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The new unsaturated hydnde [Mng(ﬂ'H)g(co)e(# dppm)] (1) is prepared by treatment of [Mn,(u-
C1),(CO)g(u-dppm)] with 4 equiv of Li[HBEt;] in tetrahydrofuran at room temperature. 1 reacts with
l-alkynes (R = H, Ph, ‘Bu, COOMe) at room temperature to give either hydrido—alkenyl complexes
[Mng(u-H)(uz,nl,n“’-CR=CH2)(CO)G(u-dppm)] (R = H (3a), Ph (3b)) or alkenylidene species [Mn,-

(ugm* m2-C=CH'Bu)(CO)¢(u-dppm)] (4¢) and [(CO)sMn(u-dppm){u-C—CHC(0)OMe{Mn(CO);] (6). The
photochemical reaction of [Mny(CO)g(u-dppm)] (2) with 1-alkynes (R = H, Ph, ‘Bu, CH;0CH,) at -20 °C
results in the formation of vinylidene [an(uz,n g 2.C=CHR)(CO)q(u- dppm)] (R = Ph (4b), ‘Bu (4¢),
CH;0CH, (4d)), hydrido—alkynyl [Mny(u-H)(ue,n",7*-C,R)(CO)4(u-dppm)] (R = H (5a), Ph (5b), ‘Bu (5¢),

CH;0CH; (5d), or 5-0xo0-2-furanylidene complexes [(CO)4Mn(u-dppm){y2,n1,n4-C—CH=C(R)C(O)b}Mn-

(CO),] (R = H (7a), CH;0CH, (7d)) and [Mny(u-CO){us,n*,n'-C—CH=C(R)C(0)O0}(CO)¢(u-dppm)] (R =
H (8a), CH;OCH, (8d)). The relative amounts of the above species depend strongly on the nature of the
alkyne and the reaction solvent. The 5-0xo0-2-furanylidene ligands in 7 bind the dimetal moiety in a novel
uo,nt,n*-fashion acting as a 6-electron donor. The alkenylidene complexes 4b and 4c can also be obtained
through UV irradiation of the alkenyl complex 3a in the presence of an excess of 1-alkyne (R = Ph, ‘Bu).
Unexpectedly, these complexes isomerize spontaneously in solution at room temperature to yield the
corresponding hydrido—alkynyls 5b and 5¢. The latter regenerate their vinylidene precursors 4b and 4c
by treatment with Li[AlH,] followed by addition of HBF, to the resulting mixture. Complexes 3a, 5a~d,
and 7 are stereochemically nonrigid in solution. In the case of the alkynyl species 5 the fluxional process
appears to be especially fast, as even evidence for incipient coalescence is not observed down to -90 °C.

The structures of 4c, 5b, 6, 7d, and 8d have been fully elucidated by X-ray diffraction studies.

1. Introduction

There is a rich and extensive chemistry derived from the
reactions of alkynes with transition-metal substrates.
These reactions provide the chemist not only with a new
and sometimes unique route to a variety of organic prod-
ucts but also with a great variety of organometallic com-
pounds containing new types of ligands.2 This work
concentrates on the organometallic aspects of these reac-
tions. In this sense, it has been shown that 1-alkynes can
originate a great variety of coordinated ligands, such as
m-alkynes, vinylidenes, alkynyls, vinyls, carbenes, carbynes,
carbides, metallacycles, or 7-bonded rings and chains.?
Each type of ligand, in turn, can achieve different coor-
dination modes at the metal center or centers, and finally,
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Scheme I. Some Transformations of 1-Alkynes at Metallic
Centers

Ln [

there are several isomerization processes that can trans-
form them into each other. For example, if we consider
previously reported w-alkyne, hydrido-alkynyl and vi-
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nylidene compounds, we can find all the transformations
shown in Scheme I. Those include n*-alkyne to hydri-
do-alkynyl* (i) or vinylidene?® (ii), hydrido—alkynyl to vi-
nylidene® (iii), uy,n%n%-alkyne to us,n',n*-vinylidene” (iv),
uo,nm?-vinylidene to uo,n?n*-alkyne® (v), or ugn',n',n*
alkyne to ug,n',n%n'-vinylidene® (vi) isomerizations. In some
instances, finally, some of those coordinated ligands can
coexist in equilibrium, thus reflecting small differences in
their thermodynamic stabilities,!® which, in turn, means
that small changes in the molecule can dramatically affect
the nature of the bonded hydrocarbyl ligands under con-
sideration. Not surprisingly, therefore, the factors gov-
erning the relative stabilities of those ligands are not yet
well understood and the same can be said of the pathways
connelclting them, although some theoretical work has been
done.

In this paper we report the results of our work on the
reactivity of the compounds [Mn,(u-H);(CO)g(u-L-L)] (1)
and [Mny(CO)g(u-L-L)] (2) (L-L = Ph,PCH,PPh,, dppm)
toward terminal alkynes. The study of the reactivity of
alkynes at dimetallic centers that are bridged by phos-
phorus ligands has received considerable attention, no
doubt because the ligand bridge prevents dimer degrada-
tion and also allows for a cooperative activity of the
metallic centers.'>!¥ Previous work on the reactions of
species containing the unsaturated moiety Mj(u-H),
(M=M) has been only carried out in detail for [Oss(u-
H)5(CO0),,]** whereas it remains virtually unexplored for
the rest.!>16
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Scheme II. Reactions of 1-Alkynes with the Dimanganese
Complexes 1 and 2 [Mn, = (CO);Mn(u-dppm)Mn(CO),,
Except for Compounds 7, for Which Mn, =
(CO) Mn (u-dppm)Mn(CO),]
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Some work has been done on the reactions of alkynes
toward dimetallic group 7 compounds. Thus, while the
unsaturated compounds [Re,(u-H),(CO)q(u-L-L)] [L-L =
dppm or (EtO),POP(OEt),] failed to react with C,H,,!” the
related compound [Mn,(u-H)5(CO),(u-dppm),] did react
with alkynes, but the products were not characterized.!®
By contrast, the saturated species [Mny(u-H)(p-PPh,)-
{CO);] has been reported to yield hydrido—vinyl complexes
in photochemical reactions with alkynes.’® Finally, the
saturated compounds [Rey(CO)g(u-L-L)] (L-L = dppm,
dmpm) have been shown to incorporate alkynes in the
form of vinyl and alkynyl ligands, also under photochem-
ical conditions.!®

The results we now present here show that, concerning
alkyne chemistry, the dimanganese complexes investigated
by us exhibit a behavior quite different from those ob-
served for the above mentioned related species. This in-
cludes, as most relevant results, (a) the formation of 4-
electron donor bridged vinylidene complexes from 1, 2, or
hydrido—alkynyl species; (b) the unprecedented sponta-
neous isomerization of a bridging vinylidene ligand re-
sulting in a hydrido—-alkynyl complex, an observation that
would have been hardly anticipated on theoretical
grounds;!! (c) the regioselective cocondensation of an
alkyne with two CO molecules to give a coordinated 5-
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oxo-2-furanylidene (heretoafter named simply as fura-

nylidene) ligand, C—CH=CR—C(0)O, which is shown to
act as a 2- or 6-electron donor. A short account of part
of this work has been previously published.?

2. Results

2.1. Synthesis of [Mn,(u-H),(CO)s(x-dppm)] (1).
Addition of 4 equiv of Li[HBE{;] to a tetrahydrofuran
solution of [Mn,(u-Cl)5(CO)4(u-dppm)]* followed by H,O
yields deep purple [Mn,(u-H),(CO)g(u-dppm)] (1) in
moderate yield. Unexpectedly, when only 2 equiv of boron
hydride are used, the species isolated is [Mny(u-H)(u-
C1)(CO)¢(u-dppm)], a compound previously reported by
us.2 In an attempt to gain more understanding about how
the formation of 1 occurs, the above experiments were
repeated using Li[DBEt;]) and D,0. Use of 2 equiv of the
Li reagent led to the formation of [Mny(u-D)(u-Cl)-
(CO)g(u-dppm)], whereas the use of 4 equiv led to [Mn,-
(u-H)(u-D)(CO)¢(u-dppm)]. The characterization of these
deuterated species was made by comparison of their »¢o
and 'H and 3P NMR data with those corresponding to the
nondeuterated species. All attempts to obtain the di-
deuterated compound [Mn,(y-D),(CO)4(k-dppm)] were
unsuccesful.

2.2. Reactions of [Mn,(u-H),(CO)s(u-dppm)] (1)
with 1-Alkynes. These reactions have been found to yield
products whose natures are strongly dependent on the
particular alkyne used. Thus acetylene or phenylacetylene
lead to vinyl complexes whereas tert-butylacetylene yields
vinylidene and alkynyl complexes.

(a) Reactions with C,H, and HC,Ph. Compound 1
smoothly reacts with acetylene or phenylacetylene in
tetrahydrofuran at room temperature to give the com-
pounds [Mny(u-H) (uo,n' ,n*-CR=CH,)(CO)s(u-dppm)] (3a
for R = H; 3b for R = Ph) in high yields (i in Scheme II).
It should be pointed out that completely pure samples of
3b could hardly be obtained because of the low thermal
stability of this compound in solution; actually, small
amounts of the compounds [Mn,(u-H)(us,7',7%-C,Ph)-
(CO)g(u-dppm)] (5b) and fac-[Mn(CO);(C,Ph)(dppm)]**
have been identified spectroscopically in the solutions of
the vinyl complex 3b. The spectroscopic data for the vinyl
complexes 3a and 3b (Table I) are similar and fully con-
sistent with the proposed structure. In the case of
[Mn,(u-H) (g,n',n*-CH=CH,)(CO)¢(u-dppm)] (3a), the
31P{'H} NMR spectrum at room temperature consists of
a single peak at 61.9 ppm, which transforms into an AB
system at -50 °C. These facts are indicative of the ex-
istence of a fluxional process for 3a which at room tem-
perature effectively equalizes the environments of both
metallic centers on the NMR time scale. For compound
3b, however, there is no evidence of fluxionality at room
temperature. In this case, the identification of the vinyl
group as u-CPh=CH, rather than y-CH=CH(Ph) is de-
rived from the NMR data. Thus, the 'H NMR spectrum
exhibits two uncoupled resonances at 4.4 and 3.1 ppm for
the vinylic protons, and the 3C{'H} NMR spectrum de-
notes the presence of two different CH, groups, the one
at 82.0 ppm being assigned to the §-carbon of the vinyl
ligand.
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Figure 1. Molecular structure of [Mny(us,n',n*-C=CH!Bu)-
(CO)¢(u-dppm)] (4c) with the atom-numbering scheme.

(b) Reaction with HC,'Bu. The reaction of 1 with
tert-butylacetylene at room temperature gives a mixture
of the vinylidene and alkynyl complexes [Mno(us,n!,7%
C=CH'Bu)(CO)(u-dppm)] (4¢) and [Mny(u-H) (k0! n*-
C,'Bu)(CO)¢(u-dppm)] (5¢). Monitoring of the reaction
by IR and NMR spectroscopy did not show the presence
of organometallic species different from 4c¢ and 5c at any
stage of the reaction. Moreover, those experiments showed
that 4c is the compound initially formed (iii in Scheme IT)
along with H,C—=CH'Bu, and that the alkynyl complex 5¢
is later formed at the expense of 4¢. The latter process
(iv in Scheme II) has been confirmed by separate exper-
iments. Thus, a toluene solution of pure 4¢ reverts into
a solution of pure 5c if allowed to stand at room tem-
perature in the dark for about 1 week. It has also been
found that the isomerization 4¢ to 5¢ is accelerated when
the mixture is chromatographed on alumina at room tem-
perature.

The structure of the alkenylidene complex 4¢ has been
confirmed by an X-ray diffraction study, and the molecular
structure is depicted in Figure 1. The spectroscopic data
(Table I) are consistent with the solid-state structure, the
most relevant datum being a strongly deshielded 1*C{'H}
resonance at 389.5 ppm, indicative of the a-carbon of a
o,m-coordinated vinylidene group.22 The NMR spectra of
4c are roughly temperature independent, suggesting that
the molecule is rigid in solution. An exception to this is
found if the 3'P{*H} NMR spectra are recorded using CDCl,
as solvent. Thus while the room-temperature 3'P{*H} NMR
spectrum of 4¢ exhibits the expected AB pattern for the
two nonequivalent phosphorus atoms in the molecule, this
becomes a singlet below —30 °C. Although we have no
explanation for this observation, it seems to be a solvent
effect rather than due to a structural change in the mol-
ecule, as we have failed to observe this phenomenon when
other solvents are used.

The spectroscopic data for compound 5¢ (Table I)
evidence the presence of six carbonyls as well as bridging
hydride, diphosphine, and alkynyl ligands. The data are
also indicative of a symmetrical disposition of those
bridging ligands, as it is the case of the related compounds
5a, 5b, and 5d (see later). The proposed structure, how-
ever, is based on that determined by X-ray diffraction of
[Mn,(u-H)(ug,n",7%-C;Ph)(CO)s(u-dppm)] (5b) (Figure 2),
which contains an unsymmetrically bridging acetylide
ligand of the o,7-type. Thus, 5¢ (and the related ones)
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Figure 2. Molecular structure of [Mny(u-H)(ugn',n%-C;Ph)-
(CO)¢(u-dppm)] (5b) with the atom-numbering scheme.

seems to be highly fluxional in solution, as a single reso-
nance remains in its 3'P{!H} NMR spectrum, even at —80
°C.

(c) Reaction with HC,CH,OCH;. The reaction of
compound 1 with an excess of methyl propargyl ether in
thf at room temperature gives a complex mixture of
products from which no pure compounds could be isolated.
The reaction was also carried out using C¢Dg as solvent and
monitored by NMR spectroscopy. In the latter case, the
31P{IH} NMR spectrum denoted the presence of the vi-
nylidene complex [Mnyfu-C=CH(CH,OMe)}(CO)¢(x-
dppm)] (4d) (see later) along with other uncharacterized
species, one of them supposed to be the vinyl complex
[Mn,(p-H){g,n',7°-C(CHO0CH3)=CH,}(CO)¢(u-dppm)]
because of the similarity of its 3'P resonances (AB system,
8, = 65.0, 5 = 61.3 ppm and J,p = 109 Hz) with those of
the vinyl complexes 3a and 3b.

(d) Reaction with HC,C(O)OMe. Methyl propynoate
reacts with compound 1 at room temperature to give the

vinylidene complex [(CO)3Mn(u-dppm){u-C=CHC((')-)_-

OMe}Mn(CO),] (6) as major product (vi in Scheme II).
The structure of this compound could only be completely
elucidated after an X-ray diffraction study, and it is de-
picted in Figure 3. The spectroscopic data for compound
6 (Table I) are consistent with this solid-state structure.
Thus, the 13C{1H} NMR spectrum contains resonances at
350.0 and 122.4 ppm, corresponding to the bridging o- and
B-carbon atoms of the vinylidene ligand, respectively. The
chemical shift of the 8-carbon is indicative of absence of
coordination of this atom to the metal center, and corre-
spondingly, the chemical shift of the hydrogen atom at-
tached to this carbon atom is expected to fall in the range
6-7 ppm.2¢ Actually, the vinylidene proton is not apparent
in the 'H NMR spectrum of compound 6, certainly because
it is obscured by the phenyl resonances (7.7-6.9 ppm).

