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Abstract

The properties and reactivities of (p-n?:n%-FP-C=C-H)Co,(CO), (3) {the FP-C=C-H adducts to Co,(CO): 3a (FP = Fp), 3b
(FP = Fp*)] have been compared with those of alkyne adducts (u-n2:n2-R-C=C-R)Co,(CO), and the Ph analogue (x-n2:n%-Fp~
C=C-Ph)Co,(CO); (5). Compound 3 has been shown to serve as a.building block for polynuclear complexes. *CO-labelling
experiments on 3a and 5 have revealed an intramolecular exchange between the Fe-~CO and Co-CO ligands. Photolysis of 3a, b
produces pentanuclear clusters (CP),Fe,Co;(us-C=CHXCO),, (11a,b), respectively, via an apparent addition reaction of a
(CP)FeCo(CO),, fragment to 3. On the other hand, thermolysis of 3a gives the Fe-free hexacobalt cluster compound (p-CH=CH)-
[(-123-C)Co4(CO)g), (13) which consists of two alkylidyne tricobalt units linked by the CH=CH bridge, whereas 3b is thermolyzed to
give the Fe-Co dimer without the C,H ligand, Cp*Fe(COXu-C0O),Co(CO); (14), in addition to the photolysis product 11b.
Reduction of 3 with hydrosilanes gives a mixture containing 1,2-disilylethylene (16) and the tetranuclear u-vinylidene cluster
CpFeCo4(u4-C=CH,XCO), (12) formally by way of hydrosilylation and hydrometallation (with a HCo(CO),, species) of the C,H
ligand, respectively. In the case of the Pauson-Khand reaction and catalytic cyclotrimerization 3a exhibits reactivities similar to
alkyne adducts to give the tricyclic cyclopentenone derivatives 18 (from norbornene and norbornadiene) and triphenylbenzenes,
respectively.
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1. Introduction

We have been studying [1] the syntheses and reactiv-
ities of polynuclear complexes derived from parent iron
acetylides, the ethynyl complexes FP-C=C-H (1a: FP
= Fp; 1b: FP = Fp*) and the ethynediyl complex Fp*-
C=C-Fp* (2). It is expected that regarding the coordi-
nation structure and reactivity the resulting polynu-
clear complexes containing C,H,, ligands (n =0, 1) of
simple composition should serve as better model com-
pounds for surface-bound hydrocarbyl species than
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C,R complexes derived from alkynyl complexes bear-
ing an organic group such as Ph, CO,R and alkyl [2].

Treatment of the C,H, complexes 1 and 2 with
dinuclear species such as Co,(CO), [1d], Cp,Ni,(CO),
[le] and Cp,Mo,(CO), [1h] successfully produces
adducts in a manner similar to the reaction of alkynes
(Scheme 1) [3]. Although the structure of most of the
resulting adducts is similar to that of alkyne adducts
(p-n*:7*-R-C=C-R)M, with a tetrahedral C,M, core,
the FP part often induces unusual properties which
have not been observed for alkyne adducts. For exam-
ple, the Mo adducts show fluxional behaviour by way of
a vinylidene intermediate [1h] and the tetranuclear
complex 4 where the FeCo, cluster unit and the Fp*
group are linked by the C, bridge has proved also to
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be fluxional via reversible metal-metal bond cleavage
and recombination processes as revealed by variable
temperature "C-NMR (Scheme 1) [1d]. In this paper
we report some unusual properties and reactivities of
the Co adducts 3a and 3b, in particular, formation and
structure determination of higher-nuclearity cluster
compounds.

2. Results and discussion

2.1. BCO-scrambling between Fe and Co centres in ( n-
n%m2%-Fp-C=C-R)Co,(CO), (3a) (R=H) and 5 (R =
Ph)

Reaction of 1a with Co,(CO)g gave the adduct 3a
(Scheme 1), which, on treatment with hydrosilane, af-
forded a reduced organic product (see below). To
determine the source of the C of the reduced product,
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BCO-enriched samples of 3a were prepared. When a
benzene solution of 3a was exposed to 13CO, both of
the Fe and Co sites were enriched by *CO as deter-
mined by “C-NMR [Figs. 1a and b; eqn. (1) (*CO
denotes the site enriched by *CO)].

FeC H FeC
\ eCp _ F
CSc1C0 g CiscCOY,
R — LG M
Co—Co Go—=Co
(CO)3 (CO)s ("CO)3 (*CO)s
3a 3a-"*co

The estimated distribution of “CO (Fe-2CO:Co-
3CO = 1:2.5) was roughly comparable to the number
of the CO ligands (2:6), and incorporation of the *CO
was also confirmed by red-shift of the »(C=0) absorp-
tions. Because neither decomposed product nor the
starting compound 1a could be detected at all by the
NMR analyses (Fig. 1(a) shows the spectrum of a
reaction mixture after removal of the volatiles), incor-
poration of *CO appeared to proceed via a dissocia-
tive mechanism rather than via an associative mecha-
nism. These results could be explained in terms of
either CO exchange at both the Fe and Co sites (path
i) or incorporation of external CO into either the Fe or
Co site (path ii or iii) followed by intramolecular CO
exchange (path iv) (Scheme 2). In order to check the
second mechanism, reaction between 1a and >CO-en-
riched Co,(CO)g was carried out (eqn. (2)).
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Fig. 1. 13C.NMR spectra of *CO-enriched samples of 3a and 5: (a) a reaction mixture of 3a treated with 3o (in C¢Dq; eqn. 1); (b) an
expanded chart of the CO region of (a); (c) the CO region of 3a obtained by treatment of la with **CO-enriched Co,(CO)4 (in CDCl;; eqn. 2);
(d) > C-NMR spectrum of 5 obtained by treatment of Fp—C=C~Ph with *CO-enriched Co,(CO); (in CDCl3; eqn. 2); (e) an expanded chart of

the CO region of (d).



