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Summary: Reaction between (n°-C;H;XCO),Fe—C=C—
CH; (1) and RLi (R = CHjg, C¢Hs, n-C,Hy) at low temper-
ature followed by (°-CsR’'s}CO),Fe—Cl (R' = H, CH,)
resulted in the isolation of [Fe,(CO)u-CO)u-n*c)-C-
(O)C4{CH,) [COR]}(n*-CsHs)n®-Cs(R)s)] (R' = H, R = CH,
(2a), n-CH, (2b), C¢H; (2¢); R’ = CH,;, R = n-C H, (2b')).
The structures of 2¢ and 2b’ were confirmed by X-ray
crystaliographic data. The initial site of attack by the
nucleophile R~ appeared to be the carbon of a carbonyi
on 1, on the basis of an experiment with a carbon-13-
labeled sample of (1°-C5Hs}CO)*CO)Fe—C==C—CH,.

The chemistry of transition-metal alkynyl complexes has
been studied extensively.! It has been well documented
that alkynyl complexes containing electron-donating
transition-metal fragments undergo « attack by nucleo-
philes and 3 attack by electrophiles. However, in all known
examples, attack by electrophiles always preceded attack
by nucleophiles. For example, Selegue and Davidson used
a sequence of four addition reactions (electrophile, nu-
cleophile, electrophile, and nucleophile) to reduce an
ethynyliron complex into a neopentyliron complex.?
Gladysz and co-workers also demonstrated that chiral
rhenium alkynyl complexes undergo stereospecific elec-
trophilic attack at the $-carbon; the resulting cationic
vinylidenes may subsequently react stereospecifically with
a nucleophile in the a-position.! To the best of our
knowledge, an initial nucleophilic attack on a metal alkynyl
complex has never been reported. We had previously
shown that the terminal proton on (n5-CsH;)(CO),Fe—
(C=C),—H may be deprotonated by n-BuLi at ~78 °C.
The reaction was sluggish and appeared to be complicated
by side reactions, possibly with n-BuLi acting as a nu-
cleophile.* To ascertain this possibility, we initiated a
study to investigate the reactions between transition-metal
alkynyl complexes and nucleophiles. In this paper, we
report the first example of transition-metal alkynyl com-
plexes reacting with nucleophiles. The product of this
reaction may be trapped by (%-C;H;)(CO),Fe—Cl to form
the dinuclear complexes [Fe,(CO)(u-CO){u-93(s)-C(0)C,-
(CH)[C(O)R]}(n>-C;H;),] (2a, R = CHj; 2b,R = n-CHy;
2¢, R = CgHy).

In a typical reaction, 1.2 equiv of RLi (R = CHg, C¢H;,
n-C,Hy) was added dropwise to a THF solution of (»°-
C5H5)(CO)2F9'—CEC“’CH3 (l) cooled at —-78 °C. The
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Figure 1. oORTEP drawing of [Fey(CO)(i-CO){u-n(0)-C(0O)Cy-
(CH3)[C(0)CsH;)}(n5-CsH:),] (2¢), showing the atomic labeling
scheme.

reaction was stirred at —78 °C for 1 h, after which 1.2 equiv
of (n%-CsH;)(CO),Fe—Cl dissolved in THF was added. The
reaction mixture was allowed to react for an additional 1/,
h with concurrent warming to room temperature. Com-
plexes 2% may be isolated in 28-45% yields (based on 1)
as dark brown crystals after separation with silica gel
column chromatography and recrystallization with CH,Cl,