When the reaction which leads to compound 6 is mon-
itored by NMR spectroscopy, it is found that H,C=
CHC(0)OMe, the olefin resulting from hydrogenation of
the employed alkyne, is formed. Moreover, an interme-
diate metal complex can also be detected. This interme-
diate exhibits 3'P resonances at 83.7 (br) and 66.3 ppm (d,
Jpp = 72 Hz) and 'H resonances at 6.5 (t, J = 9 Hz) and
-11.2 (br) ppm. These data are suggestive of this species
being a vinyl complex, probably [(CO);Mn(u-H)(u-

dppm){x-CH=CHC(0)OMe}Mn(CO);], analogous to 3a or
3b. Unfortunately, the low relative amount of this inter-
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Figure 3. Molecular structure of [(CO);Mn(u-dppm)(u-C=
CHC(0)OMe)Mn(CO);] (6) with the atom-numbering scheme.

mediate at any stage of the reaction precluded a more
complete characterization.

2.3. Photochemical Reactions of [Mn,(u-
H)(ugn'sn*-CH=CH,)(CO);(u-dppm)] (3a) with HC,R
(R = Ph, ‘Bu). Although the vinyl complex [Mn,(u-
H)(u2,n',n?-CH==CH,)(CO)4(u-dppm)] (3a) is the only
product detected in the reaction of the dihydride complex
1 with an excess of acetylene at room temperature, it was
of interest for the present work (see Discussion) to check
whether this vinyl complex would be able to react with
other 1-alkynes. No reaction takes place when compound
3a is stirred at room temperature with an excess of HC,R
(R = Ph, *Bu). However, when the mixture is exposed to
UV light, the vinylidene complexes 4b and 4¢ are formed
respectively in good yield.

2.4. Photochemical Reactions of [Mn,(CO)g(u-
dppm)] (2) with 1-Alkynes. Depending on the particular
alkyne used, its photochemical reaction with 2 results in
products that either involve carbonyl to alkyne coupling
or not. We will describe separately those situations. The
first one is found when C,H, or HC,CH,0CHj is employed,
while no C-C coupling is observed for HC,Ph or HC,'Bu.

(a) Reactions with C,;H, and HC,CH,OCH,. UV ir-
radiation of 2 at —20 °C with an excess of HC;R (R = H,
CH,OCHj;) gives a mixture containing three types of com-
plexes as major species: an alkynyl complex [Mny(u-
H) (u2,7',n*-C2R)(CO)4(u-dppm)] (R = H (5a), CH,0CHj,
(5d); viii in Scheme II), isostructural with the previously
described 5c¢, an orange furanylidene compound

[(CO)Mn(u-dppm){u,,n*n*-C—CH=CRC(0)O}{Mn(CQ),]
(R = H (7a), CH,OCH; (7d); ix in Scheme II) in which the
heterocyclic bridging ligand acts as an asymmetric 6-
electron donor, and a red-violet heptacarbonyl complex

[Mny(u-CO)iug,nt,nt-C—CH=CRC(0)0}(CO)4(u-dppm)]
(R = H (8a), CH,OCHj; (8d); x in Scheme II) which also
contains a furanylidene ligand, now providing the metallic
centers with only 2 electrons. Other products identified
in the reaction mixture are [Mn,(CO)¢(u-dppm),] and
[Mn,(u-CO)(CO) (u-dppm),],>* which are the result of
partial decomposition of the starting material [Mn,-
(CO)g(u-dppm)] under UV irradiation.

We have not found experimental conditions for in-
creasing the selectivity of the above reactions although we

(24) Colton, R.; Commons, C. J. Aust. J. Chem. 1975, 28, 1673.
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Table I. Spectroscopic Data for the New Compounds
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compd veo® 'H NMR¢ 13C{1H} NMR* 31P{'H} NMR*
1 2034 (s) 7.4-1.1 (4 Ph) 64.4 (s)
2003 (S) 3.21 (t, JPH = 11, CHQ)
1954 (s) -17.5 (t, Jpy = 21, Mn—H—Mn)
1921 (s, br)
3a 2028 (s)® 7.3 (m, 4 Ph) 220.9 (br, 4 CO) 61.9 (s)®
1990 (s) 6.8 (m, CH=CH,) 218.9 (br, 2 CO)
1955 (m) 5.0 (d, ’Jyy = 10, CH=CH_H) 164.4 (m, CH=CH,) 66.4, 61.8¢
1930 (s) 4.6 (d, 3Juy = 16, CH=CHH,,,,)  137.7-128.5 (4 Ph) (AB system, J,5 = 105)
1918 (s) 3.1 (m), 2.7 (m) (P—CH,—P) 83.6 (s, CH=CH,)
1905 (s) -17.1 (t, Jpy = 19 Mn—H—Mn)  29.1 (¢, Jpc = 12, P—CH,—P)
3b 2030 (s)® 7.4 (m, 5 Ph) 228.0 (br, 2 CO) 64.8 (m, 1 P)
1997 (s) 4.4 (s), 3.1 (s), (CPh=CH,) 221.0 (br, 2 CO) 63.7 (m, 1 P)
1956 (m) 2.8 (m, P—CH,—P) 218.0 (br, 2 CO)
1933 (m, br) -17.0 (t, Jpy = 25, Mn—H—Mn) 155.5 (s, CPh=CH,) 61.7, 598
1903 (m) 185.1-125.3 (5 Ph) (AB system, J,5 = 73)
82.0 (s, CPh=CH,)
31.3 (m, P—CH,—P)
4b 2028 (s) 7.9-6.6 (5 Ph) 80.1, 78.2
1974 (s, br) 4.3 (m, C=CHPh) (AB system, J,5 = 121)
1931 (m) 3.1 (m), 1.9 (m), (CHy)
1915 (m)
1895 (m)
4c 2025 (s) 8.0-6.5 (4 Ph) 389.5 (br, C=CH'Bu)‘ 79.7, 78.6
1964 (s, br) 3.5 (m, C=CH'Bu) 233.6 (m, CO) (AB system, Jg = 122)
1917 (m, sh) 3.0 (m), 1.7 (m) (CH,) 230.3 (m, 2 CO)
1910 (m) 1.0 (s, tBu) 224.9 (m, CO)
1889 (m) 224.0 (m, CO)
221.8 (m, CO)
137.7-129.2 (4 Ph)
84.7 (s, C=CH'Bu)
37.2 (s, {C(CHy)gD
33.2 (m, CH,)
31.4 (s, {C(CHy,)4))
4d 2028 (s) 7.8-6.4 (4 Ph) 78.8, 76.7
1968 (s, br) 4.2 (br, C=CH(CH,0CHj;) (AB system, J,g = 121)
1921 (m, sh) 3.6 (s, CH,OCH,)
1913 (m) 3.2 (m), 1.9 (m) (P—CH,—P)
1895 (m) 3.1 (br, CH,0CHj,)
5a 2038 (s) 7.3 (br, 4 Ph) 222.0 (br, 2 CO) 51.0 (s)
2007 (s) 2.7 (C;H) 221.4 (br, 2 CO)
1959 (m) 2.5 (m), 2.3 (m) (CH,) 214.2 (br, 2 CO)
1940 (m, sh)  -14.3 (t, Jpy = 21, Mn—H—Mn)  135.6-128.3 (4 Ph)
1929 (s, br) 74.9 (s, CCH)
22,2 (t, Jpc = 13, CHg)
5b 2036 (s) 7.3 (m, 5 Ph) 222.2 (m, 2 CO) 52.0 (s)
2008 (m) 2.6 (m), 2.4 (m) (CHy) 221.2 (m, 2 CO)
1960 (m) -14.0 (t, Jpy = 20, Mn—H—Mn)  214.4 (m, 2 CO)
1940 (m) 135.0-127.2 (5 Ph)
1928 (s, br) 94.2 (s, CC—Ph)
249 (t, Jpc = 13, CH,)
5¢ 2035 (s) 7.4-7.1 (br, 4 Ph) 222.5 (m, 2 CO)® 52.8 ()
2005 (m) 2.2 (t, Jpy = 11, CH,) 221.8 (m, 2 CO)
1956 (m) 1.4 (s, C(CH;)s) 214.7 (m, 2 CO)
1938 (m, sh) -14.2 (t, Jpy = 21, Mn—H—Mn) 135.4-128.2 (4 Ph)
1923 (s, br) 110.3 (t, Jpc = 18, C—'Bu)
107.2 (s, CC—'Bu)
31.8 (s, {C(CHy)g})
31.3 (s, fC(CHs):;D
19.2 (m, CH,)
5d 2037 (s) 7.4-7.1 (4 Ph) 222.0 (br, 4 CO) 52.5 (s)
2008 (m) 4.2 (s, CH,0CH,) 221.0 (br, 2 CO)
1957 (m) 3.3 (s, CH,OCH;) 136.0-128.3 (4 Ph)
1939 (m, sh) 2.5 (m), 2.2 (m) (P—CH,—P) 88.92 (s, CC—CH,0CH,)
1928 (s, br) ~14.3 (t, Jpy = 20, Mn—H-—Mn) 64.1 (CH,OCHjy)
57.5 (CH,OCH,)
21.4 (m, P—CH,—P)
6 2031 (s) 7.7-6.9 (4 Ph) 350.0 (m, C=CH—C{O)CH,)¢ 60.8, 55.1
1993 (s) 3.1 (m), 2.5 (m) (CHy) 228.2, 227.0, 222.2 (AX system, J,x = 101)
1959 (m) 3.0 (s, CHj) 219.9, 218.3, 216.7 (m, 6 CO)
1941 (m) 181.8 (s, C(O)OMe)
1917 (m) 137.4~-128.0 (4 Ph)
1868 (w) 122.4 (s, C=CH—C(0)OCH,)
25.1 (t, Joc = 17, CHp)/
7a 2083 (m)® 7.4,7.2 (m, 4 Ph) 231.3 (d, Jpc = 23, CO) 80.6, 44.9
1997 (s, br) 5.4 (d, Jyy = 3, 223.5 (d, Jpc = 13, CO) (AX system, J x = 43)

1966 (m, sh)

C—0—C(0)—CH=CH)

213.0 (m, 2 CO)
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Table I (Continued)

compd Yoo H NMR* 13C{IH} NMR° SIPiH} NMR°
7a 1949 (vs) 4.2 (d, Jug = 3, 211.8 (d, Jpc = 18, CO)
1878 (m) C—0—C(0)—CH—CH) 209.8 (d, Jpe = 21, CO)
1763 (m, br) 3.2 (m, CHy) 160.6 (s, C=0—C(0)CH—CH)
137.6-128.0 (4 Ph)
103.0 (s, C=0—C(0)—CH—CH)
47.6 (s, C—0—C(0)—CH=CH)
24.1 (m, CH,)
7d 2083 (m)* 7.4-7.1 (4 Ph) 230.9 (d, Jpc = 22, CO) 79.4, 45.3

1998 (s, br) 5.7 (s, C(CH;O0CH,)=CH)
1967 (m) 4.6, 4.1 (AB system, J,g = 12,
1949 (vs) C(CH,0CH;=CH)

1878 (s) 3.5 (s, C(CH,0CH;)—CH)
1758 (m, br) 3.5, 3.3, (m, P—CH,—P)

8a 2042 (m) 8.1 (d, Juy = 4, C(0)—CH=CH)

2011 (8) 7.5~7.0 (4 Ph)
1980 (m) 6.1 (d, Jyy = 4, C(0)—CH=CH)
1956 (m) 3.7, 2.0 (m, CH,)
1938 (m)
1804 (w)
1726 (m)

8d 2042 (m) 8.1 (s, C(CH,OCH,)=—CH)
2010 (s) 7.6-7.0 (4 Ph)
1980 (m) 4.4 (s, C(CH,OCH;)=CH)
1956 (m) 3.7, 2.0 (m, P—CH,—P)
1939 (m) 3.4 (s, C(CH,0CH,)=CH)
1806 (w)
1722 (m)

223.2 (d, Jpc = 14, CO)
212.8 (m, 2 CO)

211.8 (d, Jpc = 20, C0O)
209.7 (d, Jpc = 23, CO)
160.0 (s, C—O0—C(0)~)
136.7-128.0 (4 Ph)

105.3 (s, C(CH,0CH;)=CH)
66.4 (s, C(CH,OCH,)—CH)
62.9 (d, Jpc = 3, C(CH,0CHy)—CH)
58.2 (s, C(CH,OCH,;)=CH)
24.1 (m, P—CH,—P)

255.5 (m, p-CO)

219.5 (m, 2 CO)

217.9 (m, 2 CO)

212.0 (m, 2 CO)

186.1 (s, C—0—C(0)-)
170.4 (s, C(CH;OCH,)=CH)
135.6-128.2 (4 Ph)

116.2 (s, C(CH;O0CHy)~—CH)
65.4 (s, C(CH,0CH;)=CH)
58.1 (s, C(CH,0CH,;)=CH)
22.9 (t, Jpc = 14, P—CH,—P)

(AX system, Jx = 44)

56.4 (s)

56.2 (s)

¢In toluene unless otherwise stated; in cm™. ®In THF. ¢In CDCl;, at room temperature, unless otherwise noted. & in ppm, J in Hz. ¢In
CD,Cl, at —60 °C. €At ~60 °C. /The *C{!H} NMR spectrum in CDCI; also shows a peak at 52.0 (s) corresponding to the methyl group; this
peak is hidden by the methylene chloride signal when CD,Cl, is used as solvent. ¢In CH;Cly/CgDg (4:1) at ~50 °C. *In CD,Cly/CH,Cl; (1:1)

at -80 °C.

have observed that yields of compounds 8a or 8d moder-
ately increase if the reactions are carried out under a CO
atmosphere. Furthermore, separate experiments indicate
that compound 8d is formed when a solution of pure 7d
is irradiated with UV light while bubbling CO through the
solution. However, the overall yield for this reaction is low
because 8d in turn decomposes partially under UV irra-
diation.

The structures of compounds 7d and 8d, containing the
furanylidene ligands, have been established by X-ray
diffraction studies and are depicted in Figures 4 and 5,
respectively. The spectroscopic data for the furanylidene
complexes (Table I), suggest that 7a and 7d are isostruc-
tural as well as 8a and 8d. Those data alone, however,
would not allow a complete structural characterization of
the complexes, although they are in accord with the crystal
structures of 7d and 8d, thus indicating that the essential
features of the solid-state structures are retained in solu-
tion. Additionally, compounds 7a and 7d display stereo-
chemical nonrigidity in solution, a point which will be later
discussed. The spectroscopic data for the above com-
pounds are particularly imprecise in attempting to eluci-
date the coordination mode of the cyclic furanylidene
ligand. Thus, the 3C resonance for the carbene-like carbon
atom (C, in Figure 6) could not be located for any of the
compounds investigated. The resonance for Cj is located
at 170.4 ppm for compound 8d, which, as expected, shifts
upfield upon coordination to a manganese atom, as it oc-
curs in 7d (105.3 ppm). A similar upfield shift upon metal

coordination is observed for C, (116.2 and 62.9 ppm for
8d and 7d, respectively), and the same applies for the
chemical shifts of the protons attached to these carbon
atoms. Finally, the resonance for the carbonyl carbon atom
C; is also noticeably shifted between 8d and 7d (186.1 and
160.0 ppm respectively), even though this carbon atom is
never involved in metal bonding. This last fact, therefore,
must be interpreted as a consequence of the metal coor-
dination of the vicinal C4~C, bond on going from 8d to 7d.