M. Akita et al. / Polynuclear complexes from (u-n:m?-FP-C=C-H)Co,(CO)4 177

v FeCp .. feCp
Csc1CO) Cxc1CO).

a&b {0 ) FpRaNy
Co—Co Co—Co
(*CO)3 (*CO)3 “(iv) (CO)y (CO); ~(iv)

' 4

N FeCp
E=c1co),

Co—Co
(*CO); (*CO)a

33_1300
Scheme 2.
R
\ FeC
Co,(*CO)g ,C.S,cf(*mﬁ
CpFe—C=C—R ——— /.~ )
(CO), Co—=Co
(*CO)3 (*CO)3
R= H(1a), Ph. 3
3a-"°CO (R=H)
5-CO (R= Ph)

As a result, the BC-NMR spectrum of the product
(Fig. 1(c)) which was essentially identical to Figs.
1(a),(b) verified the participation of the intramolecular
CO-scrambling process (path iv in Scheme 2). Because
under similar reaction conditions (2 atm at ambient
temperature) Co,(CO), incorporated *CO but 2 did
not, initial >CO-uptake at the Co-site and subsequent
intramolecular CO transfer between Fe and Co (path ii
and then iv) appear to be the most likely process for
the *CO-scrambling. The intermolecular CO exchange
reaction of (u-1n?:7%-R-C=C-R)Co,(CO), has already
been reported by Cetini et al., who also revealed that
the reaction rate of the complex with a more electron
donating substituent (R) was faster [4]. Although, ac-
cording to path iv, coalescence of the Fe-CO and
Co-CO signals at higher temperature was expected,
any notable change of the BCO-NMR spectra was not
observed up to 80°C (at 67 MHz). Above 80°C 3a
gradually decomposed as described below. Because a
similar CO exchange process was observed for 5§ (the
Ph analogue of 3a) as confirmed by the reaction be-
tween Fp—C=C-Ph and CO-enriched Co,(CO); (Figs.
1(d),(e); eqn. (2)), the present phenomenon may be a
general one observed for this class of compounds. The
CO-exchange may take place at the stage of a transient
S56e-arachno pentagonal bipyramidal intermediate 6
with Fe~Co bonds (see below) [5] as in the case of the
fluxional process of 4 [1d].
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To confirm the initial reaction site of the ligand
exchange, reaction of 2 with PPh; was examined.
Treatment of 3a with a slight excess of PPh; readily
produced a PPh,-derivative (eqn. (3)).

Cp Cp

H Fe - H Fe ~
PPh Cse” & Csc” ) P?\O
3 T % not .t PPhs | (3)
c6 o co o
(CO)s (2 (CO)s (CO)3
Phs
7 8

Although, unfortunately, a pure sample could not be
obtained due to thermal instability, the product was
assigned to 7 where one of the Co~CO ligands in 3a
was substituted by PPh; on the basis of the following
spectroscopic data: (1) the retention of the tetrahedral
C,Co, core was indicated by the C,=C,H resonances
[5(C,) 97.6 (J(*C-3'P) = 3.7 Hz, J(3C-H) = 209.6
Hz); 5:(Cp) 101.9 (J(*C-3'P) = 7.3 Hz, 2J(*C-'H) =
11.0 Hz)] which were close to those of the starting
compound 3a [6(C,) 95.7 ("J(PC-'H) = 209.6 Hz);
8-(C) 102.2 ((J(3C-"H) = 11.0 Hz)]; (2) the compa-
rable J(PC->'P) values for the C, and C, signals
preferred 7 over another possible isomer 8 which should
show considerably different 'J(*3C-3'P) and 2J(3C-
31p) (24 Hz) for the Fe-CO signal might support 8, the
'H-decoupled 3'p.NMR signal of BCO-enriched 7 ap-
peared as a broad signal rather than as a superposition
of a singlet and a doublet signal which was expected
for 8. Therefore the doublet CO signal might be due to
*J(3C-3'P). In addition, the 'H- and *C-NMR signals
of the Cp ligand appeared as singlets without coupling
with the *'P-nucleus, and this regiochemistry is sup-
ported by the structure of the Pauson-Khand reaction
products (see below) where the Fp structure was re-
tained. Replacement of a CO ligand by PPh, was
already reported for alkyne adducts, but it required
more vigorous conditions (heating at 60°C) [6]. The
higher reactivity of 3a may result from the better
electron-donating ability of Fp—C=C-H, as is consis-
tent with Cetini’s work.