(5) Complex 2a: IR (KBr, vco, cm™) 1980 (s), 1804 (s), 1751 (m), 1670
(m); '"H NMR (200 MHz, CDCl,, 23 °C) 6 4.88 (s, 5 H, Cp), 4.83 (s, 5 H,
Cp), 2.79 (s, 3 H, CHy), 1.55 (s, 3 H, CHy); *C NMR (50 MHz, CDCl,,
23 °C) § 259.0 (u-CO), 230.5, 210.3, 209.2 (CO), 193.8 (=C), 88.38, 87.78
(Cp), 31.54, 16.22 (CHj), 21.62 (=C). Anal. Caled for C,sH;¢Fe,0,: C,
52.99; H, 3.95. Found: C, 53.12; H, 3.89. Complex 2b: IR (KBr, vco,
cm™) 1986 (s), 1803 (s), 1751 (m), 1667 (m); 'H NMR (200 MHz, CDCl,,
23 °C) 6 4.87 (s, 5 H, Cp), 4.84 (s, 5 H, Cp), 3.23 (m, 1 H, CH,CH,), 2.95
(m, 1 H, CH,CH,), 1.89 (m, 2 H, CH,CH,CHy,), 1.52-1.40 (overlapping m,
5 H, CH, and CHy), 1.05 (t, 3 H, CH,CH,); 1*C NMR (50 MHz, CDCl,,
23 °C) 6 259.2 (u-CO), 230.7, 212.0, 210.5 (CO), 193.9 (=C), 88.37, 87.84
(Cp), 43.42, 26.40, 22.80, 14.12 (n-Bu), 16.62 (CHj), 22.19 (=C). Anal.
Calcd for CyHyFe,0p: C, 56.04; H, 4.93. Found: C, 56.21; H, 4.83.
Complex 2¢: R (KBr, vgo, cm™) 1981 (s), 1802 (s), 1748 (m), 1641 (m);
'H NMR (200 MHz, CDCl,, 23 °C) § 8.21-8.25 (m, 2 H, Ph), 7.56~7.61
(m, 3 H, Ph), 4.93 (s, 5 H, Cp), 4.78 (s, 5 H, Cp), 1.42 (s, 3 H, CHy); 1*C
NMR (50 MHz, CDCI;, 23 °C) § 259.0 (x-CO), 230.6, 211.1, 201.2 (CO),
191.9 (=C), 137.1, 132.9, 129.5, 129.0 (Ph), 88.72, 88.24 (Cp), 25.04 (=C),
ég.QS (S{Hg).SGAnal. Calcd for CoH sFe,0,: C, 58.77; H, 3.86. Found: C,

.35; H, 3.86.
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Table I. Selected Bond Distances (A) and Angles (deg) for

2c
Fe(1)-Fe(2)  2.5367 (13) 0(2)-C(2) 1.139 (5)
Fe(1)-C(1) 1.885 (4) 0(3)-C(3) 1.211 (5)
Fe(1)-C(4) 2.000 (4) 0(4)-C(8) 1.199 (5)
Fe(1)-C(5) 2.081 (4) C(3)-C(4) 1.502 (5)
Fe(1)-C(6) 1.895 (4) C(3)-C(11)  1.500 (6)
Fe(2)-C(1) 1.950 (4) C(4)-C(5) 1.412 (5)
Fe(2)-C(2) 1.759 (4) C(5)-C(6) 1.435 (5)
Fe(2)-C(4) 1.963 (4) C(5)-C(7) 1.510 (6)
0(1)-C(1) 1.172 (5)
Fe(2)-Fe(1)-C(1) 49.69 (12) Fe(1)-C(5)-C(4) 66.71 (20)
Fe(2)-Fe(1)-C(4) 49.55 (11) Fe(1)-C(5)-C(6) 62.04 (20)

Fe(2)-Fe(1)-C(5) 79.44 (11) Fe(1)-C(5)-C(7) 126.9 (3)

Fe(2)-Fe(1)-C(6) 89.73 (12) C(4)-C(5)~C(6) 114.5 (3)
C(1)-Fe(1)-C(4) 94.27 (17) C(4)-C(5)-C(7) 125.0 (4)
C(1)-Fe(1)-C(5) 103.67 (16) C(6)-C(5)-C(7) 117.8 (3)
C(1)-Fe(1)-C(6) 79.90 (17) Fe(1)-C(6)-0(4) 143.2 (3)
C(4)-Fe(1)-C(5)  40.43 (14) Fe(1)-C(6)-C(5) 75.98 (22)
C(4)-Fe(1)-C(6)  75.81 (15)
Table II. Selected Bond Distances (A) and Angles (deg) for
2b’
Fe(1)-C(1) 1.886 (3) 0(2)-C(2) 1.144 (3)
Fe(1)-C(4) 2.027 (3) 0(3)-C(3) 1.206 (3)
Fe(1)-C(5) 2.092 (3) 0(4)-C(6) 1.200 (3)
Fe(1)-C(6) 1.888 (3) C(3)-C(4) 1.492 (4)
Fe(2)-C(1) 1.961 (3) C(3)-C(11) 1.516 (4)
Fe(2)-C(2) 1.757 (3) C(4)-C(5) 1.409 (4)
Fe(2)-C(4) 1.962 (2) C(5)-C(6) 1.449 (4)
O(1)-C(1) 1.173 (3) C(5)-C(7) 1.519 (4)
C(1)-Fe(1)-C(4) 93.63 (11) Fe(1)-C(1)-F(2) 84.31 (10)
C(1)-Fe(1)-C(5) 103.05 (11) Fe(1)-C(4)-Fe(2) 80.69 (9)
C(1)-Fe(1)-C(6)  80.02 (11) Fe(1)-C(4)~C(3) 132.04 (17)
C(4)-Fe(1)-C(5) 39.98 (10) Fe(1)-C(4)-C(5) 72.52 (15)
C(4)-Fe(1)-C(6) 175.58 (11) Fe(2)-C(4)-C(3) 117.74 (17)
C(5)-Fe(1)-C(6)  42.30 (11) Fe(2)-C(4)-C(5) 121.51 (17)
C(1)-Fe(2)-C(2) 87.92 (12) C(3)-C(4)-C(5)  118.90 (21)
C(1)-Fe(2)-C(4) 93.38 (10) C(4)-C(5)-C(6) 115.10 (21)