The UV reactions of [Mny(CO)g(u-dppm)] (2) with 1-
alkynes have been found to be sensitive to the nature of
the solvent used. Thus, when 2 and HC,CH,0CH, are
irradiated in acetone at —20 °C, the infrared spectrum of
the resulting mixture indicates that the major species
formed is the vinylidene [Mnyfus,n,n2-C=CH-
(CH,O0CH,){(CO)s(u-dppm)] (4d) (vii in Scheme II) al-
though small amounts of [Mng(u-H)(us,n!,n%-
C,CH,0CHj;)(CO)g(u-dppm)] (5d), [(CO)Mn(u-

dppm){u,,n’,n¢-C—CH=C(CH,0CH,)C(0)0}Mn(CO),]
(7d), and [an(u-CO){yz-nl,nl-C'—CH=C(CHzocHa)C-

(0)O}(CO)g(u-dppm)] (8d) are also present, as revealed
after column chromatography of the mixture. Surprisingly,
when C,H, is used instead of HC,CH,OCHj, only general
decomposition is observed.

Complex 4d exhibits a low thermal stability. Actually,
noticeable decomposition takes place during the purifi-
cation procedure, which results in the formation of
[Mny(CO)g(u-dppm),] and [Mn,(p-CO)(CO)4(k-dppm),],
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cu7
(3

Figure 4. Molecular structure of [(CO),Mn(u-dppm)iusn',n*-

C—CH=C(CH,0CH,)C(0)O}Mn(CO),] (7d) with the atom-
numbering scheme.

cugy €O cag)
N

cug  con

Oca

Figure 5. Molecular structure of [Mny(u-CO)usn',n'-

C—CH=C(CH,0CH,)C(0)0}(CO)4(u-dppm)] (8d) with the
atom-numbering scheme.

thus allowing only small amounts of completely pure 4d
to be isolated. Spectroscopic and microanalytical data for
4d, however, allow a complete characterization of the
complex, which is proposed to be isostructural with the
o,m-vinylidene compound 4¢ (Figure 1) on the basis of the
close similarity of their IR and 'H and 3'P{{H} NMR
spectra.

(b) Reactions with HC,)'Bu and HC,Ph. The UV
reaction of [Mny(CO),(u-dppm)] (2) with HC,'Bu leads to
the vinylidene complex [Mny(us,n',7*-C=CH'Bu)(CO)¢(u-

Garcia Alonso et al,

Mn Mn

n Mn
SN NP
PN a5
o] B C H O/ 'y\
~e2S
g

_H

C\R

Figure 6. Numbering scheme for furanylidene ligand in com-
pounds 8 (left) and 7 (right) [R = H, CH,OMe, see text].

dppm)] (4¢) as main product (vii in Scheme II). As it was
the case for the photochemical reactions previously dis-
cussed, a strong solvent dependence is also found in this
reaction. Thus, 4c is essentially the only product formed
when the reaction is carried out in acetone. However, when
toluene is used, significant amounts of the alkynyl complex
[Mny(u-H) (ug,nt,7%-Co'Bu)(CO)g(u-dppm)] (5c) are obtained
along with 4¢. Interestingly, when a 30:1 mixture of tol-
uene-tetrahydrofuran is used as solvent, 4¢ is again the
major product formed, with no 5¢ being detected.

An even stronger solvent dependence is found for the
photochemical reactions of [Mn,(CO)g(u-dppm)] (2) with
HC,Ph. When the reaction is carried out in toluene, the
alkynyl complex [Mny(u-H)(u5,7",7%-CoPh)(CO)¢(u-dppm)]
(5b) is the major species formed. In acetonitrile, however,
the vinylidene complex [Mny(us,n',7*-C=CHPh)(CO)g(u-
dppm)] (4b) is the major product. In acetone, finally, a
mixture of 4b and 5b is obtained, which is very difficult
to separate.

The structure of the hydrido—alkynyl complex 5b, de-
termined by an X-ray diffraction study, is depicted in
Figure 2. The spectroscopic data in solution (Table I), as
it is the case for other complexes reported in this work,
cannot be in agreement with the presence of a “static”
C,Ph group bridging the dimetal moiety in an asymmetric
o,m-fashion, thus suggesting that these complexes undergo
a fast fluxional process in solution which effectively
equalizes the chemical environments around each Mn
center.

2,5. Interconversion between Alkenylidene 4 and
Hydrido-Alkynyl 5 Compounds. As it has been pre-
viously indicated, the vinylidene complex [Mny(uo,nt,n%
C=CH*'Bu)(CO)¢(u-dppm)] (4¢) isomerizes specifically at
room temperature to yield the hydrido~alkynyl complex
[Mny(u-H) (ug,n*,7%-Co'Bu)(CO)g(u-dppm)}] (5¢). This is also
the case of [Mny(us,n',n*-C=CHPh)(CO)4(u-dppm)] (4b).
However, the other vinylidene compound described in this
work, complex 4d, shows a complicated decomposition
process which yields [Mn,(CO)¢(u-dppm),], [Mny(u-
CO)(CO),(u-dppm),], and other unidentified species.

We have also found that the reverse transformation, i.e.
from 5c to 4¢, can be accomplished in a two-step reaction
(v in Scheme II). Thus, when [Mny(u-H)(u,,9',n%
Co'Bu)(CO)g(u-dppm)] (5¢) is treated with Li[AIH,] in thf,
gas evolution occurs and a brown solution is formed which,
upon acidification with HBF,, gives a red solution from
which [Mny(uz,n',7*-C=CH'Bu)(CO)s(u-dppm)] (4¢) can
be isolated in 62% yield.

A similar procedure gives compound 4b in 60% yield
starting from 5b. When CF;CO,D is used instead of HBF,,
the vinylidene complex [Mny(u,,n!,7%-C=CDPh)(CO)¢(u-
dppm)] is formed, which shows IR and NMR spectra
identical to those of 4b, excepting for the resonance at 4.3
ppm, which is now absent in the 'H NMR spectrum.

The previous two-step reaction fails to yield any vi-
nylidene complex when applied to the alkynyl compound
[Mn,(u-H) (ug,n*,7?-CoCH,O0CH M CO)g(n-dppm)] (5d).
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Table II. Important Interatomic Distances (A) and Angles (deg) for Compounds 4c, 5b, 6, 7d, and 8d

Compound 4c

Mn(1)-Mn(2) 2.800 (5) Mn(2)-C(4) 1.74 (3) Mn(1)-C(2) 1.78 (3) Mn(2)-C(7) 1.95 (2)
Mn(1)-P(1) 2.288 (8) Mn(2)-C(5) 1.72 (3) Mn(1)-C(3) 1.81 (3) Mn(2)-C(8) 2.23 (2)
Mn(1)-C(1) 1.77 (3) Mn(2)-C(6) 1.77 (3) Mn(1)-C(7) 1.77 (2) C(7)-C(8) 1.41 (3)
Mn(2)-P(2) 2.307 (8)
P(1)-Mn(1)-Mn(2) 93.5(2) C(4-Mn(2)-Mn(1) 92.8 (9) C(3)-Mn(1)-Mn(2) 102.9 (99 Mn(1)-C(7)-C(8) 179 (2)
C(1)-Mn(1)-Mn(2) 90.5(9) C(5-Mn(2)-Mn(1) 170.5 (10) C(7)-Mn(1)-Mn(2) 43.7(7) C(7)-C(8)-C(9) 122 (2)
C(2)-Mn(1)-Mn(2) 153.5 (10) C(6)-Mn(2)-Mn(1) 83.6 (9) P(2)-Mn(2)-Mn(1) 945 (2)
Compound 5b
Mn(1)-Mn(2) 2.891 (1) Mn(2)-C(4) 1.787 (6) Mn(1)-C(3) 1.802 (7) Mn(2)-C(8) 2.415 (5)
Mn(1)-P(1) 2.310 (2) Mn(2)-C(5) 1.798 (7) Mn(1)-C(7) 1.949 (6) C(7)-C(8) 1.228 (8)
Mn(1)-C(1) 1.814 (6) Mn(2)-C(6) 1.812 (7) Mn(2)-P(2) 2.363 (2)
Mn(1)-C(2) 1.779 (7) Mn(2)-C(7) 2.206 (5)
P(1)-Mn(1)-Mn(2) 925 (1) C(4)-Mn(2)-Mn(1) 108.2 (2) C(3)-Mn(1)-Mn(2) 1159(2) Mn(1)-C(7)-C(8) 168.0 (5)
C(1)-Mn(1)-Mn(2) 90.5 (2) C(5)-Mn(2)-Mn(1) 159.1 (2) C(T)-Mn(1)-Mn(2) 49.7(2) C(7)-C(8)-C(9) 161.7 (6)
C(2)-Mn(1)-Mn(2) 147.8(2) C(6)-Mn(2)-Mn(1) 909 (2) P(2)-Mn(2)-Mn(1) 91.0 (1)
Compound 6
Mn(1)-Mn(2) 2.912 (1) Mn(2)-C(4) 1.796 (4) Mn(1)-C(3) 1.800 (4) C(71)-C(8) 1.349 (5)
Mn(1)-P(1) 2.344 (1) Mn(2)-C(5) 1.786 (4) Mn(1)-C(7) 2.105 (3) C(8)-C(9) 1.427 (5)
Mn(1)-C(1) 1.832 (4) Mn(2)-C(6) 1.832 (5) Mn(1)-O(7) 2.080 (3) C(9)-0(7) 1.254 (4)
Mn(1)-C(2) 1.836 (4) Mn(2)-C(7) 1.865 (4) Mn(2)-P(2) 2.335 (1) C(9)-0(8) 1.328 (5)
P(1)-Mn(1)-Mn(2) 929 (1) C(6)-Mn(2)-Mn(1) 114.1 (1) O(7)-Mn(1)-Mn(2) 1179(1) C®-0(7)-Mn(1) 113.5(2)
C(1)-Mn(1)-Mn(2) 1539 (1) C(7)-Mn(2)-Mn(1) 46.1 (1) C(7)-Mn(1)-0(7) 786 (1) C(1-C(8)-C(9) 115.6 (3)
C(2)-Mn(1)-Mn(2) 86.8(1) Mn(1)-C(7)-Mn(2) 94.2(2) P(2)-Mn(2)-Mn(1) 893 (1) C(8)-C(9)-0(7)) 120.5 (3)
C(3)-Mn(1)-Mn(2) 66.8 (1) Mn(1)-C(7)-C(8) 111.7 (3) C(4)-Mn(2)-Mn(1) 93.3 (1) C(8)-C(9)-0(8) 118.7 (3)
C(7)-Mn(1)-Mn(2) 39.7(1) Mn(2)-C(7)-C(8) 153.2 (3) C(5)-Mn(2)-Mn(1) 152.2(2) O(7)-C(9)-0(®) 120.7 (3)
Compound 7d
Mn(1)-P(1) 2.354 (3) Mn(2)-C(9) 2.116 (9) Mn(1)-C(8) 2.060 (8) C(7)-C(10) 1.407 (13)
Mn(1)-C(1) 1.857 (10) Mn(2)-C(10) 2.138 (9) Mn(2)-P(2) 2.213 (3) C(71)-0(7) 1.459 (11)
Mn(1)-C(2) 1.824 (10) Mn(2)-0(7) 2.123 (6) Mn(2)-C(5) 1.780 (11) C(8)-0(7) 1.467 (10)
Mn(1)-C(3) 1.873 (10) C(8)-C(9) 1.381 (12) Mn(2)-C(6) 1.745 (10) C(7)-0(8) 1.228 (12)
Mn(1)-C(4) 1.801 (10) C(9)-C(10) 1.413 (13) Mn(2)-C(8) 2.121 (8) C(10)~C(11) 1.493 (14)
P(1)-Mn(1)-C(8) 93.8 (2) O(7)-C(8)-C(9) 103.6 (7) P(2)-Mn(2)-C(5) 93.3 (3) C(10)-C(7)-0(7) 105.8 (7)
C(1)-Mn(1)-C(8) 91.1 (4) C(8)-C(9)-C(10) 113.1 (8) P(2)-Mn(2)-C(6) 89.7 (3) C(10)-C(7)-0(8) 1364 (9)
C(2)-Mn(1)-C(8) 174.7 (4) C(9)-C(10)-C(7) 106.4 (8) C(5)-Mn(2)-C(6) 923 (5) O(NH-C(N)-0(8) 117.5 (8)
C(3)-Mn(1)-C(8) 86.0 (4) C(9)-C(10)-C(11) 128.8 (8) Mn(1)-C(8)-Mn(2) 141.8 (4) C(1-0(7)-C(8) 108.4 (6)
C(4)-Mn(1)-C(8) 852 (4) C(1-C(10-C(11) 1234 (9)
Compound 8d
Mn(1)-Mn(2) 2.741 (2) Mn(2)-C(6) 1.768 (9) Mn(1)-C(4) 1.989 (10) C(9)-0(9) 1.224 (13)
Mn(1)-P(1) 2.374 (3) Mn(2)-C(7) 1.809 (13) Mn(1)-C(8) 2.135 (8) C(9)-C(10) 1.440 (16)
Mn(1)-C(1) 1.841 (9) Mn(2)-C(8) 2.037 (9) Mn(2)-P(2) 2.356 (3) C(10)-C(11) 1.336 (12)
Mn(1)-C(2) 1.845 (12) C(8)-0(8) 1.458 (11) Mn(2)-C(4) 2.189 (9) C(8)-C(11) 1.461 (12)
Mn(1)-C(3) 1.834 (11) 0(8)-C(9) 1.378 (10) Mn(2)-C(5) 1.820 (10) C(10)-C(12) 1.513 (14)
P(1)-Mn(1)-Mn(2) 924 (1) O(8)-C(8)-C(11) 102.2 (7) C(4)-Mn(2)-Mn(1) 459 (3) C(10)-C(9)-0(8) 107.7 (8)
C(1)-Mn(1)-Mn(2) 139.8 (3) C(8)-C(11)-C(10) 112.0(8) C(5)-Mn(2)-Mn(1) 130.1 (3) C(8)-0(8)-C(9) 110.2 (6)
C(2-Mn(1)-Mn(2) 93.3 (3) C@11)-C(10)-C(12) 131.7 (10) C(6)-Mn(2)-Mn(1) 1339 (3) Mn(1)~C(4)-Mn(2) 81.8 (4)
C(3)-Mn(1)-Mn(2) 126.6 (3) C(9)-C(10)-C(12) 120.3 (9) C(7)-Mn(2)-Mn(1) 935 (3) Mn(1)~C(4)-0(4) 144.1 (9)
C(4)-Mn(1)-Mn(2) 52.2(3) C@O)-C(10)-C(11) 107.9(8) C(8)-Mn(2)-Mn(l) 50.5(3) Mn(2)~C(4)-0(4) 132.9 (8)
C(8)-Mn(1)-Mn(2) 47.4 (3) 0(8)-C(9)-0(9) 120.2 (8) Mn(1)-C(8)-Mn(2) 82.1 (3)
P(2)-Mn(2)-Mn(1) 93.3 (1) C(10)-C(9)-0(9) 132.0 (9)

3. Description of the Structures of 4c, 5b, 6, 7d,
and 8d

3.1. [Mn,(psn',n*-C—=CH'Bu)(CO)4(u-dppm)] (4c). A
view of the structure of compound 4¢ is shown in Figure
1 together with the atom-numbering scheme. A summary
of the important bond distances and angles is given in
Table II. The substitution of two hydrides in 1% by the
4-electron donor =C=CH'Bu ligand, o,7-interacting, re-
sults in the elongation of the unsaturated Mn—Mn bond
from 2.699 (2) to 2.800 (5) A, this latter value being shorter
than that found in the structure of Mn,(CO),, [2.904 (1)
A],% in which a single metal-metal bond must be envi-

(25) Churchill, M. R.; Amoh, K. N.; Wassermann, H. J. Inorg. Chem.
1981, 20, 1609 (structure determined at room temperature). In the
structure determined at low temperature (74 K) the Mn-Mn distance was
found 2.895 (1) A (Martin, M.; Rees, B.; Mitschler, A. Acta Crystallogr.,
Sect. B, 1982, 38, 6).

saged. The vinylidene group is linearly bonded to the
Mn(1) atom, as shown by the Mn(1)-C(7)-C(8) angle, 179
(2)°. The double-bond character of the Mn(1)-C(7) bond
is indicated by its length, 1.77 (2) A, comparable to those
involving the terminal carbonyl groups [in the range 1.72
(3)-1.81 (3) A]. The = interaction between the C(7)-C(8)
double bond [1.41 (3) A] and the Mn(2) atom is rather
asymmetrical, the Mn(2)-C(7) and Mn(2)-C(8) lengths
being 1.95 (2) and 2.23 (2) A, respectively. The dppm
bridge has an “envelope” conformation with Mn(1), Mn(2),
P(1), and P(2) atoms coplanar. The Mn(1), Mn(2), C(7),
and C(8) atoms are also strictly coplanar, the two bridges
being practically perpendicular to one another [the dihe-
dral angle between them is 91.4 (4)°].