2.2. Photolysis and thermolysis of 3a,b giving higher-
nuclearity cluster compounds

Two decades ago Yamazaki et al. reported the syn-
thesis of analogues of 3a, [u-n*:n%-CpFe(CO)L-C=C-
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R]Co,(CO)s (9) (R =Me, Ph; L=CO, PMe,Ph)
(Scheme 3) [7], and the structure of 5§ (R = Ph; L = CO)
later determined by Bruce et al. was very close to that
of 3a [8]. Yamazaki et al. also found that thermolysis of
9 resulted in loss of two CO ligands to give cluster
compounds 10, the proposed core structure of which
was very similar to that of 4 [1d]. 10 should be formed
by decarbonylation and subsequent compensation of
the coordinative unsaturation by formation of metal-
metal bonds with bridging CO. Taking into account
these results, photolysis and thermolysis of 3 were
examined.

Photolysis of 3a and 3b in benzene gave new com-
plexes 11a and 11b as predominant products, respec-
tively, which were readily isolated as black crystals
after simple crystallization (eqn. (4)).

CcP
Fe(CO)
H‘C’\\?O (4)
b » [ oo,

4
CPF?SC 5Co(CO), 11a(CP=Cp: 33 %)

S-GAC0): 11b (CP= Cp*: 65 %)
O O

No other byproduct except for very small amounts
of Fp, and Fp; was detected by '"H-NMR and TLC.
The NMR analyses of 11 revealed the presence of two
Cp(Cp*) ligands in different environments in addition
to a C,H ligand. The C,H NMR parameters and
patterns of the v(CO) absorptions of 11a,b were very

TABLE 1. Crystallographic data for 11a, 13, 14 and 18

R
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9 10
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Scheme 3.

similar to each other, and the highly deshielded quar-
temary carbon signals [ 306.7 (11a), 310.0 (11b)]
suggested that the C,H ligands were located in poly-
metallic environments [9]. Then the molecular struc-
ture of 11a was determined by X-ray crystallography.
The crystallographic data and selected structural pa-
rameters are summarized in Tables 1 and 2, and the
molecular structure and core structures are reproduced
in Figs. 2 and 3. As expected from the C-NMR
spectrum, 11a proved to be a pentanuclear cluster
compound bearing the multiply bridging C,H ligand,
Cp,Fe,Co,(us-C=CHXCO),,. The Fe,Co; skeleton
adopts a spiked butterfly structure, that is, the core
skeleton comprising of Fel and Col ~ 3 adopts a but-
terfly structure and C1 lies approximately equidistant
from the four metal centres [1.92(1) ~ 2.09%(1) A] as can
be seen from side and top views of the Fe,Cos(us-
C=CH) core structure (Fig. 3). However, the m-coordi-
nation of the C1-C2 part to Co3 results in consider-
able elongation of the C1-Co3 distance compared with
the Cl-Fel distance. Thus the photolysis product 11a
can be viewed as a derivative of the tetranuclear bridg-

11a 13 14 18
formula C3,H,{0pFe,Co, C;,H,,0,4C04 C,6H5s04FeCo C,7H;0,Fe
fw 843.93 907.84 418.07 320.13
space group P2,/c P1 P1 P2,/n
a/A 16.819(8) 8.868(2) 9.231(3) 6.952(6)
b/A 8.618(1) 12.270(2) 12.225(3) 20.061(19)
c/A 16.625(4) 8.119(3) 8.264(4) 10.467(11)
a/deg 90 104.76(2) 90.52(3) 90
B/deg 98.41(3) 114.06(2) 110.58(3) 105.72(7)
v/deg 90 95.38(2) 90.64(2) 90
VA3 2384(2) 760.3(4) 872.9(5) 1405(2)
zZ 4 1 2 4
d ycq/8 €M ~3 2.35 1.98 1.59 1.51
p/em™! 33.0 327 18.0 10.8
20/deg 2-55 5-55 5-55 5-50
no. of data collecd 6018 3720 4244 2773
no. of data with 3543 2300 2715 1184
1>3a(D)
no. of variables 334 212 217 190
R 0.075 0.023 0.031 0.068
R, 0.081 0.032 0.045 0.043
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TABLE 2. Selected structural parameters for 11a [and 12] 2

Bond lengths (4)

Cl1-C2 1.41(1) [1.43(1)] Fel-Col
Ci1-Fel 1.94(1) [1.933(8)] Fel-Co2 2.532(2) [2.49%2)]
C1-Col 1.98(1) [1.917(6)] Fe2-Co3 2.548(3)

C1-Co2 1.92(1) {1.917(6)] Col-Co2 2.450(2) [2.456(3)]
C1-Co3 2.09(1) [2.087(8)] Col-Co3 2.629(3) [2.581(3)]
C2-Fe2 2.01(1) Co2-Co3 2.593(2) [2.581(3)]
C2-Co3 2.00(1) [2.0%1)]

Bond angles (°)

2.502(2)  [2.499(2)]

