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paper we address the nature of the end-on bond. We defer a
discussion of other modes of coordination between transition metals
and multiply bonded complexes from groups 14-16 to a later
paper.

To elucidate the electronic structure of the M-E end-on in-
teraction, we chose H,P,Cr(CO); with structure A of Figure 1
as our model. This compound is analogous to the compound
[CH(SiMe;),],P,Cr(CO)s prepared by Flynn, Hope, Murray,
Olmstead, and Power.* Substitution of hydrogen for the fragment
attached to the phosphorous atom simplifies the calculational
procedure and does not detract from the overall bonding picture.
On the basis of the crystallographic results of the compound
synthesized by Flynn et al., the Cr—P bond length in this complex
was assigned a value of 2.36 A. This value is similar to that found
in a trialkylphosphine complex such as PR;Cr(CO)s, in which the
phosphorus atom has been interpreted as a simple two-electron
o donor. Consequently, the doubly bonded group 15 ligands
exhibiting the end-on mode of coordination have also been in-
terpreted as simple two-electron ¢ donors.>™

In our theoretical study on the idealized H,P,Cr(CO); complex,
we employed Fenske—Hall molecular orbital calculations!! and
partitioned the molecules into two parts: the Cr(CO)s metal
moiety and the P,H, ligand fragment. The results are given in
Figure 2. The left-hand side of Figure 2 schematically describes
the two significant frontier molecular orbitals of the trans P,H,
ligand fragment labeled according to the fragment’s C,; symmetry.
Only the filled a, and unfilled b, combinations are high enough
in energy relative to the metal fragment to participate in frontier
level interactions of the full molecule. The right-hand side of
Figure 2 depicts the significant orbitals of the Cr(CO); moiety,
which have been described previously in great detail,!? labeled
according to the Cy, symmetry of this entity. These normally
consist of a filled e level containing d,, and d,, orbitals and an
empty a; lobe primarily d,: in character which serves as the metal
moiety’'s LUMO. However, since the symmetry of the full
molecule is not Cy, the e level splits into two levels, one primarily
d,, and the other primarily d,, in character.

The center of Figure 2 depicts the molecular orbital scheme
for the interaction of the metal moiety and ligand fragment.
Onmission of the hydrogen atoms of the P,H, fragment allows the
assignment of C; symmetry to the full molecule. The mirror plane
then contains the two phosphorus atoms, the carbonyl group trans
to them, and two nonadjacent cis carbonyls.

The molecular orbital scheme indicates that the simple two-
electron donor ligand model is an inadequate description of the
interactions. The fragment’s filled a, level finds its symmetric
complement in the linear combination of metal filled d,, and empty
d,: orbitals forming the lower a’ level, a localized three center two
electron interaction. Transfer of electrons from the H,P, fragment
to the metal moiety also results in a filled destabilized interaction,
the upper a’ level which serves as the HOMO of the complex. The
filled metal d,, orbital becomes stabilized by interacting with the
empty b, of the ligand fragment, resulting in the a” level of the
complex, again a delocalized three-center two-electron interaction.
Here the metal moiety w back-donates from a filled metal orbital
into an empty ligand level. The extent of back-donation is quite

(8) Flynn, K. M.; Murray, B. D.; Olmstead, M. M.; Power, P. P. J. Am.
Chem. Soc. 1983, 105, 7460-7461.

(9) For an interesting analysis of the relative donor and acceptor abilities
of some trialkylphosphine complexes, see: Bursten, B. E.; Darensbourg, D.
J.; Kellogg, G. E.; Lichtenberger, D. L. Inorg. Chem. 1984, 23, 4361-4365.

(10) Hutter, G.; Schmid, H.-G.; Frank, A.; Orama, O. Angew. Chem., Int.
Ed. Engl. 1976, 15, 234.

(11) The Fenske-Hall nonempirical molecular orbital method has been
described elsewhere (Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11,
768-775) and its uses reviewed (Fenske, R. F. Pure Appl. Chem. 1971, 27,
61-71. Fenske, R. F. Prog. Inorg. Chem. 1976, 21, 179-208). A method
devoid of adjustable parameters, the results depend only upon the internuclear
distances and atomic basis sets. In our calculation, the geometries have been
idealized while retaining the integrity of the crystal structure data. Bond
lengths and angles used are P-H 1.40 A, P-P 2.02 A, C-0 1.15 A, Cr-P 2.36
A, Cr—P=P 120°, and H—P=P 120°.

(12) (a) Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14, 1058-1076. (b)
Hoffmann, R.; Albright, T. A.; Thorn, D. L. Pure Appl. Chem. 1978, 50, 1-9.

0002-7863/85/1507-3385%$01.50/0

large, 0.30 electrons are accepted by the formerly empty ligand
level.