3.2. [Mn,(u-H)(ugm',n*-C,Ph)(CO)g(u-dppm)] (5b).
A view of the structure of compound 5b is shown in Figure
2 together with the atom-numbering scheme. A summary
of the important bond distances and angles is given in
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Table I. In 5b only one hydride of 1 has been substituted
by the 3-electron donor -C==CPh ligand, s,r-interacting
with the Mn,(CO)¢(u-dppm) moiety. The Mn—-Mn sepa-
ration is now 2.891 (1) A, longer than that found in 4¢. The
alkynyl group is bound to the Mn(1) atom in a slightly bent
way, as shown by the Mn(1)-C(7)-C(8) angle, 168.0 (5)°.
The Mn(1)-C(7) bond length is 1.949 (6) A, slightly shorter
than that found for a ¢-single bond (see structures of 7d
and 8d). The w-interaction between the C(7)-C(8) triple
bond [1.228 (8) A] and the Mn(2) atom is again rather
asymmetrical, the Mn(2)-C(7) and Mn(2)-C(8) lengths
being 2.206 (5) and 2.415 (5) A, respectively. The hydride
bridge [Mn(1)-H(1) = 1.83 (5) and Mn(2)-H(1) = 1.66 (6)
A] is almost coplanar with the alkynyl bridge, whereas the
dppm bridge (with Mn(1), Mn(2), P(1), and P(2) atoms
coplanar) is almost perpendicular to the other two [dihe-
dral angle 85.2 (1)°].

3.3. [(CO);Mn(u-dppm){u-C=CHC(O)OMe}Mn-
(CO),] (6). A view of the structure of compound 6 is
shown in Figure 3 together with the atom-numbering
scheme. A summary of the important bond distances and
angles is given in Table II. In 6 the =C=CHC(0)OMe
vinylidene ligand, deriving from the starting methyl pro-
pynoate, is a 4-electron donor acting either as a bridge
between the two Mn atoms through the terminal C(7) atom
or as a chelating ligand to the Mn(1) atom through the
0O(7) atom [Mn(1)-0(7) = 2.080 (3) A]. The bonding of
C(7) to the two metals is asymmetrical, the Mn(1)-C(7)
and Mn(2)-C(7) bond distances being 2.105 (3) and 1.864
(4) A, respectively. The Mn—Mn separation is 2.912 (1)
A, comparable to that found in 5b. The O(7)-C(9)-C-
(8)-C(7)-Mn(1) chelate ring is strictly planar with the O(8)
and C(10) atoms also lying in the same plane, while the
Mn(2) is out by 0.262 (1) A. The bond distances within
the vinylidene ligand are in agreement with an extensive
delocalization of the multiple bonds. The dppm bridge
(with Mn(1), Mn(2), P(1), and P(2) atoms almost coplanar)
is perpendicular to the chelating ring, the dihedral angle
being 91.8 (1)°.

34. [(CO),Mn(u-dppm){usn',n*-C—CH=C-

(CH,OCH;)C(0)O}Mn(CO),] (7d). A view of the
structure of compound 7d is shown in Figure 4 together
with the atom-numbering scheme. A summary of the im-
portant bond distances and angles is given in Table II. The
most important feature in the structure of 7d is the
presence of the 5-oxo-2-furanylidene ligand showing an
unusual bonding mode and behaving as an asymmetric
6-electron donor to the (OC) ,Mny(CO),(¢-dppm) moiety.
In fact it interacts with Mn(1) though a o-bond [Mn(1)-
C(8) = 2.060 (8) A] and with Mn(2) through a rather
complex bonding system involving four atoms, C(8), C(9),
C(10), and O(7), of the pentaatomic ring. The Mn(2)-C(8),
Mn(2)-0(7), Mn(2)-C(9), and Mn(2)-C(10) distances,
2.121 (8), 2.123 (6), 2.116 (9), and 2.138 (9) A, respectively,
are very close, while the distance between Mn(2) and the
fifth atom of the ring, C(7), is much longer, 2.337 (9) A.
In the furanylidene ligand the pentaatomic ring shows an
“envelope” conformation with the four atoms involved in
the n*-interaction with the Mn(2) atom coplanar and the
C(7) atom deviating by 0.226 A from the mean plane
passing through them [the Mn(1) and Mn(2) atoms deviate
by —0.604 (2) and 1.755 (2) A, respectively, from the same
plane]. Also the C(7)-0(8)-C(10)-O(7) moiety is strictly
planar and the two planar fragments are tilted by 12.8 (4)°.

In order to allow both Mn atoms to achieve an 18-
electron configuration and an octahedral coordination, the
bonding of the furanylidene ligand must be explained with
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the formation of one o-bond from C(8) to the Mn(1) atom,
one o-bond from O(7) to Mn(2), and one n°-interaction
from the “allylic® C(8)-C(9)-C(10) system (acting as 3-
electron donor) [C(8)-C(9) = 1.381 (12) and C(9)-C(10)
= 1.413 (13) A] to Mn(2). This 6-electron interaction
allows for the replacement of two CO ligands and cleavage
of the metal-metal bond in the starting compound 2 while
the total electron count remains unaltered, an interpre-
tation which is supported by the very long Mn(1)~Mn(2)
separation in 7d, 3.894 (1) A, clearly a nonbonding length.
Moreover, this confirms once again the great flexibility of
the dppm bridge, supporting both very short and long
metal separations. It is worthy of mention the rather short
Mn(2)-P(2) distance, 2.213 (3), if compared with the
corresponding Mn(1)-P(1) one, 2.354 (3) A and with the
Mn-P ones found in the other described dppm di-
manganese complexes [in the range 2.228 (8)-2.374 (3) A).
It is difficult to state if steric or electronic effects (or both)
are responsible for this short distance.

3.5.  [Mny(g-CO){usn'sn-C—CH—C(CH,0CH,)C-

(0)O(CO)¢(u-dppm)] (8d). A view of the structure of
compound 8d is shown in Figure 5 together with the
atom-numbering scheme. A summary of the important
bond distances and angles is given in Table II. Compound
8d has been obtained by substituting in 2 one carbonyl
group with the furanylidene ligand interacting as a 2-
electron donor ligand and shifting of a carbonyl group from
a terminal to a bridging position. The C(8) carbon of the
furanylidene ligand is asymmetrically bound through two
o-bonds to the Mn(1) and Mn(2) atoms [Mn(1)-C(8) =
2.135 (8) and Mn(2)-C(8) = 2.037 (9) A]. This is coun-
terbalanced by the asymmetric carbonyl bridge [Mn(1)-
C(4) = 1.989 (10) and Mn(2)-C(4) = 2.189 (9) A] which
is practically coplanar with the C(8) bridge. The dppm
bridge (with Mn(1), Mn(2), P(1), and P(2) atoms almost
coplanar) is perpendicular to the other two bridges, the
dihedral angle being 90.3 (2)°. In spite of the fact that only
a single metal~-metal bond must be formulated for 8d to
achieve an 18-electron configuration, the Mn—-Mn sepa-
ration, 2.741 (2) A, is much shorter than those found in
4c, 5b, and 6 and close to that found in 1 where a dou-
ble-bond character of the metal-metal interaction was
envisaged. There is currently no clear reason for this
shortening of the Mn—Mn distance, although other u-al-
kylidene dimetal complexes seem to display this feature.

The pentaatomic ring of the furanylidene ligand is
strictly planar (differently from compound 7d) with also
the O(9) and C(12) atoms lying in the same plane and is
disposed perpendicularly to the metal-metal bond. The
value of the C(10)—C(11) bond, 1.336 (12) A, is indicative
of a localized double bond in the ring.

4. Discussion

4.1. Synthesis of [Mn,(u-H),(CO)s(u-dppm)] (1).
Compound 1 is obtained by treatment of [Mny(u-Cl),-
(CO)4(u-dppm)] with 4 equiv of Li[HBEt;] followed by
addition of H,O to the dark green solution thus obtained.
The way this reaction proceeds, however, is far from being
completely understood nor do we know the nature of the
species present in the dark green solution; however, some
conclusions can be drawn out from the data given in the
Results.

(a) Replacement of each bridging chlorine for a hydrogen
atom in the starting material requires 2 equiv of Li-
[HBEt,], thus excluding a simple substitution of Cl~ by
a H™ mechanism.

(b) The substitution of the first chlorine atom to give
[Mn,(u-H)(u-C1)(CO)¢(u-dppm)] follows a different path-
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Scheme III. Proposed Pathway for the Formation of
Alkenylidene Complexes in the Reactions of Compound 1
with 1-Alkynes [Mn, = (CO);Mn(u-dppm)Mn(CO),]
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way than the replacement of the second Cl leading to
dihydride 1, as it is evidenced by the experiments using
Li[DBEt;] and D0, which are summarized in eq 1 ((Mn;,]

2Li{DBEt,] 2Li[DBEts)
[Mn,] (u-Cl), [Mn,](u-D)(u-Cl)

D;0
dark green solution —— [Mn,](x-D)(u-H) (1)

refers to [Mny(CO)g(u-dppm)]}) Thus the source of the
second bridging hydride in 1 is neither the hydride atom
of the boron hydride nor the water used in the reaction.
A plausible source of this second hydride ligand could be
the hydrogen atoms of the ethyl groups present in the
boron hydride.

4.2. Reactions of [Mn,(u-H);(CO)g(u-dppm)] (1)
with 1-Alkynes. Besides the fact that the nature of the
products formed in the reaction of compound 1 with HC,R
are strongly dependent on R, the results we have obtained
suggest that the reaction pathway is very similar in all the
cases, the differences arising in the point at which each
particular reaction stops. Thus, the initial step would be
the alkyne insertion into the Mn—H bond, to give a hy-
drido~vinyl complex (i in Scheme III). This is also the
final point for the cases R = H, Ph. For the other alkynes
used in this work, we assume that analogous hydrido-vinyl
complexes would be initially formed, which in turn would
react with a second alkyne molecule, yielding the vinyl-
idene complex and liberating an alkene molecule. Actually,
we have detected intermediate vinyl complexes by NMR
monitoring of the reactions of 1 with HC,CH,OCH; and
HC,C(0)OCHj; but not for HC,'Bu. In the last case,
however, it has been found that the corresponding olefin,
H,C=CH'Bu, is formed in the reaction, as it is found for
the HC,C(O)OCH; reaction, its concentration in the
mixture increasing pairwise with that of the vinylidene
complex.

Scheme III also contains our proposed pathway con-
necting the intermediate vinyl complexes with the final
vinylidene ones (which is the case for HC,CH,OCH,,
HC,C(0)OCHj,, and HC,'Bu). This could involve three
steps, the first being a #? to »* slippage of the bridging vinyl
ligand, in order to allow coordination of the incoming
alkyne (ii in Scheme III). This would be followed by an
alkyne to vinylidene isomerization at a single manganese
center (iii in Scheme III). This last process has been
previously described as happening at several mononuclear
metal centers,? but it has never been observed at dimetallic
centers. By contrast, this process is unknown for man-
ganese compounds; in fact, the complexes [(n°-C;H;)Mn-
(CO)o(n*-HC,R)] have been reported to be thermally sta-
ble?® and the earlier synthesis of [(#°-CsHs)Mn(CO)o(C=
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CHR)] from [(n*-CsH;)Mn(CO);s] and 1-alkynes® seemed
to involve the action of aluminum oxide in the column on
the reaction mixture which presumably contained the
n*-alkyne species. The final step in our proposed pathway
(iv in Scheme III) involves a reductive elimination which
produces the observed free alkene and leaves out the o,-
w-vinylidene complex. This type of reductive elimination
process has been previously proposed for the reactions of
several mono- and trinuclear dihydride complexes with
alkynes, which also resulted in the hydrogenation of the
alkyne.?” Further support for the formation of hydrido—
vinyl complexes as intermediates in the synthesis of the
vinylidene complexes comes from the fact that [Mn,(u-
H)(uy,n',72-CH=CH,)(CO)4(u-dppm)] (3a) reacts under
photochemical conditions with HC,R (R = Ph, *Bu) to give
the corresponding vinylidene complexes 4b and 4c, re-
spectively. Finally, as the structures of the intermediates
proposed after steps ii and iii are concerned, it is inter-
esting to note that they are closely related with the rhe-
nium complex [Re,(H)(»'-C,Ph){CO),(u-dppm)], the
crystal structure of which is known.!®

Noteworthy, is the stereochemical selectivity in the
formation of the vinyl species, as only an isomer of the
phenyl-vinyl complex 3b is obtained (the one with the Ph
group attached to the a-carbon atom). This is in contrast
with the photochemical reactions of saturated dimanganese
hydrido compounds with 1-alkynes, which yielded both a-
and B-substituted vinyl complexes.!® The regioselectivity
found in our case could be probably the result of the mild
conditions under which the reaction proceeds.

Also noticeable is the different behavior toward 1-alk-
ynes exhibited by compound 1 when compared with re-
lated unsaturated dihydrides. Surprisingly, the analogous
dirhenium complex [Re,(u-H),(CO)g(n-dppm)] failed to
react with 1-alkynes.!” Although the higher strength of
the Re-H bond (as compared with Mn-H) could account
for this difference in reactivity, other factors must obvi-
ously be involved, as [Osg(u-H),(CO),0], containing also
strong Os—H bonds, does react with 1-alkynes.!** Inci-
dentally, 8-substituted vinyl groups are formed in the latter
case.