C2-C1-Fel 136.1(8) Fel1-Col-Co2 61.4%7)
C2-C1-Col 117.6(7) Fel-Col-Co3 100.30(8)
C2-C1-Co2 138.9(8) Co2-Col1-Co3 61.28(6)
C2-C1-Co3 66.5(6) C1-Co2-Fel 49.4(3)
Fe1-C1-Col 79.3(4) C1-Co02-Col 52.2(3)
Fel-C1-Co2 82.0(4) C1-Co2-Co3 52.73)
Fel-C1-Co3 155.5(6) Fel-Co2-Col 60.26(7)
Col-C1-Co2 77.9(4) Fel-Co2-Co3 100.48(8)
Col-C1-Co3 80.4(4) Col1-Co2-Co3 62.76(7)
Co2-C1-Co3 80.5(4) C1-Co3-C2 40.2(4)
C1-C2-Fe2 122.8(8) C1-Co3-Fe2 80.3(3)
C1-C2-Co3 73.3(6) C1-Co3-Col 47.9(3)
Fe2-C2-Co3 79.0(4) C1-Co3-Co2 46.9(3)
C1-Fel1-Col 51.0(3) C2-Co3-Fe2 50.6(3)
C1-Fel-Co2 48.6(3) C2-Co3-Col 76.6(3)
Col-Fel-Co2 58.25(7) C2-Co3-Co2 84.5(3)
C2-Fe2-Co3 50.4(3) Fe2-Co3-Col 125.98(8)
C1-Col-Fel 49.7(3) Fe2-Co3-Co2 102.6%(8)
C1-Col-Co2 50.0(3) Col1-Co3-Co2 55.947)
C1-Col-Co3 51.6(3)

? bond lengths shown in brackets are for 12 with mirror symmetry.

ing vinylidene cluster compound 12 (see below) which
was prepared and structurally characterized by Stone

RH

ZaN
-G~
CpFegt, Co(CO)a
NS
OC-Co “Co 12
(CO)2 (CO)2

et al. [11]. The structure of 1la corresponds to a
structure where one of the methylene hydrogen atoms
in the parent vinylidene complex 12 is replaced by the
spiked Fe group (Fe2), which is further bonded to the
wingtip Co atom (Co3) of the butterfly skeleton. In
accord with this description, the bond lengths and the
8c(C1) value of 11a are comparable to those of 12 (the
bond lengths are shown in Table 2; §-(C1) 304.3).
However, owing to the Fe2—-Co3 interaction the vinyli-
dene ligand plane is considerably twisted [the torsion
angle Fel-C1-C2-Fe2 =127.2(9)°] and C2 is tilted
toward the Col side [¢f. Co2-C1-C2 = 138.9(8)",
Co1-C1-C2 = 117.6(7)°]. In the case of 12, the corre-
sponding torsion angle is 60° and the two Co-C-C
angles (130°) are equal because of the structure with a

Fig. 2. Molecular structure of 11a drawn at the 30% probability level.

mirror symmetry. The Cp* complex 11b was assigned
to the Cp* analogue of 11a on the basis of the similar
spectroscopic features as well as the FDMS data. This
complex was also obtained by reaction between 2 and
Co,(CO),, instead of the adduct with an octahedral
C,Co, core [12]. In contrast to 3, it was found that the
tetranuclear p,-C, complex 4 was stable under photo-
chemical reaction conditions.

Thermolysis of 3 also produced polynuclear com-
plexes. Heating a benzene solution of 3a at 90°C gave a
mixture of products. Although a considerable amount
of Fp, was detected as the sole Cp-containing product
by the 'H-NMR spectrum of a reaction mixture, a new
red-purple compound 13 was isolated by chromato-
graphic separation (eqn. (5)).

Co2

Fig. 3. Core structures of 11a: (a) an overview; (b) a side view; (c) a
top view.
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0 (Y (Dosc

Fig. 4. Molecular structure of 13 drawn at the 30% probability level.
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Interestingly, 13 contained no Cp ligand and spec-
troscopic analyses revealed merely the presence of an
olefinic CH group [6 7.96 (s); 8¢ 150.0 (d, J =154.3
Hz)] and CO ligands [»(C=0) 2027 cm ~']. Then 13 was
subjected to X-ray crystallographic analysis (Fig. 4;
Tables 1 and 3). As a result, 13 proved to be composed
of two tricobalt alkylidyne units linked by a CH=CH
bridge, and possessed a centrosymmetric structure with
respect to the midpoint of the C=C bond. In accord
with this structure, the alkylidyne carbon atom signal
could be located at 8- 306.7. While the structural
parameters concerning the tricobalt alkylidyne units
fall in the normal range of related compounds [13] and
the C=C length is comparable to alkenes (C=C: 1.34 A)
the C—CH= distance is substantlally shorter than usual
C(sp?)-C(sp?) lengths (1.50 A) [14].

On the other hand, thermolysis of 3b in benzene
afforded a Cp*-containing product 14 along with the
photolysis product 11b (eqn. (6)).