C(2)-Fe(2)-C(4) 89.41 (11)

and hexane. The diiron dimer [(n5-C;H;)(CO),Fe], and
(n°-C5H;)(CO).Fe—R were also formed (total yield up to
45%) as a result of the reaction between the excess RLi
and (175'C5H5)(CO)2F8—CL

NMR data for complexes 2 revealed the presence of R
groups and two inequivalent cyclopentadienyl ligands,
indicating that the two iron fragments and R~ groups have
combined. IR spectra showed the characteristic terminal
and bridging CO’s. In addition, bands more typical of
ketonic CO were observed. For example, complex 2a has
absorptions at 1980 (s), 1804 (s), 1751 (m), and 1670 (m)
cm), further suggesting that the coupling of the alkynyl
ligand and CO has taken place. To unambiguously assign
the structures of 2, an X-ray diffraction study was per-
formed, and the structure of 2¢ is shown in Figure 1.
Ixéteratomic distances and bond angles are given in Table
I.

The molecule is based on two iron atoms at a single-bond
distance (2.537 A), bridged symmetrically by a carbonyl
group. Also bridging the diiron centers is a species derived
from the linking of the propynyl ligand and two CO’s. The
bonding of this ligand is best represented as the di-
metallacyclopentenone ring Fe(1)-C(6)-C(5)-C(4)-Fe(2),
in whicl)u the ethylenic bond C(5)-C(6) is itself #n%-bonded
to Fe(1).

(6) Crystal data for 2¢: CyyH sFe,0,, M, = 469.92, orthorhombic, space
group Pbea; a = 9.085 (4) A, b = 18.560 (3) A, c = 22.873 (6) A, V = 3848.1
(2) A% Z = 8, F(000) = 1919.67, d 4 = 1.623 g/cm? Nonius CAD-4 data,
Mo radiation, A = 0.7093 A, » = 1.53 mm~!. Minimum and maximum
transmission factors are 0.968 and 0.999. R = 0.029, R,, = 0.031, and GOF
= 1.24 with 47 atoms and 335 parameters for 2107 out of 3385 measured
reflections, cut off with I > 2.5¢(I).
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Figure 2. ORTEP drawing of [Fe,(CO)(u-CO)u-n*(c)-C(0)Cy-
(CH3)[C(0)-n-C Hy)}(n5-C5H) (n3-C5(CHy);)] (2b’), showing the
atomic labeling scheme.

Complexes 2 are similar to a series of complexes formed
by the photolysis of [(n®-CsHs)(CO),Fe], with RC=CR".
These reactions were postulated to involve the initial
photoassisted cleavage of the Fe-Fe bond to form an
(n®-Cs;H;)Fe(CO), radical.” The mechanism that led to
the formation of 2, however, appeared to be quite different,
on the basis of the following experiments. Reaction be-
tween n-BuLi and 1 followed by (2-C5(CH;);)(CO),Fe—Cl
resulted in the formation of 2b’® (reaction i), the structure

Fe\-—Cl
& §s
] nBull o0
Fe—C=C—=CH, —_—
J l .78°C  -78°CtoRT
o 0 1hr 172 hr
1
0
n-Bu 4

Fo — 0]
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of which was confirmed by X-ray crystallographic data
(Figure 2 and Table II).? Furthermore, the only iron dimer

(7) Dyke, A. F.; Knox, S. A, R,; Naish, P. J.; Taylor, G. E. J. Chem.
Soc., Dalton Trans. 1982, 1297.