4.3. Interconversion between Alkenylidene 4 and
Hydrido—Alkynyl 5 Complexes. The vinylidene com-
plexes [Mny(uy,n!,n2-C=CHPh)(CO)¢(u-dppm)] (4b) and
[Mny(ug,n*,7%-C=CH'Bu)(CO)¢(u-dppm)] (4¢) spontane-
ously isomerize in solution at room temperature to give the
corresponding hydrido—alkynyl complexes 5b and 5¢, no
intermediates being detected during this slow transfor-
mation. While hydrido—alkynyl to vinylidene isomeriza-
tions have been previously reported,® to our knowledge
there are no previous examples of the reverse isomerization
either in mononuclear or binuclear compounds. In fact,
theoretical calculations by Silvestre and Hoffmann!! led
to the conclusion that u,-hydrido—u,,n',n'-alkynyl to
ot n'-vinylidene isomerization, and not the reverse, would
be a feasible process at a dinuclear center. Recently,
however, Ewing and Farrugia'® have reported the case of
a triruthenium-platinum cluster which in solution exists
as a mixture of two isomers in equilibrium, the minor one
being a hydrido—alkynyl species and the major one a vi-
nylidene complex. However, this ligand isomerization is
accompanied by extensive cluster rearrangement, a fact
which precludes further conclusions from being drawn out.

(26) Alt, H. G.; Engelhardt, H. E. J. Organomet. Chem. 1988, 342, 235.

(27) (a) Bray, J. M.; Mawby, R. J. J. Chem. Soc., Dalton Trans. 1989,
589. (b) Nakamura, A.; Otsuka, S. J. Am. Chem. Soc. 1972, 94, 1886. (c)
Jackson, W. G.; Johnson, B. F. G.; Kelland, J. W.; Lewis, J.; Schorpp, K.
T. J. Organomet. Chem. 1975, 87, C27.
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Scheme IV. Alternative Pathways Proposed for the
Alkenylidene to Hydrido-Alkynyl Thermal Isomerization
[Mn; = (CO);Mn(s-dppm)Mn(CO);)
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Scheme V. Hydrido-Alkynyl to Alkenylidene
Transformations [Mn, = (CO);Mn(y-dppm)Mn(CO);, R =

Ph, ‘Bu]°
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¢Legend: (i) Li[AlH,], THF, room temperature; (ii) HBF,,
THF, room temperature.

Isomerization of the vinylidene complexes 4b and 4c into
the corresponding hydrido—alkynyl species 5b and 5¢ re-
quires the hydrogen bonded to the 8-carbon of the vi-
nylidene ligand to shift up to the metal atoms. This can
be accomplished, in principle, either by direct oxidative
addition of the C-H bond (i in Scheme IV) or via H mi-
gration through the a-carbon (ii in Scheme IV), giving
some sort of alkyne complex and further alkyne to hy-
drido—alkynyl transformation. While both routes involve
reasonable steps, we favor sequence i~iii, taking into ac-
count the fact that the vinylidene compound [(CO);Mn-

(u-dppm){u-C=CHC(0)OMe}Mn(CO);] (6) does not isom-
erize to give a hydrido—alkynyl complex. Thus, because
the 8-carbon in the vinylidene ligand in 6 is uncoordinated
and far away from the metal centers (see Figure 3), it is
expected that the corresponding C-H bond could not ap-
proach the manganese atom, as required for C~H oxidative
addition (step i in Scheme IV), while we see no reason why
this would preclude an «,8-hydrogen shift in the vinylidene
ligand (step ii in Scheme IV) which could afterwards be
followed by coordination of the 8-carbon atom.

Although the vinylidene to hydrido—alkynyl isomeriza-
tion is irreversible for the compounds reported in this work,
the reverse process can be accomplished by deprotonation
of the hydrido-alkynyl complex and further protonation
of the resulting intermediate, presumably an anionic alk-
ynyl complex (Scheme V). A similar deprotonation—
protonation process has sucessfully been used in the syn-
thesis of [Moy(ug,nt,n*-C=CHPh)}(CO)(*-C;H;),] from the
alkyne complexes [Mo,(uz,n?,7%-HC,Ph)(CO),(n°-C5Hs),] .

4.4. Photochemical Reactions of [Mn,(CO)g(u-
dppm)] (2) with 1-Alkynes. Reactions of compound 2
with 1-alkynes HC,R (R = H, Ph, ‘Bu, CH,OCH,) are
obviously quite complex, considering the structural div-
ersity of the products formed. The reacting alkyne has
been found coordinated to the dimetal center in the form
of vinylidene, hydrido—alkynyl, u,,n',n*-furanylidene, or
usynt mi-furanylidene ligands (compounds 4, 5, 7, or 8, re-
spectively).
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Scheme VI. Proposed Pathways Describing the
Photochemical Reactions of Compound 2 with 1-Alkynes
[Mn; = (CO);Mn(g-dppm)Mn(CO),;, Except for Complexes 7;
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As indicated before, complexes [Mny(u-CO){us,n',n!-
C—CH=CRC(0)0(CO)¢(u-dppm)] (8) are formed from

[(CO)Mn(u-dppm)iu,,n',n*-C—CH=CRC(0)O}Mn(CO),]
(7) under the reaction conditions. This process involves
a formal slippage of the furanylidene ligand from a
o, nt-fashion (6-electron donor), into a uy,n!,n*-one (2-
electron donor), the 4-electron difference being compen-
sated for by the coordination of a CO molecule and the
formation of a metal-metal bond. It is interesting to note
that the reverse transformation, i.e., 8 to 7 does not occur
under UV conditions, which in principle could favor the
necessary steps: decarbonylation and metal-metal cleav-
age. On the other hand, separate experiments indicate that
none of the compounds 4, 5, or 7 is formed from any of the
others. Finally, the isomerization of [Mny(u-C=CHR)-
(CO)g(k-dppm)] (4) to [Mny(u-H)(usn',n*CoR)(CO)4(u-
dppm)] (5) does not take place at any appreciable extent
at —20 °C. Therefore, independent pathways must be
responsible for the formation of each of these three types
of complexes.

It is reasonable to assume that the UV irradiation would
promote the loss of a CO molecule in [Mny(CO)g(u-dppm)]
(2) as the first step, thus allowing coordination of the
incoming alkyne in a #*-fashion (Scheme VI). The re-
sulting intermediate A could afterwards experience three
different and mutually competitive processes: (a) 1,2-hy-
drogen shift leading finally to the vinylidene complexes
4; (b) C-H oxidative addition giving the hydrido—alkynyl
complexes 5; (c) a series of carbonyl to alkyne couplings,
affording the furanylidene complexes 7 (and thus also 8).

The 1,2-hydrogen shift pathway is much the same as the
one proposed for the formation of the vinylidene complexes
from the dihydrido compound 1 and 1-alkynes (see Scheme
IIT) and would yield a »!-vinylidene heptacarbonyl inter-
mediate B, which under UV action would lose another CO
molecule to give the final u,s,r-vinylidene complexes 4.

The C-H oxidative addition pathway is the best docu-
mented one, as it was found to be the dominant process
occurring during the UV reactions of 1l-alkynes with
[Rex(CO)g(u-dppm)].2® In our case, the oxidative addition
of the alkyne (i.e. the formation of intermediate C) is
supposed to be forced by the presence of a coordinative
vacancy at the adjacent metal atom, which in turn results
from UV-induced CO dissociation. At this point it is in-
teresting to recall that when solvents with coordinative
ability higher than that of toluene (e.g. MeCN, Me,CO)
are used, yields of complexes 4 increase at the expense of
complexes 5. This is explained by assuming that the
solvent is able to occupy momentarily any coordination
vacancy resulting from CO disociation, thus precluding the
C-H addition of the alkyne, whereas not affecting directly
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the 1,2-hydrogen shift process which, by defect, becomes
dominant.

The pathway eventually leading to the furanylidene
complexes 7 obviously requires more steps. A plausible
initial step would be a CO insertion into a metal-carbon-
(alkyne) bond giving a dimetallacyclopentenone ring

Mn—CH=CR—C(0)—Mn (D in Scheme VI), examples
of which have been described previously.®2?# Further CO
insertion could yield a dimetallacyclohexenedione ring

Mn—C(0)—CH=CR—C(0)—Mn (E in Scheme VI), ex-
amples of which have been also reported.? Reorganization
of the latter six-membered ring could finally originate the
five-membered 4-oxo-2-furanylidene ligand present in 7.
Analogous alkyne coupling with two CO molecules has
been reported to occur upon carbonylation of [Co,(u-
CRCR/)(CO),] complexes.®® In those cases, however, the
furanylidene ligands bind the dicobalt moiety in an
o', n'-fashion (2-electron donor), just as in our complexes
8. The binding mode of the furanylidene ligand in 7,
providing a total of 6 electrons to the dimetal center is,
to our knowledge, unprecedented.

4.5. Stereochemical Nonrigidity of Complexes 3, 5,
and 7. The hydrido-vinyl complex [Mny(u-H)(us,n*,n?-
CH=CH,)(CO)¢(u-dppm)] (3a) is fluxional at room tem-
perature. Thus, although the room-temperature 'H or
13C{IH} NMR spectra would be consistent with an static
o,mt,n?-vinyl ligand (Table I), the 3'P{!H} NMR spectrum
is not, as it presents a single resonance at 61.9 ppm,
therefore suggesting that a dynamic process effectively
equalizes the magnetic environment around both phos-
phorus atoms of the dppm ligand. When the temperature
is lowered, this process slows down so as to allow at -50
°C the detection of the static structure, which gives rise
to the expected AB pattern in the spectrum. This dynamic
process must be similar to those found in other uy,n',n%
vinyl complexes, particularly in related dirhenium and
triosmium species.3!

It is worth mentioning that the other u,,n',n%-vinyl
complex reported in this work, [Mny(u-H) (gs,n!,n?-CPh=
CH,)(CO)4(u-dppm)] (3b), appears to be stereochemically
rigid on the NMR time scale. In a recent work® on the
stereochemical and dynamic behavior of some diruthenium
u?,n,n?-vinyl complexes, the stereochemical rigidity of a
e, m?-CPh=CH, ligand has been attributed to the lack
of a phenyl group on the 8-carbon which is expected to
relieve, by tautomerism, the electron deficiency generated
in the transition state. Such arguments cannot be used
in our system, since they would lead to the conclusion that
complex 3a should be rigid, which it is not. It is then likely
that steric constraints in compound 3b are responsible for
its stereochemical rigidity. Those would follow from the
presence of the relatively bulky phenyl ring at the a-carbon
of the vinyl ligand in 3b.

More uniform is the dynamic behavior of the hydrido—

(28) (a) Bursten, B. E.; McKee, S. D.; Platz, M. 8. J. Am. Chem. Soc.
1989, 111, 3428. (b) Burn, M. J.; Gong-Yu, K,; Seils, F.; Takats, J.;
Washington, J. J. Am. Chem. Soc. 1989, 111, 6850.

(29) Review: Schore, N. E. Chem. Rev. 1988, 88, 1081.

(30) (a) Sternberg, H. W.; Shukys, J. G.; Donne, C. D.; Markby, R.;
Friedel, R. A.; Wender, 1. J. Am. Chem. Soc. 1959, 81, 2339. (b) Mills,
0. S.; Robinson, G. Proc. Chem. Soc., London 1959, 156. (c) Palyi, G.;
Viradi, G.; Vizi-Orosz, A.; Marks, L. J. Organomet. Chem. 1975, 90, 85.
(d) Varadi, G.; Vecsei, L.; Otvés, L; Palyi, G.; Markd, L. J. Organomet.
Chem. 1979, 182, 415.

(31) (a) Shapley, J. R.; Richter, S. I.; Tachikawa, M.; Keister, J. B. J.
Organomet. Chem. 1975, 94, C43. (b) Clauss, A. D.; Tachikawa, M.;
Shapley, J. R.; Pierpont, C. G. Inorg. Chem. 1981, 20, 1528. (c) Nubel,
P. O.; Brown, T. L. J. Am. Chem. Soc. 1984, 106, 644.

(32) Xue, Z.; Sieber, W. J.; Knobler, C. B.; Kaesz, H. D. J. Am. Chem.
Soc. 1990, 112, 1825.
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Table III. Approximate Energy Barrier for Nonrigidity
Processes in Complexes 7°

compd 5, ppm T.K Av,Hz AGr?, kJ mol™
7a 80.6 193+ 2 560 35,1 £ 04
7a 44.9 203 = 2 1460 354 %04
7d 79.4 193 £ 2 508 353 £ 0.4
7d 45.3 203 £ 2 1439 354 £ 0.4

¢The approximate energy barrier is calculated according to a
modified Eyring equation® (see text).

alkynyl complexes [Mny(u-H){us,n',7”-CoR)(CO)g(u-dppm)]
(5), as all of them are fluxional in solution. Thus their
31P{IH} NMR spectra exhibit a single resonance at ca. 52
ppm (Table I) instead of the AB or AX pattern expected
for the asymmetric structure found in the solid state for
[Mny(u-H) (19,n,n2-C,Ph)(CO)g(u-dppm)] (5b). The dy-
namic process equalizing both metal environments must
be very similar to the one operating in related dirhenium
and triosmium u,,n!,n?-alkynyl complexes,'9 i.e. a pivoting
movement of the 8-carbon of the alkynyl ligand between
both metal centers. This movement appears to be par-
ticularly fast for compounds 5a-d, as the single 3!P reso-
nance shows no sign of splitting down to ~90 °C even for
the bulkier alkynyl ligand (complex 5¢). This is in contrast
with the fact that for the closely related rhenium complex
[Rey(u-H) (ug,n' m*-C,H)(CO)4(u-dppm)] a nonaveraged 3C
NMR spectrum could be obtained at —77 °C, (coalescence
at —46 °C)!® and this difference is probably a consequence
of the weaker alkynyl to metal binding in our dimanganese
compounds when compared with their rhenium analogues.

The compounds [(CO),Mn(u-dppm){us,n!,n*-C—CH=
CRC(0)O}Mn(CO),] (7) also display stereochemical non-
rigidity. This is evident from the variable-temperature
31P{'H} NMR spectra of these complexes; thus, their
room-temperature spectra exhibit an AX pattern, itself
consistent with the solid-state structure determined for 7d
by the X-ray study. However, when the temperature is
lowered, each of the doublets collapses and eventually
splits into two doublets of about the same intensity (Table
III). The coalescence temperature for the doublet at ca.
80 ppm is lower than that for the doublet at ca. 45 ppm,
but the values of AGr* calculated from the coalescence
temperatures and the Eyring equation® (Table III) are
close enough to be ascribed to a single dynamic process.
Thus, it is concluded that both 7a and 7b exist in solution
as mixtures of two conformers in an approximate 1:1 ratio.
They strongly differ in the magnetic environments around
the phosphorus atoms and probably are the result of
different conformations of the six-membered ring formed
by the metal atoms, the diphosphine backbone, and the
bridging carbene-like atom of the furanylidene ligand.