(0}
70°C /C\
3b Cp" Fe ——Co(CO); + 11b (6)
benzene \ / (15 %)

O O 14 (20 %)

TABLE 3. Selected structural parameters for 13

Bond lengths (A)

C1-C2 1.434(4) Col-Co2 2.4771(9)
C1-Col 1.908(3) Co1-Co3 2.4689(8)
C1-Co2 1.905(3) Co2- C03 2.466(1)

C1-Co3 1.918(3) Co- COq 1.785(3)-1.795(4)
c2-C2' 1.331(6) Co-CO,, o 1.826(3)-1.834(3)
C2-H2 0.87(3)

Bond angles (°)

Col-C1-Co2 81.0(1) C2'-C2-H2 117(2)
Col-C1-Co3 80.4(1) Co2-Col1-Co3 59.82(3)
Col-C1-C2 128.1Q2) Co1-Co2-Co3 59.93(3)
Co2-C1-Co3 80.3(1) Co-Co-C1 49.42(8)-50.07(9)

Co2-C1-C2 134.2(2)
Co3-C1-C2  132.7(2)
Cl1-C2-C2"  127.%(4)
C1-C2-H2  116(2)

# CO,q:CO ligands of A and B series. bCOM:CO ligands of C
series.

CO,—Co-CO,, *  95.0(2)-97.8(2)
CO, —Co —CO, *°  97.6(1)-104.1(2)
Co- C O(CO) 176.8(4)-179.0(3)

Because NMR and IR spectra of 14 revealed only the
presence of Cp*Fe(CO) and u-CO functional groups
and, more 1mportantly, multiply bridging C, ligands
often escaped from >C-NMR detection [1d,15), 14 was
characterized by X-ray crystallography (Fig. 5 and Table
4). Contrary to our expectations, 14 turned out to be a
simple Fe-Co dimer complex without C,H, ligand,
Cp*Fe(COXp-CO),Co(CO);. When the structure of
14 was compared with that of the previously reported
Cp analogue, CpFe(COXu-C0O),Co(CO); (15) (its
structural parameters are shown in brackets in Table 4)
[16], they were very similar to each other except for the
following aspect. Because the structure of the Cp com-
plex 15 has mirror symmetry with respect to the plane
passing through Fe, Co, the centroid of the Cp ring
and two terminal CO ligands corresponding to C101
and C404, the bridging mode of the two u-CO ligands
is the same and they areotilted toward Co [Fe-C:
1.882(7) A, Co-C: 2.036(7) A; Fe-C-0: 144.5(6)°, Co-

Fig. 5. Molecular structure of 14 drawn at the 30% probability level.
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TABLE 4. Selected structural parameters for 14 [and 15] 2

Bond lengths (A)

Fe-Co 2.591(1) [2.545(1)] C1-01 1.143(4) [1.13(1))
Fe-C1 1.762(3) [1.75(1)] C2-02 1.166(3) [1.147(8))
Fe-C2 1.941(3) [1.882(7)] C3-03 1.145(4) [1.147(8))
Fe-C3 1.834(3) [1.882(7)] C4-04 1.13%(4) [1.14(1)]
Co-C2 1.943(3) {2.036(7) C5-05 1.146(4) [1.127(8)]

Co-C3 2.225(3) [2.036(7)) C6-06 1.131(4) [1.127(8)]
Co-C4 1.801(3) [1.781(N] Fe-C(Cp*) 2.100(3)-2.1473) ®
Co-C5 1.771(4) [1.783(D} C-C(Cp™*) 1.413(4)-1.440(4) ©
Co-C6 1.802(4) [1.783(N) C-Me(Cp™) 1.493(5)-1.506(4)

Bond angles (°)

Co-Fe-C2 48.21(9)[52.22)] Co-C2-02  138.9(2) [134.6(6))
Co-Fe-C3 57.4(1){522(2)] Fe-C2-02  137.5(2)[144.5(6)]
C2-Fe—C3 101.0(1) [96.8(3)] Co-C3-Fe 78.7(1) [80.9(3)]
Fe-Co-C2 48.14(8)[46.9(2)] Co-C3-03  128.0(2)[134.6(6)]
Fe—-Co-C3 43.95(8)[46.9%(2)] Fe-C3-03  153.3(3)(144.5(6)]

C2-Co-C3 88.4(1)[87.5(3)) C-C-C(Cp*) 107.6(3)-108.7(3) ¢
Co-C2-Fe 83.7(1)[80.9(3)] C-C-Me(Cp*)124.9(3)-126.4(3)

“OValues in brackets are for the Cp analogue 15. °[2.03(1)-2.08(1)
Al °[1.292)-1.34(2) Al. * [ca. 107°].

C-0: 134.6(6)°]. However, in the case of the Cp*
complex 14, lack of such symmetry causes differentia-
tion of the two CO ligands. Namely, the C202 ligand is
coordinated to Fe and Co in an essentially symmetrical
manner as i°s evident from theo similar M~C2 distances
[1.941 (3) A (Fe); 1.943(3) A (CO)] as well as the
similar M—C2-02 angles [137.5(2)° (Fe); 138.92)¢
(CO)], whereas the C303 ligand ois bonded more
strongly to Fe than to Co [1.834(3) A (Fe); 2.225(3) A
(Co)] and the O3 atom is tilted toward Co[Fe—-C3-03
= 153.3(3)°; Co-C3-03 = 128.0(2)°]. The values for 14
are approximatgly equal to the ayeraged ones for 15
[Fe—C: 1.888 A; Co-C: 2.084 A; Fe-C-0O: 145.4°;
< Co-C-0: 133.5°].