(8) Complex 2b”: IR (KBr, »co, cm™) 1986 (s), 1803 (s), 1751 (m), 1667
(m); 'H NMR (200 MHz, CDCl,, 23 °C) § 4.84 (s, 5 H, Cp), 3.24 (m, 1 H,
CH,CH,), 2.97 (m, 1 H, CH,CH,), 1.98 (m, 2 H, CH,CH,CH,), 1.75 (s, 15
H, Cﬁ(CHa)P), 1.51-1.46 (overlapping m, 5 H, CH; and CH,), 1.04 (t, 3 H,
CH,CH,). °C NMR (50 MHz, CDCl,, 3 °C) & 262.7 (u-CO), 235.5, 212.7,
211.2 (C0), 191.3 (=C), 98.60 {Cs(CHj);), 87.31 (Cp), 43.58, 26.69, 22.85,
14.12 (n-Bu), 11.62 (CHj), 22.85 (=C), 9.25 (C5(CHy)s).
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formed was [(n5-C5(CH3);)(CO).Fely; no [(n5-CsHj)-
(Co)zFeh or (ﬂ5'C5(CH3)5) (Co)zFe_Fe(ﬂs'Cng,) (CO)2 was
observed. This is consistent with our earlier assertion that
iron dimer was formed from the reaction between RLi and
(115'C5H5)(CO)2FG—CI.10

To ascertain the initial site of attack by RLi, a carbon-
13-labeled sample of (7*-C;H;)(CO)(*CO)Fe—C=C—CH,
(la*)!! was used to react with n-BuLi and (n°-CyH;)-
(CO),Fe—Cl. The result is shown in reaction ii. From
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(9) Crystal data for 2b": CyHj.Fe,0,, M, = 520.23, triclinic, space
group P1;a = 8749 (2) A, b = 8.780 (5) A, ¢ = 17.588 (3) A, a = 99.76
(3)°, B = 88.76 (2)°, v = 114.61 (3)°, V = 1208.7 (7) A%; Z = 2, F(000),
543.91, dyeq = 1.429 g/cm?; Nonius CAD-4 data, Mo radiation, A = 0.7093
A, 4 =123 mm™, Minimum and maximum transmission factors are 0.972
and 1.000. R = 0.027, R,, = 0.034, and GOF = 1,67 with 64 atoms and
}117 ga{;l)meters for 3506 out of 4254 measured reflections, cut off with

> 20(l).

(10) This is also good evidence that the main reaction pathway does
not involve radicals. We have also performed experiments between RLi
and | without the addition of any (»5-C;Hg)(CO);Fe—Cl. In these cases
no Cp-containing fragments were observed.

(11) Complex 1a* was prepared by reacting 1 in toluene with 1 atm
of *CO in a sealed tube at 90 °C for 4 days. An IR spectrum showed that
1a* was approximately 50% enriched.

an analysis of the products formed from the reaction, it
appeared that an attack of the R~ group on the carbon of
a carbonyl on 1 had occurred. A transition-metal alkynyl
complex such as (n>-CsH(CO),Fe—C=C—H, in principle,
has at least three reactive sites toward a nucleophile; the
terminal proton may be removed or the a-carbon on the
alkynyl ligand or the carbon of a coordinated CO may be
attacked. Kostic and Fenske had concluded from a mo-
lecular orbital calculation that the LUMO in (»°-C;H;)-
(CO),Fe—C=C—H is such that a nucleophile would
preferentially add to the carbonyl carbon rather than to
the alkynyl ligand.!? This is consistent with the results
we obtained.

On the basis of these experiments, we suggest that the
formation of 2 may evolve by the pathway shown in
Scheme I. Although unprecedented for metal alkynyl
complexes, there are many examples of nucleophiles at-
tacking a coordinated carbon monoxide.’* Complex 4 has
a coordinatively unsaturated iron center and may rearrange
to form 2.1 The migration of an acyl group to a coor-
dinated carbon fragment has also been demonstrated re-
cently.!’> We are currently probing the generality of these
reactions by using other nucleophiles and metal halides.
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