4.6. Summary. This study reports the preparation of
the novel unsaturated dihydride [Mny(u-H),(CO)g(u-
dppm)] (1) and the reactions of 1 and [Mny{(CO)g(u-dppm)]
(2) with 1-alkynes which yield hydrido—alkenyl (3), alke-
nylidene (4 and 6), hydrido-alkynyl (5), and furanylidene
(7 and 8) dimanganese compounds; much higher selectivity
is achieved using the unsaturated 1 instead of 2, although
no furanylidene complexes can be obtained via the hydride
1. The spontaneous transformation of 4b,c into 5b,c
complexes provides the first example of a vinylidene to
hydrido—alkynyl isomerization, while the reverse trans-
formation can be induced through a deprotonation—prot-
onation sequence. Finally, the furanylidene ligand is found

(33) Demming, A. J. J. Organomet. Chem. 1978, 150, 123. (b) Nubel,
P. O.; Brown, T. L. Organometallics 1984, 3, 29.

(34) AGr,* (J mol™) = 19.14T(9.97 + log T/ Av); see for example:
Giinther, H. NMR Spectroscopy; Wiley: New York, 1980; p 243.
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Table IV. Experimental Data for the X-ray Diffraction Study on the Complexes 4c, 5b, 6, 7d, and 84

4c 5b 6 7d 8d
molecular formula C37H32Mn206P2 CagstanosPQ C35H26Mn208P2 Ca7H23Mn209P2 C38H28Mn2010P2-C4H80
mol wt 744.48 764.47 746.41 788.45 888.56
cryst syst monoclinic monoclinic monoclinic monoclinic triclinic
space group P2y/n P2, /n P2,/n P2)/c
Mo Ko radiation niobium-filtered graphite- graphite- graphite- graphite-
(A =0.71073 &) monochromated monochromated monochromated monochromated
a, 18.671 (8) 20.485 (5) 15.311 (8) 9.704 (4) 12.356 (5)
b, A 17.390 (8) 17.383 (4) 12.315 (6) 20.071 (8) 14.302 (5)
c, A 10.966 (6) 10.366 (3) 17.827 (4) 18.216 (8) 12,281 (4)
a, deg 90 90 90 90 74.62 (2)
B, deg 95.66 (2) 100.69 (2) 95.75 (1) 91.98 (2) 77.46 (2)
v, deg 90 90 90 90 89.81 (2)
V, A3 3543 (3) 3627 (2) 3344 (3) 3546 (3) 2039 (1)
VA 4 4 4 4 2
D14, g cm™ 1.396 1.400 1.482 1.477 1.447
F(000) 1528 1560 1520 1608 912
cryst size, mm 0.15 x 0.18 X 0.22 0.17 X 0.25 X 0.27 0.20 X 0.24 X 0.30 0.17 X 0.24 X 0.28 0.20 X 0.22 X 0.30
#(Mo Ka), em™ 8.15 7.98 8.68 8.24 7.28
diffractometer Siemens AED CAD 4 Enraf Nonius Philips PW 1100  Philips PW 1100  Philips PW 1100
scan type 6/26 w/28 6/26 6/26 8/26
scan speed, deg/min 3-12 <3.3 3-12 3-12 3-12
26 range, deg 5-46 6-54 6-48 6-46 6-48
no. of reflns measd +h,k,l +hk,l +h.k,l +h.k,l +hk,l
no. of std reflns one measd after one measd after one measd after one measd after one measd after
50 reflns 200 reflns 50 reflns 50 reflns 50 reflns
no. of unique tot. data 5150 8108 5680 5131 6858
no. of unique obsd data 990 [I > 2¢(D)} 3683 [ > 3a(D)] 3421 [I > 20(D)] 2697 (I > 20(D)] 2870 [I > 26(I)}
R 0.0594 0.0383 0.0345 0.0467 0.0527
R, 0.0736 0.0548 0.0441 0.0647 0.0711

to bind the dimanganese centers, either in a u,,n',n'-
(compound 8) or u,,n',n*-fashion (compound 7), this co-
ordination mode of a furanylidene ligand having no pre-
cedent in the literature.

5. Experimental Section

5.1. General Considerations. All reactions were carried out
under a nitrogen atmosphere using standard Schlenk techniques.
Photochemical reactions were performed by irradiation with an
Applied Photophysics 400-W mercury lamp using jacketed Pyrex
vessels refrigerated by a closed 2-propanol circuit kept at —-20 °C
with a Haake F-3 machine. Solvents were purified according to
standard literature procedures® and distilled under nitrogen prior
to use. Petroleum ether refers to that fraction distilling in the
range 6065 °C. 1-Alkynes were purchased from Aldrich and used
as received except for HC,CH,0CHj;, which was prepared ac-
cording to a literature procedure, and acetylene which was
supplied by SEO and purified by passing through H,SO,, a
saturated aqueous solution of NaHSQ;, H,SO,, and KOH train
device. Bis(diphenylphosphino)methane®” and [Mny(CO)g(u-
dppm)]* were also prepared by literature methods. Alumina for
column chromatography was deactivated by appropriate addition
of water under nitrogen to the commercial material (Aldrich,
neutral, activity 1). Infrared spectra were recorded on a Per-
kin-Elmer 1720-X infrared Fourier transform spectrometer.
Proton, carbon, and phosphorus magnetic resonance spectra
(NMR) were measured in a Bruker AC-300 instrument at 300.13,
75.5, and 121.5 MHz, respectively. Chemical shifts are referred
to internal TMS (*H, 13C) or external 85% H,;PO, aqueous so-
lution. 3C NMR assignments were routinely supported on
standard DEPT experiments.®® Elemental C and H analyses were
obtained with a Perkin-Elmer 240 B microanalyzer.

5.2. Preparation of [Mn,(u-Cl);(u-dppm)(CO)¢]. This
complex was prepared through a modification of our previous
method.?! A solution of [Mny(CO)s(u-dppm)] (2) (1 g, 1.39 mmol)
in CH,Cl; (20 mL) was treated at —15 °C with a saturated solution

(35) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of
Laboratory Chemicals, 2nd ed.; Pergamon Press: Oxford, U.K., 1980.

(36) Brandsma. L. Preparative Acetilenic Chemistry; Elsevier: New
York, 1971; p 172.

(37) Aguiar, A. M.; Beisler, J. J. Org. Chem. 1964, 29, 1660.

(38) Sanders, J. K. M.; Hunter, B. K. Modern NMR Spectroscopy. A
guide for chemists; Oxford University Press: Oxford, U.K., 1987; pp
253-256.

of Cl, in CCl, (3.5 mL) to give [Mn,Cly(CO)g(u-dppm)]. The
solvent and the excess of Cl, were removed under reduced
pressure, and the residue was dissolved in CH,Cl, (20 mL) and
filtered through Celite; the resulting solution was stirred for 3
weeks at 0 °C, while N, was bubbled through it. Removal of the
solvent yielded 0.930 g of the product (91%), which did not require
further purification.

5.3. Preparation of [Mn,(u-H),(CO)¢(u-dppm)] (1). A
solution of [Mny(u-Cl)y(u-dppm)(CO)g] (0.450 g, 0.61 mmol) in
tetrahydrofuran (50 mL) was treated at 0 °C with Li(HBEt,) (2.5
mL of a 1 M solution in thf, 2.5 mmol) for 1.5 h. Degassed water
(1 mL) was then added to the resulting dark green solution (gas
evolution occurs), and solvents were removed in vacuum. The
deep red resulting residue was extracted with toluene (4 X 15 mL)
and filtered through alumina (activity II, 5 X 2.5 cm). The red
filtrate was then concentrated in vacuum and gave, after addition
of petroleum ether (30 mL) and crystallization at -20 °C for 1
day, red purple crystals of 1-(toluene) (0.310 g, 67%). Anal. Caled
for CggH3,06P,Mn, (1.C/Hg): C, 60.33; H, 4.26. Found: C, 60.14;
H, 4.22.

5.4. Preparation of [Mny(u-n',n>-CH=CH,)(CO)4(u-dppm)]
(3a). Acetylene was bubbled through a solution of compound
1-(toluene) (0.150 g, 0.20 mmol) in tetrahydrofuran (20 mL) at
room temperature for 24 h. Solvents were removed in vacuum
from the yellow resulting solution, and the residue was chroma-
tographied through an alumina column (activity IV, 11 X 2.5 cm).
Elution with petroleum ether—toluene (10:1) gave a yellow band
which yielded, after removal of solvent in vacuum, compound 3a
as a microcrystalline powder (0.100 g, 65%). Recrystallization
from tetrahydrofuran-petroleum ether yielded crystals of the
compound as a tetrahydrofuran solvate. Elution with petroleum
ether—toluene (10:2) gave an orange fraction containing very small
amounts of unidentified species (<3%). Anal. Calcd for Cg;-
H;,0,P;Mn, (3a-C,H,0): C, 58.26; H, 4.48. Found: C, 58.27; H,
4.51.

5.5. Preparation of [Mn,(u-H){u-5!,7>-C(Ph)=CH,}(CO),-
(u-dppm)] (3b). Compound 1-(toluene) (0.150 g, 0.20 mmol) and
HC,Ph (1 mL, 9.1 mmol) were stirred at room temperature for
3 days. Solvents were then removed in vacuum, and the residue
was washed with petroleum ether (3 X 10 mL) yielding reasonably
pure complex 3b as a yellow powder (0.105 g, 68%). Analytically
pure samples of this complex could only be obtained in small
amounts, as it slowly decomposes during crystallization even at
-20 °C. Anal. Calcd for C33H30gP,Mn, (8b): C, 61.12; H, 3.94.
Found: C, 61.03; H, 4.11.
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5.6. Reaction of Compound 1 with HC,'Bu. Compound
1-(toluene) (0.260 g, 0.34 mmol) and HC,'Bu (1.0 mL, 8.0 mmol)
were stirred in tetrahydrofuran (25 mL) at room temperature for
3 days, affording an orange solution. Solvent was then removed
under vacuum, and the residue was chromatographed on an
alumina column (activity IV, 11 X 2.5 cm) at —-40 °C. A yellow
fraction was collected by elution with petroleum ether which
yielded, after removal of solvents under vacuum, compound 5¢
as a yellow powder (0.044 g, 17%). Elution with petroleum
ether-toluene (5:2) gave a red fraction which yielded similarly
compound 4¢ (0.098 g, 39%). Room-temperature chromatography
of the same reaction mixture gave higher yields of 5¢ at the
expense of 4¢, typically 36% for 5¢ and 15% for 4¢. Analogous
effects were observed when longer reaction times were used. Anal.
Caled for C4;H3,05P,Mn, (4¢ or 5¢): C, 59.69; H, 4.33. Found
for 4c: C, 59.90; H, 4.36. Found for 5¢: C, 59.92; H, 4.36.

5.7. Preparation of [(CO);Mn(p-dppm){u-C=CH—C-

(0)OMeiMn(CO);] (6). A mixture of compound 1-(toluene)
(0.090 g, 0.12 mmol) and HC,CO,Me (0.7 mL, 7.9 mmol) in tet-
rahydrofuran was stirred at room temperature for 1 week. Solvent
was then removed under vacuum, and the resulting orange residue
was chromatographed on an alumina column (activity IV, 11 X
2.5 cm) at room temperature. Elution with petroleum ether-
toluene (10:3) gave an orange band which yielded, after removal
of the solvent under vacuum, compound 6 as an orange powder
(0.035 g, 39%). Further elution with petroleum ether-toluene
(1:1) gave a blue fraction containing trace amounts of unidentified
species. Anal. Caled for C35Hg505P,Mn, (6): C, 56.32; H, 3.51.
Found: C, 56.52; H, 3.57.

5.8. Photochemical Reactions of Compound 2 with C,H,.
(a) In Toluene. A solution of compound 2 (0.400 g, 0.56 mmol)
in toluene (50 mL) was irradiated at ~20 °C while C;H, was
bubbled through it. After 14 h, the solvent was removed under
vacuum and the red-brown residue was chromatographed on an
alumina column (activity IV, 14 X 2.5 cm). Elution with petroleum
ether gave two not completely resolved yellow bands. The first
one contained unreacted starting material, whereas recrystalli-
zation of the second fraction from toluene-petroleum ether yielded
pure compound 5 as yellow crystals (0.025 g, 6%). Elution with
petroleum ether—toluene (1:1) gave a yellow fraction containing
mostly [Mn,(u-n*,7%-C0)(CO),(u-dppm),]. Further elution with
pure toluene gave a violet fraction which yielded pure compound
8a in very small amounts (<1%). Finally, elution with petroleum
ether-tetrahydrofuran (10:2) gave an orange fraction which
yielded, after removal of solvents under vacuum, compound 7a
as an orange powder (0.080 g, 19%). Anal. Caled for CyHy,-
O¢P,Mn, (5a): C, 57.58; H, 3.51. Found: C, 57.48; H, 3.54. Calcd
for C35H,,04P;Mn, (7a): C, 56.47; H, 3.25. Found: C, 56.68; H,
3.28.

(b) In Toluene under CO Atmosphere. The preceding
reaction was carried out under the same conditions except that
CO bubbling through the solution was maintained simultaneously
with that of C,H,. The products obtained after similar workup
were the same although yields changed moderately: 5a 0.020 g,
5%; 8a: 0.008 g, 2%; 7a 0.0065 g, 16%. Anal. Caled for Cgs-
H,,0,P,Mn, (8a): C, 55.98; H, 3.13. Found: C, 56.14; H, 3.15.

5.9. Photochemical Reactions of Compound 2 with HC,Ph.
(a) In Toluene. A solution of compound 2 (0.300 mg, 0.42 mmol)
and HC,Ph (1.0 mL, 9.1 mmol) in toluene (30 mL) was irradiated
at —20 °C for 28 h. After removal of the solvent, the red residue
was chromatographed on an alumina column (activity IV, 11 X
2.5 cm). Once unreacted 2 was removed by elution with petroleum
ether, elution with petroleum ether-toluene (10:2) gave a yellow
fraction which yielded complex 5b as a yellow powder (0.150 g,
47%). Further elution with pure CH,Cl, gave another yellow
fraction which yielded 0.01 g of the mononuclear complex fac-
[Mn(C;Ph)(CO);(dppm)] previously prepared in our laboratory.?
Anal. Caled for C3sHoqOgPoMn, (5b): C, 61.27; H, 3.69. Found:
C, 61.30; H, 3.65.