The mechanisms of formation of the above-men-
tioned photolysis and thermolysis products, which are
completely different from the decarbonylated products
(10) of the analogues 9 (Scheme 3) have not been clear
until now, because little information on intermediates
and byproducts except for the detection of Fp,(Fp3) or
14 (15) has been available. However, formation of the
photolysis product 11 may be explained by formal
addition of a “(CP)FeCo(CO),” fragment to 10 (R=H)
and its Cp"* analogue which may be generated accord-
ing to Scheme 3, although 10 (R=H) has never been
detected at all. Such a cluster expansion reaction has
been recognized as a general synthetic method for
higher-nuclearity cluster compounds [17], and the
(CP)FeCo(CO), species may be generated by decar-
bonylative decomposition of 3 and, in the case of the
thermolysis, (CP)FeCo(CO)¢14 and 15 were actually
isolated from the reaction mixture. Furthermore, cou-
pling of the residual Co(C,H) species and picking up

of Co, fragments could explain the formation of 13. In
the case of the reaction of 3b, the fate of the C,H
ligand cannot be determined by NMR and GLC analy-
ses. The C, complex 4 decomposed upon thermolysis
to give a mixture containing 2.

2.3. Reduction of 3 with hydrosilanes

In addition to the study on polymetallic C,H,, com-
plexes, reduction of hydrocarbyl ligands in transition
metal complexes by employing hydrosilane as an equiv-
alent for H, is another subject of our study through
which we hope to get information on the reduction
step of surface-bound intermediates [18].

Reaction of 3a with hydrosilanes [HSiR ;: R, = Me,
(a), Et; (b), Me, Et (¢), Me,Ph (d)] readily proceeded
at ambient temperature to give a mixture of products
containing 1,2-disilylethylene (16a—d) together with 12,
15 and Fp, (eqn. (7). Fig. 6 shows the 'H-NMR
spectrum of a reaction mixture of HSiEt,.

HsiR, R3Si H
3Ja—> 7 >c=c{  +12+15+Fp,
ben'zéne H SIR3
16
(R,=Et;) (73%) (22%) (74%) (8%)

(7)

The reduction products were identified by compari-
son of the NMR and GCMS data with those of authen-
tic samples (16a—c) [19] or isolated by column chro-

M
Et signals
15 (Cp)
solvent
16b (HC=CH)
HSiEt,
T™MS
T [ ¥ 1 T l T '
3 2 1 0
& /ppm

Fig. 6. "H-NMR spectrum (90 MHz) of a reaction mixture of 3a and
3 equiv HSiEt; in C4Dy (r.t., 3 h). The Cp signal of Fp, appeared as
a small shoulder peak of the Cp signal of 12.
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matography (16d), and they were readily detected by
the singlet olefinic proton signals [8; (C¢Dg) 6.76
(16a), 6.74 (16b), 6.78 (16¢c), 6.83 (16d)] of reaction
mixtures. Because C, ligands in polymetallic com-
plexes frequently escaped from “C-NMR detection
[1d,15] and the CH, signal of 12 could not be located
by measurement at room temperature, the structures
of 12 and 15 were characterized by spectroscopic meth-
ods and crystallography to be the vinyilidene cluster
with the butterfly FeCo, array, CpFeCo,(u,-C=
CH,)C(CO),, and the simple Fe-Co dimer,
CpFe(COXu-C0O),Co(CO),, respectively. The crystal
structures of both the complexes were reported already
(see above). The cell parameters of our products [12:a
= 8.283(2), b = 18.120(3), ¢ = 12.876(3) A; orthorhom-
bic; space group Pbem [11]; 15: a= 8.625(2), b=
10.952(2), ¢ =7.015(1) A, b= 104.64(2)°; monoclinic;
space group P2,/m [16a]] coincided with the reported
values within experimental error, and the R values
converged below 0.05 in both cases. On the basis of
these assignments, the product distribution of the reac-
tion with HSiEt, was estimated by 'H-NMR as shown
in eqn. (7). It was difficult to get reproducible isolated
yields, because the highly labile Co-containing products
suffered severe decomposition during chromatographic
separation. 3b also reacted with hydrosilanes in a man-
ner similar to 3a to give 16 and 14. However, to our
surprise, the tetranuclear C, complex 4 was totally
inert toward hydrosilanes. This result supports the
associative mechanism proposed for the fluxional be-
haviour of 4 [1d].

To consider the mechanism of formation of 16, a
couple of experiments were conducted. Treatment of
3a with DSiMe, gave the dideuterated product 16a-d,
as confirmed by "TH-NMR and GCMS analyses of the
reaction mixture. This result implicated that the C=C
moiety in 16 might result from deoxygenative coupling
of two CO molecules induced by hydrosilanes [20]. The
viability of this mechanism was checked by the reaction
of the CO-enriched 3a (see above) with HSiMe;.
However, >C was not incorporated into 16a at all as
confirmed by GCMS analyses. These labeling experi-
ments therefore indicated that the C=C moiety in 16
came from the C,H ligand in 3a, similar to the results
of the reduction of 5§ and (u-n2:n%-Ph-C=C-
Ph)Co,(CO), giving hydrosilylated products, i.e. a mix-
ture of two isomers Ph(H)C=C(H)SiR, and CH,
C=C(Ph)SiR;, and Ph(H)C=C(Ph)SiR,, respectively.
The former reaction also produced CpFeCos(u,-
C=CHPhXCO), (17), the Ph analogue of 15.

Since the methylene hydrogen atoms in 12 obtained
by the reaction with DSiMe; were not completely
deuterated as in the case of 16, these two products are
expected to be formed by different reaction pathways.

