wachter, J.; Bernal,
L; Creswick, M. Angew. Chem. 1979, 91, 920-921. Rosenfeldt, F.; Erker,
G. Tetrahedron Lett. 1980, 1637-1640. Walther, D. J. Organomet. Chem.
1980, /90, 393-401. Berke, H.; Bankhardt, W.; Huttner, G.; Zsolnai, L.
Chem. Ber., in press.
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mun. 1979, 702-704. Mentzen, B. F.; Bonnet, M. C.; Ledon, H. Inorg. Chem.
1980, 19, 2061-2066.
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1977, 99, 617-618.
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for possible coupling of two carbonyls. Fragmentations on bi- and
trinuclear metal aggregates need to be studied.!!»!2
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King, R. B.; Harmon, C. A. Inorg. Chem. 1976, 15, 879-885. Fritch, J. R.;
Vollhardt, K. P. C.; Thompson, M. R.; Day, V. W. J. Am. Chem. Soc. 1979,
101, 2768-2770. Yamazaki, M.; Wakatsuki, Y.; Aoki, K. Chem. Lett. 1979,
1041-1044. See also the unique coupling of two carbynes to a binuclear
acetylene complex: Fischer, E. O,; Rubs, A.; Friedrich, P.; Huttner, G. Angew.
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(12) For a theoretical discussion of acetylene fragmentation on certain
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There has been much recent interest in stereoselective alkyla-
tions of lithiocarbanion salts and similar electrophilic reactions.?
Several of these have been formulated in terms of an intramo-
lecular coordination of the metal ion by a chelating group, thus

Ry
O Lio__2=vP B
N -78 °C/THF
R2
1-3
Ry R
1
Ol 1O) o
R2
7-9
(a) R=CH,; (b) R=CD,
1,4,7,R, =R, =H
2,5,8,R, =CH;;R,=H
3,6,9,R, =H;R, = CH,
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1978, 43, 892. Hoober, M. A.; Bergbreiter, D. E.; Newcomb, M. J. Am.
Chem. Soc. 1978, 100, 8182. Enders, D.; Eichenauer, H. Angew. Chem., Int.
Ed. Engl. 1976, 15, 549. Tetrahedron Lett. 1977, 191. Chem. Ber. 1979, 112,
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1979, 101,7077. Meyers, A. L; Reider, P. J. Ibid. 1979, 101, 2501. Meyers,
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CH3 M+

providing an asymmetric environment at the reacting carbanion >3

We now wish to report evidence for such a scheme involving
the addition of 2-vinylpyridine (2-VP) to anions 1-3 at =78 °C
in THF and sequential methylation according to reaction 1.
Previous work* had indicated a very highly stereoselective
(>99%) methylation of 4, yielding meso 7. The corresponding
methylation in the presence of larger or cryptated and crowned
cations had been shown to occur in a largely nonstereoselective
manner. The remarkable selectivity of the methylation reaction
in the presence of Li or Na ion was ascribed as due to the for-
mation of a conformationally restrained cyclohexene-like ring
containing Li ion 4X, which should be preferred over its diaste-
reomer 4Y, generated by exchange of CH; and methine H, in
which butane guache and CH;-nitrogen lone pair interactions are
expected to decrease its stability, Substitution of the 3’ proton
of the chelating pyridine ring by a group of modest size, such as
methyl, in 4X is expected to substantially decrease the stability
of the chelated complex relative to that of the unsubstituted
analogue due to nonbonded interactions with the methylene and
the methyl group. Substitution of the 5’ proton, however, should
have no effect. A similar substitution of the 3’ position in 4Y is
not expected to lead to severe nonbonded interactions. Accord-
ingly, anions 2 and 3 prepared by reaction of the carbon acid in
THF at -78 °C with n-BuLi were reacted with 1 equiv of 2-VP
by slow in vacuo distillation followed by reaction with CH;1. The
products were isolated, separated by preparative medium-pressure
liquid chromatography, and analyzed by 'H and '*C NMR
spectroscopy and by GC utilizing a 25-m capillary column. The
results are shown in Table L.

The 100-MHz 'H NMR spectrum of 7 in CDCl; showed a
methyl doublet (6 1.30) and a methylene multiplet (6 2.11)
characteristic for meso 7.5 The corresponding spectrum of 8b
showed two methyl doublets at 1.16 and 1.26 ppm in the ratio
of 3:1, and the gas chromatogram of the mixture likewise showed
a 3:1 ratio of isomers.”® Corresponding observations were made

(4) (a) Hogen-Esch, T. E.; Tien, C. F. J. Am. Chem. Soc. 1976, 98, 7109.
(b) Hogen-Esch, T. E.; Jenkins, W. L. Ibid. 1981, 103, 3666.

(5) Lynch, T. J.; Newcombe, M.; Bergbreiter, D. E.; Hall, M. B. J. Org.
Chem. 1980, 45, 5005.

(6) Hogen-Esch, T. E.; Tien, C. F. Macromolecules 1976, 9, 871; 1980,
13, 207.

(7) Stereoisomeric relationships were confirmed by mass spectrometry and
base-catalyzed epimerization (Table I). The stereoisomers could also be
distinguished by the proton chemical shifts of their picoline methyl groups at
1.95 and 2.10 ppm.

(8) The 3:1 ratio of stereoisomers was identical when the crude reaction
mixture was directly injected into the GC column so that the ratio of ste-
reoisomers was unaffected by the LC separation.
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