(b) In Acetonitrile. A solution of compound 2 (0.150 mg, 0.21
mmol) and HC,Ph (0.5 mL, 4.5 mmol) in acetonitrile (30 mL) was
irradiated at -20 °C for 2.5 h. After removal of the solvent, the
red residue was chromatographed on an alumina column (activity
IV, 7 X 2.5 cm) at —40 °C. Elution with petroleum ether—toluene
(5:1) gave a yellow fraction, which yielded fac-[Mn(H)(CO);-
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Table V. Fractional Atomic Coordinates (X10*) and
Isotropic Thermal Parameters (A? X 10%) with Esd’s in
Parentheses for the Non-Hydrogen Atoms of 4c

atom x/a y/b z/c U

Mn(1) 1099 (2) 2209 (2) 1898 (3) 38 (2)°
Mn(2) -321 (2) 2648 (2) 1163 (4) 45 (2)°
P(1) 771 (4) 1395 (4) 3384 (6) 36 (3)°
P(2) -814 (4) 1889 (4) 2580 (6) 41 (3)°
o(1) 1623 (10) 3207 (11) 22(18) 77(T
0(2) 2519 (100 2429 (10) 3306 (16) 75 (8)
0(3) 1316 (11) 851 (12) 332 (19 85 (7
0(4) 30 (10) 3408 (11) -1101(19) 84 (7)
0(5) -1743 (11) 3388 (12) 641 (19) 93 (7)
0(6) -290 (9) 1257 (11) -399 (17) 73 (6)
C(1) 1413 (14) 2800 (17) 746 (26) 67 (9)
C(2) 1952 (16) 2321 (17) 2759 (26) 71 (9)
C(3) 1218 (15) 1369 (18) 962 (26) 66 (9)
C(4) =77 (14) 3123 (15) -135 (28) 59 (9)
C(5) -1159 (16) 3056 (16) 847 (26) 72 (10)
C(6) ~314 (13) 1829 (17) 202 (26) 53 (8)
C(7) 499 (12) 2926 (13) 2322 (20) 37 (7)
C(8) 11 (13) 3498 (15) 2635 (22) 49 (8)
C(9) 171 (13) 4359 (14) 2543 (23) 44 (7)
C(10) 591 (17) 4615 (17) 3774 (28) 92 (11)
C(11) 631 (15) 4595 (17) 1591 (25) 74 (11)
C(12) -557 (18) 4798 (18) 2381 (29) 98 (11)
C(13) 1237 (11) 471 (12) 3388 (19) 24 (6)
C(14) 1938 (13) 453 (15) 4015 (22) 49 (8)
C(15) 2318 (156)  -250 (19) 3991 (26) 80 (10)
C(16) 1999 (16)  -918 (18) 3434 (26) 749
cam 1311 (18)  -879 (18) 2860 (28) 88 (10)
C(18) 931 (13)  -185 (16) 2835 (23) 53 (8)
C(19) 938 (12) 1688 (15) 4978 (22) 47 (8)
C(20) 839 (14) 1148 (16) 5906 (27) 65 (9)
C21) 918 (14) 1349 (19) 7135 (28) 76 (10)
C(22) 1134 (15) 2115 (19) 7429 (27) 85 (10)
C(23) 1247 (14) 2687 (18) 6544 (27) 76 (9)
C(24) 1131 (12) 2456 (14) 5281 (22) 49 (8)
C(25) -189 (11) 1143 (13) 3221(20) 35(7)
C(26) ~-1598 (13) 1315 (16) 2044 (25) 59 (8)
C@2m -1889 (15) 715 (16) 2905 (25) 65 (9)
C(28) -2447 (18) 281 (18) 2422 (31) 78 (9)
C(29) -2718 (15) 336 (17) 1247 (29) 73 (10)
C(30) ~2468 (16) 789 (18) 377 (27) 15 (10)
C(31) -1880 (14) 1330 (16) 746 (26) 59 (8)
C(32) ~1168 (12) 2371 (14) 3896 (21) 40 (7)
C(33) -776 (13) 2423 (15) 5064 (24) 55 (8)
C(34) -1071 (15) 2917 (17) 5965 (26) 76 (10)
C(35) ~1709 (17) 3308 (17) 5676 (29) 79 (10)
C(36) ~2059 (15) 3259 (18) 4578 (28) 74 (10)
C@7 ~1795 (14) 2792 (16) 3652 (23) 60 (8)

¢ Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uj; tensor.

(dppm)] (15 mg). Further elution with petroleum ether-toluene
(2:1) gave a red fraction containing 4b. Recrystallization of the
product from toluene—petroleum ether gave red crystals of 4b
(0.040 g, 25%). Anal. Caled for C4Hy0oP,Mn, (4b): C, 61.27;
H, 3.69. Found: C, 61.28; H, 3.72.

5.10. Photochemical Reactions of Compound 2 with
HC,'Bu. (a) In Toluene. A solution of compound 2 (0.300 g,
0.42 mmol) and HC,'Bu (1 mL, 8.0 mmol) in toluene (30 mL) was
irradiated at ~20 °C for 24 h. After removal of the solvent, the
resulting orange residue was chromatographed on an alumina
column (activity IV, 11 X 2.5 cm) at ~40 °C. Elution with pe-
troleum ether gave a yellow fraction which vielded, after removal
of solvents in vacuum, compound 5¢ (0.030 g, 10%). Elution with
petroleum ether-toluene (10:3) gave a red fraction yielding sim-
ilarly 4¢ (0.085 g, 27%). Further elution with toluene and CH,Cl,
gave respectively yellow and orange fractions containing the
previously known complexes [Mn,(CO)¢(dppm),] (0.030 g, 7%)
and [Mny(u-n*,7%-C0O)(CO),(u-dppm),} (0.050 g, 12%).

(b) In Acetone. A solution of 2 (0.300 g, 0.42 mmol) and
HC,*Bu (1 mL, 8.0 mmol) in acetone (30 mL) was irradiated at
-20 °C for 10 h. Solvent was then removed under vacuum, and
the residue was dissolved in tetrahydrofuran and filtered through
Celite. Crystallization from tetrahydrofuran-petroleum ether at
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Table VI. Fractional Atomic Coordinates (X10%) and
Equivalent Isotropic Thermal Parameters (A2 x 10%) with
Esd’s in Parentheses for the Non-Hydrogen Atoms of 5b°®

Garcia Alonso et al,

Table VII. Fractional Atomic Coordinates (x10¢) and
Equivalent Isotropic Thermal Parameters (A? X 10%) with
Esd’s in Parentheses for the Non-Hydrogen Atoms of 6°

atom x/a y/b z/c Uy atom x/a y/b z/c Uy
Mn(1) 2828 (1) 545 (1) 4189 (1) 47.0 (3) Mn(l) 11 (1) 960 (1) 1355 (1) 35.6 (2)
Mn(2) 1514 (1) 1054 (1) 4439 (1) 44.9 (3) Mn(2) -156 (1) 398 (1) 2921 (1) 40.9 (2)
P(1) 3312 (1) 1677 (1) 5059 (1) 448 (4) P(1) 843 (1) 2516 (1) 1685 (1) 36.0 (3)
P(2) 1944 (1) 2237 (1) 5350 (1) 45.1 (4) P(2) 436 (1) 2086 (1) 3288 (1) 37.9 (3)
0(1) 2322 (3) -934 (3) 3006 (5) 82 (2) 0(1) 632 (2) 1994 (2) -104 (2) 64 (1)
0(2) 4049 (3) -252 (4) 5379 (7) 121 (3) 0(2) -945 (2) -1089 (2) 951 (2) 67 (1)
0(3) 3223 (3) 918 (4) 1668 (5) 105 (3) 0(3) -1710 (2) 1716 (2) 1744 (2) 59 (1)
0@1) 885 (3) 1757 (4) 1948 (5) 107 (3) 04) ~568 (3) -1901 (3) 2610 (2) 107 (2)
0(5) 323 (2) 1304 (3) 5576 (5) 83 (2) 0(5) 538 (3) -477 (3) 4394 (2) 83 (2)
0(6) 887 (3) -363 (4) 3275 (7) 117 (3) 0(6) -1955 (2) 641 (3) 3388 (2) 92 (2)
C) 2488 (4) —-354 (4) 3467 (5) 60 (2) o7) 1097 (2) 375 (2) 869 (1) 43 (1)
C(2) 3572 (4) 61 (4) 4910 (7) 71 (3) 0(8) 2372 (2) -520 (2) 1102 (2) 59 (1)
C(3) 3082 (4) 773 (4) 2659 (6) 64 (2) C() ~-359 (2) 1590 (3) 448 (2) 42 (1)
C4) 1140 (4) 1509 (4) 2937 (6) 66 (2) C®2 -556 (3) -323 (3) 1105 (2) 43 (1)
C(5) 794 (3) 1212 (4) 5170 (6) 55 (2) C(3) -1003 (3) 1421 (3) 1679 (2) 42 (1)
C(6) 1154 (4) 167 (4) 3713 (7) 67 (3) C4) -427 (3) -993 (4) 2701 (2) 64 (2)
C(7) 2342 (3) 409 (3) 5621 (5) 47 (2) C(5) 273 (3) -114 (3) 3821 (3) 56 (2)
C(8) 1942 (3) 278 (3) 6341 (5) 49 (2) C(6) -1259 (3) 607 (3) 3210 (3) 58 (2)
C® 1648 (3) ~8 (3) 7425 (5) 56 (2) C(n 731 (2) 225 (3) 2287 (2) 40 (1)
C(10) 1000 (4) -260 (5) 7242 (9) 85 (3) C(8) 1490 (2) -206 (3) 2100 (2) 47 (1)
C(11) 744 (5) -521 (6) 8317 (12) 113 (4) C(9) 1644 (3) -99 (3) 1327 (2) 47 (1)
C(12) 1141 (7) -531 (5) 9553 (10) 114 (6) C(10) 2524 (3) -381 (4) 322 (3) 66 (2)
C(13) 1782 (6) -307 (5) 9710 (8) 107 (4) C(11) 1829 (2) 2576 (3) 1192 (2) 44 (1)
C(14) 2036 (5) -34 (5) 8650 (7) 82 (3) C(12) 2657 (3) 2325 (4) 1507 (3) 64 (2)
C(15) 3988 (3) 2027 (3) 4293 (6) 56 (2) C(13) 3358 (3) 2330 (5) 1063 (4) 90 (2)
C(16) 4596 (4) 1682 (6) 4610 (11) 115 (5) C(14) 3219 (4) 2599 (5) 313 4) 92 (3)
camn 5113 (4) 1922 (6) 4002 (11) 140 (5) C(15) 2408 (3) 2841 (4) -8 (3) 78 (2)
C(18) 5037 (4) 2492 (5) 3141 (10) 95 (4) C(16) 1724 (3) 2834 (4) 421 (3) 60 (2)
C(19) 4439 (4) 2827 (4) 2805 (8) 76 (3) can 404 (2) 3888 (3) 1522 (2) 41 (1)
C(20) 3917 (4) 2602 (4) 3373 (7) 63 (2) C(18) —-477 (3) 4073 (3) 1366 (3) 55 (1)
C(21) 3680 (3) 1732 (4) 6792 (6) 61 (2) C(19) -802 (3) 5129 (4) 1288 (3) 71 (2)
C(22) 4055 (5) 2363 (5) 7262 (9) 109 (4) C(20) -238 (3) 5993 (3) 1344 (3) 71 (2)
C(23) 4305 (6) 2441 (8) 8577 (11) 145 (6) C(21) 652 (4) 5813 (4) 1486 (3) 79 (2)
C(24) 4182 (5) 1869 (8) 9431 (9) 129 (5) C(22) 965 (3) 4778 (3) 1575 (3) 68 (2)
C(25) 3823 (4) 1238 (7) 8979 (7) 99 (4) C(23) 1261 (2) 2546 (3) 2681 (2) 39 (1)
C(26) 3575 (3) 1164 (5) 7647 (6) 69 (3) C(24) 1098 (2) 2022 (3) 4201 (2) 42 (1)
C@27 2723 (3) 2482 (3) 4834 (6) 47 (2) C(25) 785 (3) 2363 (3) 4856 (2) 58 (2)
C(28) 2112 (3) 2381 (3) 7116 (5) 55 (2) C(26) 1255 (4) 2188 (4) 5552 (3) 73 (2)
C(29) 2508 (4) 2976 (5) 7697 (8) 93 (3) C27n 2049 (4) 1698 (4) 5596 (3) 71 (2)
C(30) 2599 (6) 3094 (6) 9026 (9) 123 (5) C(28) 2382 (3) 1360 (4) 4948 (3) 81 (2)
C(31) 2300 (5) 2647 (6) 9799 (8) 110 (5) C(29) 1912 (3) 1517 (4) 4258 (2) 67 (2)
C(32) 1900 (4) 2044 (4) 9253 (7) 84 (3) C(30) —251 (2) 3297 (3) 3368 (2) 45 (1)
C(33) 1806 (3) 1920 (4) 7907 (6) 58 (2) C(31) -1147 (3) 3241 (3) 3252 (3) 62 (2)
C(34) 1434 (2) 3086 (2) 4769 (4) 58 (2) C(32) ~1664 (3) 4152 (4) 3299 (3) 78 (2)
C(35) 1377 (2) 3334 (3) 3488 (6) 77 (2) C(33) -1298 (3) 5132 (4) 3446 (4) 95 (2)
C(36) 979 (3) 3964 (3) 3048 (8) 98 (3) C(34) -396 (4) 5206 (4) 3548 (4) 119 (3)
C(37) 648 (4) 4336 (4) 3859 (11) 135 (4) C(35) 117 (3) 4298 (4) 3519 (3) 84 (2)
ggg; 183% Eg; gigé g; gégg g?) 1351, g; 4 Equivalent isotropic U defined as one-third of the trace of the

¢ Equivalent isotropic U defined as one-third of the trace of the
orthogonalized U;; tensor.

-20 °C overnight yielded complex 4c as red crystals (0.110 g, 35%),
which were easily separated from minute amounts of a contam-
inating yellow powder (consisting of [Mn,(CO)¢(dppm),] and
[Mny(u-nt,7%-C0O)(CO) (u-dppm),]) by washing with petroleum
ether.

5.11. Photochemical Reactions of Compound 2 with
HC,CH,OMe. (a) In Toluene. A solution of compound 2 (0.400
g, 0.56 mmol) and HC,CH,OMe (1 mL, 11.8 mmol) in toluene
(30 mL) was irradiated at —20 °C for 14 h. After removal of the
solvent under vacuum, the red brown residue was chromato-
graphed on an alumina column (activity IV, 14 X 2.5 cm). Elution
with petroleum ether gave a yellow fraction containing unreacted
2(0.015 g, 4%). Elution with petroleum ether-toluene (5:2) gave
another yellow fraction yielding, after removal of solvents in
vacuum, compound 5d, (0.055 g, 13%). Further elution with
toluene gave an orange-brown fraction and then a violet one. The
first one contained small amounts of a mixture of products,
[Mn;(CO)¢(dppm),] and {Mn,(u-1',n*-CO)(CO),(u-dppm),] being
identified. The violet fraction yielded, after usual workup, complex
8d as red-violet powder (0.015 g, 3%). Recrystallization from
tetrahydrofuran—petroleum ether gave crystals of 8d-thf (as de-

orthogonalized Uj; tensor.

termined by 'H NMR spectroscopy). Finally, elution with pe-
troleum ether-tetrahydrofuran (5:1) gave an orange fraction,
yielding compound 7d as an orange powder (0.075 g, 16%).
Recrystallization from toluene—petroleum ether gave crystals of
7d-!/,(toluene) (as determined by *H NMR spectroscopy). Anal.
Caled for CysHys0,P,Mn, (5d): C, 57.39; H, 3.85. Found: C, 57.59;
H, 3.90. Caled for C;,;Hy0,,P;Mn, (8h-thf): C, 56.78; H, 4.05.
Found: C, 56.85; H, 4.07. Calcd for C,;H3,0,P.Mn, (7dV/,-
(toluene)): C, 58.29; H, 3.86. Found: C, 58.36; H, 3.88. The single
crystals of 7d and 8d used for X-ray diffraction studies were both
obtained through recrystallizations from Et,O-petroleum ether
at 20 °C and were found to be free of solvents in both cases.