Although, in this case, too, the reaction mechanisms
have remained unknown so far, 16 may arise from
hydrosilylation of the C,H functional group giving a
R,;Si(H)C=C(H)-M intermediate followed by silylative
cleavage of the C-M bond. At the present time, we
have no explanation for the perdeuteration of the
olefinic hydrogen atoms in 16. On the other hand,
formation of 12 and 17 can be explained by hydromet-
allation of the C,R functional groups in 3a and § by an
HCo(CO), species, respectively, and metal-metal bond
formation.

2.4. Reaction of 3a with alkenes end phenylacetylene

In contrast to the above-mentioned reactions, 3
sometimes exhibited reactivities similar to alkyne
adducts. Reaction between (u-nZ:n%-R-C=C-R)
Co,(CO)¢ and alkene, the so-called Pauson-Khand re-
action [21], has been utilized for construction of cy-
clopentenone skeletons, and electron-rich alkenes have
been revealed to be much more reactive. Although
vinyl acetate, an electron-rich alkene, did not react
with 3a but was polymerized upon heating, and cy-
clopentene left 3a unaffected, strained alkenes such as
norbornene and norbornadiene readily reacted with 3a
to give adducts 18 in moderate to good yields together
with small amounts of 15, Co,(CO),, and Fp, (eqn.
(8)).

a EH
3a S § ) :
+ / r' t. (8)
benzene B
H

18a (from norbornene) : 98 %
18b (from norbornadiene) : 43 %

o)

In the case of the reaction with norbornadiene (nbd),
the Co residue was trapped as Co,(CO),(n*nbd), [22].
Because it was difficult to locate the very weak > C=O
signals (33C-NMR) of 18, the molecular structure of

Fig. 7. Molecular structure of 18b drawn at the 30% probability level.
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TABLE 5. Selected structural parameters for 18b.

Bond lengths (/f)

FE-C2 1.94(1) C4-C9 1.55(1)
Fe-Cl16 1.77(1) C5-C6 1.53(1)
Fe-C17 1.73(1) C6-C7 1.51(2)
C1-01 1.24(1) C6-C10 1.56(1)
C1-C2 1.52(1) C7-C8 1.32(2)
C1-C5 1.51(1) C8-C9 1.47(2)
C2-C3 1.35(1) C9-C10 1.56(1)
C3-C4 1.4%1) C16-02 1.13(D)
C4-C5 1.55(1) C17-03 1.18(1)
Bond angles (°)

01-C1-C2 124 (1) C4-C5-C6 103.1(9)
01-C1-C5 123 (1) C5-C6-C7 106 (1)
Fe-C2-C1 123.8(8) C5-C6-C10 101.909)
Fe-C2-C3 133.99) C7-C6-C10 98(1)
C2-C3-C4 119(1) C6-C7-C8- 108 (1)
C3-C4-C5 102.8(9) C7-C8-C9 108 (1)
C3-C4-C9 1151 C4-C9-C8 107 (1
C5-C4-C9 103.1(9) C4-C9-C10 100.5(9)
C1-C5-C4 103.8(9) C8-C9-C10 100 (1)
C1-C5-C6 114 (1) C6-C10-C9 92.3(9)

the norbornadiene adduct 18b was determined by X-ray
crystallography (Fig. 7 and Table 5) to be the expected
tricyclic cyclopentenone derivative. The cyclopen-
tenone ring was fused to the norbornene skeleton from
the sterically less congested exo-side, and the Fp-sub-
stituent occupied the a-position of the cyclopentenone
ring as usually observed for the reaction products of
1-alkyne.

Finally, 3a was found to exhibit catalytic activity for
cyclotrimerization of phenylacetylene giving a ca. 3:1
mixture of 1,2,4- and 1,3,5-isomers of triphenylben-
zenes. After the reaction, the Fp—C=C-H moiety in 3a
was replaced by the substrate to give (u-n2%:n*-Ph-
C=C-H)Co,(CO),. Although alkyne adducts were re-
ported also to catalyze the cyclotrimerization [3a], the
initial reaction rate induced by 3a was larger than that
induced by the Ph—C=C-H adduct. Ten equivalents of
Ph—C=C-H were consumed within 5 h at ambient tem-
perature. This may result from the higher lability of
CO ligands in 3a as shown above. However, after a
certain reaction time the catalytic activity became al-
most the same as that of the Ph—C=C-H adduct owing
to the ligand replacement reaction.

3. Conclusion

Of the u-n?:m2-adducts of FP-C=C-H (1) to Co,,
Ni, and Mo, species which we have prepared [1], the
Co derivatives 3 exhibit the highest reactivity, reflecting
the lability of the Co—~CO bond [4]. However, because
the resulting primary reaction products also contain
highly labile Co-CO functional groups, only secondary

Scheme 4.

reaction products have been isolated and character-
ized. Although this limitation hinders clarification of
the reaction mechanisms, the present study summa-
rized in Scheme 4 (ligands are omitted for clarity) has
revealed that the C,H complexes 3 serve as building
blocks for polynuclear complexes 11-13. 11 and 12 are
apparently formed by addition of a (CP)FeCo fragment
to 3 and by hydrometallation of 3 by a HCo(CO),
species, respectively. It is also revealed that 3 shows
reactivity similar to alkyne adducts with respect to
Pauson-Khand reaction and catalytic cyclotrimerization
of 1-alkyne.