In conclusion, the doubly bonded main group ligand invokes
delocalized ¢ and 7 interactions upon complexation to the metal,
an electronic structure much more intricate than the pure o-donor
structure originally assigned to it. Bond length comparisons, while
a facile method for analysis of electronic structures, can occa-
sionally result in insufficient descriptions of bonding interactions.
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Among the common types of carbanions acyl anions, RC=0,
are exceptional in that their chemical reactions have hardly been
studied, either in solution or in the gas phase. This is so because
aldehydes, their most obvious precursors, react most commonly
by enolate formation or nucleophilic addition rather than by
abstraction of the weakly acidic acyl hydrogen. Seyferth? has
recently shown how acyl anions, prepared by the addition of
alkyllithium reagents to carbon monoxide, can be trapped in situ
at low temperature in useful yields, and others have suggested
that aroyl anions might be involved in the fluoride-catalyzed
reactions of aroyl trimethylsilanes.** In the gas phase the formyl
anion arises by proton abstraction from formaldehyde,’ but the
resulting formyl anion is such a strong hydride donor® that its
reactions cannot be considered typical. Nibbering’ has recently
prepared the benzoyl anion, but only a few of its reactions were
noted. Schleyer? has carried out MNDO and ab initio molecular
orbital calculations on acyl anions and made predictions about
their basicity and heats of formation.

We wish to report that in our flowing afterglow apparatus the

acetyl anion can readily be prepared by the reaction shown in eq
1_9,10

I -
F~ 4+ (CH,),Si—C—CH; — CH,;C=0 + (CH,);SiF (1)
I 11
m/z 43
Anion II is the major product of the reaction, but small amounts
of M - 1 and other high-mass ions are also produced.!! Since
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II is a strong base (vide infra) it reacts readily with I, so that
maximum amounts of II arise at low conversions of reaction 1.

Ion II reacts in a completely different manner from its isomer,
acetaldehyde enolate (III). It is a strong base, and m/z 43 is
converted completely into m/z 44 by reaction with D,0 (eq 2).

- 1l
CH,C=0 + D,0 — |CH,—C-D - OD~ @)
}
o-
CH,=C-D + HOD
m

m/z 44

No DO is produced in this reaction, which suggests that the first
step is endothermic or thermoneutral and that II is less basic than
hydroxide ion (AH®,4(H,0) = 391 kcal/mol).!? This conclusion
is strengthened by the observation of a small amount of ailyl anion
when II is allowed to react with a large excess of propylene
(AH®,q = 391 kecal/mol).!? If we postulate AH®, ;4 = 390 £
2 kcal/mol for the acyl hydrogen in acetaldehyde, the electron
affinity of the acetyl radical CH;C=0 can be calculated to be
0.42 (£0.10) eV (10 kcal/mol), and indeed a small amount of
O, is formed when an excess of O, (EA = 0.44 eV)!? reacts with
I1.'¥ These conclusions are strongly supported by preliminary
photodetachment data of Nimlos et al.,!* which give EA-
(CH;C=0) = 0.438 (£0.020) eV,

The acetyl anion is highly reactive and atom transfer is observed
with N,0,'* COS,"” and CS,.'¥ The main products of its reaction
with oxygen!® also involve atom transfer.2

CH,C=O0 + N,0 — CH,CO,” + N, (3)
CH,C=0 + COS — CH,CO0S8" + CO (4)
CH,C=0 + CS, — CH,COS~ + CS (5)
_ %5 CH,CO,” + O (6)

CH,C=0 + 0,
%% CH,CO,” + HO 7
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It also undergoes addition reactions, for example with CQO,.1¢
CH,C=0 + CO, — CH,COCO,” (8)

It seems likely that this method will prove general for the
formation of acyl anions in the gas phase, and further investigations
are currently in progress.
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An interesting class of photochemical reactions consists of those
processes in which photofragmentation generates an active thermal
catalyst. Particularly important examples exist for which the
catalyst and its precursor are organometallic complexes. In such
cases, when the photochemical initiation step is reversible, pho-
tocatalytic activity can be maintained almost indefinitely, and the
overall conversion process is highly efficient in its use of photons.
The kinetics of the reversion step are critical; its rate regulates
the turnover number and irreversible loss of photoprepared cat-
alysts.!?

Recent work in our laboratory has concentrated on the ele-
mentary kinetics of photoinitiated homogeneous catalytic processes
of organometallic complexes in the gas phase.!* There the dis-
tinction between various competing molecular interactions is
particularly sharp, and the importance of reversion becomes a
natural focus.

Our system of principal interest has been the iron carbonyl
photocatalyzed hydrogenation of ethylene, Scheme 1.

We have recently measured? the rate constant for catalyst,
Fe(CO);(C,Hy), recombination with CO to be nearly 3 orders
of magnitude smaller than that determined elsewhere for Fe(C-
0),.> The present paper traces the source of this kinetically
important difference to a substantial activation energy for the
reaction of CO with the ethylene-substituted complex.

Figure 1 shows quantum yields for C,H, hydrogenation mea-
sured!? as function of laser repetition rate at three temperatures.
The yield per photon declines at high repetition rates because
successive laser pulses perturb catalytic cycles still working from
previous pulses. The point at which this perturbation becomes
significant allows us to estimate the lifetime of the catalyst, 7 =
(kg[CO])™". Taken together with a knowledge of the low repetition
rate, maximum quantum yield, ®,,,,, this lifetime information gives
the turnover rate (TOR) of the catalyst:

TOR = &.,,,/7 0

The results are summarized in Table . We obtain an Ar-
rhenius temperature dependence for TOR yielding an activation
energy for the substrate-saturated cycle of 9.4 £ 1.3 kcal/mol.
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