(b) In Toluene under CO Atmosphere. The reaction was
carried out as before but with gentle CO bubbling through the
solution. The products obtained after similar workup were the
same although yields changed moderately: 5d 0.050 g, 12%; 8d-thf
0.028 g, 6%; 7d-!/,(toluene) 0.045 g, 10%.

(¢) In Acetone. A solution of 2 (0.300 g, 042 mmol) and
HC,CH,OMe (1 mL, 11.8 mmol) in acetone (20 mL) was irradiated
at -20 °C for 8 h. After removal of the solvent under vacuum,
the residue was chromatographed on an alumina column at —20
°C (activity IV, 20 X 2.5 cm). Elution with petroleum ether—
toluene (1:1) gave a yellow fraction yielding complex 5d (0.010
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Table IX. Fractional Atomic Coordinates (X10%) and
Isotropic Thermal Parameters (A2 x 10%) with Esd’s in
Parentheses for the Non-Hydrogen Atoms of 8d

atom xz/a y/b z/c U

atom x/a y/b z/c U

Mn(1) 5306 (1) 2760 (1) 2578 (1) 41.4 (5)°
Mn(2) 2072 (1) 1624 (1) 2104 (1) 41.4 (5)°
P(1) 4377 (2) 3207 (1) 1473 (1) 36.5 (7)°
P(2) 2880 (2) 1856 (1) 1012 (1) 37.2 (8)°
o(1) 7020 (7) 1682 (4) 1948 (4) 66 (3)°
0(2) 7596 (8) 3737 (4) 2589 (4) 88 (3)°
0(3) 3744 (9) 3715 (4) 3487 (4) 83 (3)°
04) 6410 (10) 2221 (4 3975 (4) 102 (4)°
0(5) 738 (10) 375 (4) 1627 (5) 105 (4)°
0(®) -360 (7) 2431 (4) 1767 (5) 96 (4)°
oM 3978 (6) 1398 (3) 2655 (3) 44 (2)°
0(®) 3227 () 444 (3) 3216 (4) 66 (3)°
0(9) 968 (8) 1292 (4) 4458 (4) 77 (3)°
C(1) 6327 (10) 2097 (5) 2137 (5) 48 (3)°
C(2) 6724 (11) 33556 (5) 2552 (5) 56 (4)°
C(3) 4289 (11) 3366 (5) 3123 (6) 54 (4)°
C4) 5964 (11) 2428 (5) 3439 (6) 60 (4)°
C(5) 1276 (11) 871 (5) 1795 (5) 61 (4)°
C(®) 597 (10) 2090 (5) 1885 (8) 56 (4)°
C(7) 3017 (9) 1040 (5) 3111 () 48 (4)°
C(8) 3684 (9) 2113 (4) 2707 (4) 40 (3)°
C(9) 2496 (9) 2137 (5) 3101 (5) 43 (3)°
C(10) 1972 (9) 1500 (4) 3267 (5) 43 (3)°
C(11) 725 (11) 1324 (7) 3683 (6) 62 (5)°
C(12) 1368 (14) 662 (7) 4708 (8) 80 (6)°
C(13) 5618 (8) 3535 (4) 825 (4) 38 (2)
C(14) 6977 (9) 3347 (6) 841 (5) 46 (2)
C(15) 7877 (11) 3598 (5) 333 (5) 58 (3)
C(16) 7397 (11) 4045 (5)  -177 (B) 62 (3)
camn 6049 (12) 4222 (6) —226 (6) 63 (3)
C(18) 5154 (11) 3970 (4) 281 (5) 52 (2)
C(19) 3373 (8) 3942 (4) 1707 (4) 38 (2)
C(20) 4076 (10) 4538 (4) 1851 (5) 43 (2)
C(21) 3370 (10) 5073 (8) 2117 (6) 56 (3)
C(22) 1997 (11) 5038 (5) 2262 (6) 64 (3)
C(23) 1288 (12) 4461 (6) 2119 (6) 68 (3)
C(24) 1985 (10) 3910 (5) 1859 (5) 49 (2)
C(25) 3155 (10) 2746 (4) 855 (5) 40 (3)°
C(26) 1732 (8) 1646 (4) 225 (4) 42 (2)
C(@27n 809 (10) 2091 (5) ~94 (8) 64 (3)
C(28) -74 (12) 1889 (6) -683 (6) 71 (3)
C(29) -58 (12) 1260 (6) -913 (7) 75 (3)
C(30) 810 (12) 796 (6) 594 (7) 77 (3)
C(31) 1733 (11) 1000 (5) -32 (6) 66 (3)
C(32) 4459 (8) 1442 (4) 763 (5) 39 (2)
C(33) 4772 (10) 810 (5) 1033 (5) 53 (2)
C(34) 5940 (11) 476 (6) 829 (6) 65 (3)
C(35) 6808 (13) 756 (6) 354 (6) 75 (3)

C(36) 6537 (13) 1380 (6) 81 (7) 80 (3)
C@37 5367 (9) 1726 (5) 281 (5) 57 (3)

3 Equivalent isotropic U defined as one-third of the trace of the
orthogonalized U;; tensor.

g, 3%). Elution with petroleum ether—toluene (2:3) gave an orange
fraction and then a violet one. The first one yielded complex 4d
as a reasonably pure orange powder (0.150 g, 45%) and the second
one yielded complex 8d (0.010 g, 3%). Finally, elution with
petroleum ether-tetrahydrofuran (5:1) gave an orange fraction
yielding compound 7d (0.040 g, 12%). Compound 4d can be
recrystallized from toluene—petroleum ether at -20 °C, yielding
red crystals of the pure compound, although this is accompanied
by appreciable decomposition. Anal. Caled for C3Hp30,P,Mn,
4d): C, 57.39; H, 3.85. Found: C, 57.16; H, 3.80.

5.12. Preparation of Alkenylidene Complexes from Their
Hydrido-Alkynyl Isomers. The procedure will be exemplified
with the preparation of compound 4b: To a solution of compound
5b (0.100 g, 013 mmol) in tetrahydrofuran (15 mL), solid Li(AlH,)
was slowly added at room temperature until gas evolution from
the solution ceased (ca. 0.010 g). This was accompanied by a color
change from yellow to brown. Then, an excess of a 1 M solution
of HBF, in Et,O (ca. 0.5 mL) was added to the solution, which
caused more gas evolution and a color change from brown to red.
Toluene (20 mL) and water (20 mL) were then added. The red

Mn(1) 1000 (1) 3066 (1) 1145 (1) 41.3 (6)°
Mn(2) 2415 (1) 1650 (1) 759 (1) 46.9 (6)°
P(1) 1826 (2) 3328 (2) 2620 (2) 42.9 (9)°
P(2) 3407 (2) 1837 (2) 2132 (2) 43.3 (9)°
o(1) -1239 (6) 3296 (7) 2500 (7) 98 (4)°
0(2) ~300 (6) 2828 (8) ~523 (7) 89 (4)°
0(3) 1359 (6) 5172 (8) -38 (6) 75 (4)*
04) 103 (5) 1024 (5) 2400 (5) 66 (3)°
0o(5) 2233 (7) -475 (5) 1848 (6) 88 (4)°
0(6) 4524 (7) 1655 (7) -861 (7) 100 (4)°
o(7) 1328 (7) 1072 (8) -895 (7) 94 (4)°
0(8) 3425 (4) 3725 (4) 6 (5) 50 (3)°
0(9) 4582 (5) 4979 (5) -1172 () 77 (3)°
0(101) 2502 (20) 4525 (12) -3564 (13) 90 (5)
0(102) 3023 (23) 4379 (14) -3793 (18) 47 (8)
CQ1) ~-368 (8) 3194 (7) 2037 (8) 59 (4)*
C(2) 227 (8) 2924 (7) 65 (9) 58 (4)¢
C(3) 1222 (7) 4372 (3) 427 (8) 54 (4)°
C(4) 762 (8) 1641 (7) 1859 (8) 56 (4)°
C(5) 2304 (8) 352 (8) 1463 (8) 58 (4)°
C(6) 3703 (8) 1649 (7) -209 (8) 60 (4)°
C(7) 1719 (8) 1349 (7) -266 (9) 62 (5)°
C(8) 2534 (7) 3095 (7) ~68 (7) 47 (3)°
C©) 3848 (8) 4366 (7) -1061 (8) 57 (4)°
C(10) 3250 (8) 4169 (7) -1867 (7) 56 (4)°
C(11) 2502 (7) 3434 (6) -1292 (7) 50 (4)°
C(12) 3494 (10) 4785 (9) -3111 (11) 91 (4)
C(13) 2169 (29) 5128 (21) -4425(27) 134 (13)
C(132) 2914 (45) 5030 (30) —4896 (33) 146 (18)
C(14) 3272 (6) 3015 (6) 2448 (8) 43 (4)°
C(15) 4917 (7) 1742 (7) 1673 (7) 48 (4)°
C(16) 5662 (8) 2528 (8) 1327 (8) 64 (5)°
C(17) 6779 (8) 2398 (9) 966 (10) 84 (6)°
C(18) 7140 (10) 1496 (10) 936 (10) 83 (6)°
C(19) 6394 (8) 706 (9) 1285 (9) 72 (5)°
C(20) 5281 (8) 828 (8) 1662 (8) 65 (5)°
C(21) 3083 (7) 1011 () 3595 (7) 48 (4)°
C(22) 3837 (8) 926 (7) 4295 (8) 62 (5)°
C(23) 3553 (9) 373 (8) 5436 (9) 71 (5)°
C(24) 2509 (9) -108 (7) 5904 (9) 67 (5)°
C(25) 1748 (8) =24 (7) 5209 (8) 63 (5)°
C(26) 2022 (8) 519 (6) 4059 (8) 52 (4)°
C(27) 1216 (7) 2711 (6) 4159 (7) 46 (4)°
C(28) 1793 (8) 2777 (7) 4984 (8) 57 (4)°
C(29) 1380 (9) 2320 (8) 6131 (9) 66 (5)°
C(30) 376 (9) 1806 (8) 6495 (9) 66 (5)°
C(31) -220 (8) 1769 (7) 5669 (8) 63 (4)°
C(32) 208 (8) 2214 (7) 4516 (8) 57 (4)°
C(33) 1860 (8) 4592 (7) 2641 (8) 48 (4)°
C(34) 2793 (10) 5229 (7) 2052 (10) 68 (5)°
C(35) 2745 (10) 6191 (8) 2048 (10) 72 (5)°
C(36) 1842 (11) 6545 (9) 2594 (9) 78 (6)°
C@7) 892 (12) 5923 (9) 3189 (11) 89 (6)°
C(38) 930 (9) 4955 (8) 3200 (9) 70 (5)°
C(39) 5158 (15) 2843 (13) 4808 (16) 137 (6)
C(40) 6099 (18) 2565 (15) 4393 (18) 151 (7)
C(41) 6623 (20) 2183 (17) 5343 (24) 202 (9)
C(42) 5836 (23) 1999 (18) 6393 (22) 202 (9)
C(43) 4846 (22) 2624 (19) 6030 (24) 209 (10)

¢ Equivalent isotropic U defined as one-third of the trace of the
orthogonalized U;; tensor.

layer was afterwards collected, washed with 3 X 20 mL of H,0,
dried over anhydrous MgSO,, and filtered through Celite.
Crystallization of the filtrate by addition of petroleum ether and
storing overnight at —20 °C yielded compound 4b as red crystals
(0.060 g, 60%). In a similar way, compound 4c¢ was obtained in
62% yield from compound 5c.

5.13. X-ray Data Collection, Structure Determination, and
Refinement for 4c, 5b, 6, 7d, and 8d. The crystallographic data
for the five compounds are summarized in Table IV. All crystals
of 4c were of small size and of poor quality. The selected crystal
diffracted rather weakly, so that only 20% of observed reflections
could be obtained. Intensity data for the five crystals were
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collected at room temperature, and the individual profiles have
been analyzed following Lehmann and Larsen.® Intensities were
corrected for Lorentz and polarization effects. No correction for
absorption was necessary.

All structures were solved by Patterson and Fourier methods
and refined by full-matrix least squares first with isotropic and
then with anisotropic thermal parameters for all non-hydrogen
atoms (5b and 6), for all non-hydrogen atoms except the carbon
atoms of the phenyl rings (7d), for all non-hydrogen atoms except
the carbon and oxygen atoms of the methoxymethyl substituent
(which was found disordered and distributed in two positions of
equal occupancy factors) and the atoms of the tetrahydrofuran
of solvation (which were treated all as carbon atoms) (8d), and
for only the Mn and P atoms (4¢). All the hydrogen atoms of
6 and 7d were clearly located in the final AF map and refined
isotropically; those of 4¢, 5b (except the hydride, clearly located),
and 8d (except those of the disordered methoxymethyl substituent
and of the solvent molecule) were placed at their geometrically
calculated positions and refined “riding” the corresponding carbon
atoms. In the final cycles of refinement a weighting scheme, w
= K[e¥F,) + gF 21"}, was used. The analytical scattering factors,
corrected for the real and imaginary parts of anomalous disper-
sions, were taken from ref 40. All calculations were carried out
on the CRAY X-MP/12 computer of the “Centro di Calcolo
Elettronico Interuniversitario dell’Italia Nord-Orientale” (CIN-
ECA, Casalecchio Bologna) and on the GOULD POWERNODE

(39) Lehmann, M. S.; Larsen, F. K. Acta Crystallogr., Sect. A 1974,
30, 580.

(40) International Tables for X-Ray Crystallography; Kynoch Press:
Birmingham, England, 1974; Vol IV.

6040 of the “Centro di Studio per la Strutturistica
Diffrattometrica” del CNR, Parma, using the SHELX-76 and
SHELXS-86 systems of crystallographic computer programs.** The
final atomic coordinates for the non-hydrogen atoms are given
in Tables V (4¢), VI (5b), VII (6), VIII (7d), and IX (8d).
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3-Hexyne (2 equiv) is readily inserted into the Pd-C bond of the cyclopalladated compound derived
from the ({(dimethylamino)methyl)ferrocene ligand, affording a kinetic isomer, 2. The latter may be
isomerized into a thermodynamic isomer 3 in pyridine at 100 °C. Two further isomers of 2 are produced
in refluxing pyridine and with maleic anhydride in refluxing toluene. The former is the result of a 1,4-H
shift of the CH, group v to the palladium atom on the butadienyl chain whereas the latter is obtained

via a 1,5-H shift of the CH, unit § to the palladium.

Introduction

The synthesis of butadienyl fragments n*-bound to a
palladium center may be achieved via insertion of two
alkynes into Pd-X bonds! (X = Cl, Ph) or into the Pd-C
bond of cyclopalladated compounds. Several structure
determinations?® have shown that the butadienyl units
formed invariably display the same features. Each con-
tains one C-C double bond 5?-bound at the palladium
atom and a second »'-bound olefin moiety. This bonding

*Reactivity of cyclopalladated compounds part 27. For part 26,
see ref 8.

mode is obviously reminiscent of that of allylic fragments.
However, in contrast to allylic units whose chemistry has
been extensively investigated and which are still part of
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