4. Experimental details

4.1. General

All manipulations were carried out under argon by
standard Schlenk tube techniques. Ether, THF, ben-
zene and hexanes (Na-K alloy) and CH,Cl,(P,0O;) were
treated with appropriate drying agents, distilled, and
stored under argon 3 and 4 were prepared according to
the method described in our previous paper [1d]. Hy-
drosilanes 16a,b were prepared by LiAIH , reduction of
appropriate chlorosilanes in butyl ether or diglyme,
and Co,(CO),, was prepared by thermolysis of Co,
(CO), according to [23]. Other chemicals were pur-
chased and used as received. Column chromatography
was performed on alumina [activity II ~ IV (Merck
Art. 1097)] or silica gel [column: Kieselgel 60 (Merck
Art. 7734); PTLC: Kieselgel 60 PF,;, (Merck Art.
7747).

'H- and ®C-NMR spectra were recorded on JEOL
EX-90 (*H: 90 MHz) and JEOL GX-270 spectrometers
('H:270 MHz; C: 67.9 MHz). Solvents for NMR
measurements containing 1% TMS as an internal stan-
dard were dried over molecular sieves and distilled
under reduced pressure. Coupling constants are ex-
pressed in Hz and unless otherwise stated are for
J(BC-1H). IR and GC- and FD-MS analyses were
performed on a JASCO FT /IR 5300 spectrometer and
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a Hitachi M-80 mass spectrometer, respectively. Pho-
tolysis was carried out by using a high pressure mer-
cury lamp (USHIO UM-452).

4.2. PCO-exchange reaction of 3a

A benzene solution of 3a pressurized by *CO (2
atm) in a glass autoclave was stirred overnight at room
temperature. Removal of the volatiles gave the Bco-
enriched 3a.

4.3. Reaction of Fp—C=C-R (R = H, Ph) with CO-en-
riched COz(CO)g

A benzene solution (10 ml) of Co,(CO); (342 mg,
1.00 mmol) pressurized by >CO (2 atm) in a glass
autoclave was stirred overnight at ambient tempera-
ture. After incorporation of BCO was checked by IR,
the dissolved "*CO was removed by evacuation for a
few minutes. Then Fp~-C=C-H (202 mg, 1.00 mmol)
was added to the solution. The reaction proceeded
with evolution of CO. The evolved CO dissolved in the
solution phase was removed by evacuation to avoid
exchange between the resulting 3a formed and the
evolved *CO. Work up as described for 3a [1d] gave
the *CO-enriched 3a.

Similar treatment of Fp—-C=C-Ph gave a BCO-en-
riched sample of 5.

4.4. Reaction of 3a with PPh,

A benzene solution (2 ml) of 3a (98 mg, 0.20 mmol)
and PPh; (63 mg, 0.24 mmol) was stirred for 1.5 h at
ambient temperature. Separation by preparative TLC
(silica gel developed by ether /hexanes = 1/8) gave an
orange band of 7. An analytically pure sample could
not be obtained due to thermal instability. 7: 'H-NMR
(C¢Dy) 6 4.17(5H, s, Cp), 5.53 (1H, d, J(H->"P) = 12,
C,H); BC.NMR (C¢Dy) 6 87.6 (d, J = 180.2, Cp), 97.6
(dd, J(PC-"P) = 3.7, J(PC-'H) = 209.6, C=C-H),
101.9 (dd, J(BC->'P) =73, J(B¥C-'H)=11.0, C=C-
H), 203.6 (br, Co-CO), 2132 (br, Co-CO), 213.5
(d, Jo_c =239, Fe-CO); *P-NMR (CD;; external
standard: phosphoric acid) § 29.2; IR (KBr) »(C=0)
2041, 2012 and 1945 cm ™~ !; FD-MS 722 (M ™).

4.5. Photolysis of 3a

A benzene solution (60 ml) of 3a (540 mg, 1.11
mmol) was irradiated with slow Ar purge for 40 h.
After evaporation of the volatiles, the residue was
extracted with ether and passed through an alumina
pad. Recrystallization of the residue from ether/
hexanes gave 11a (130 mg, 0.18 mmol, 33% yield based
on Fe) as black microcrystals. 'H-NMR (CD,Cl,) &
5.28 (5H, s, Cp), 5.40 (5H, s, Cp), 12.52 (1H, s, C=CH);
BC-NMR (CD,Cl, at —80°C) 5 89.1(d, J = 181.6, Cp),

93.5(d, J=180.1, Cp), 187.3(d, J = 167.8, C=CH), 196
(br, Co-CQ), 209 (br, Co-CO), 212.8 (s, Fe-CO), 244.8
(s, u-CO), 248 (br, u-CO), 306.7 (s, C = CH); IR (KBr)
v(C=0) 2051, 1985, 1953, 1849 and 1818 cm™!; FDMS
(M™) 724; Anal. Calcd. for C,,H,,0,,Fe,Co,: C, 36.51;
H, 1.52. Found C, 36.29; H, 1.69%.

4.6. Photolysis of 3b

A benzene solution (200 ml) of 3b (1.13 g, 2.02
mmol) in a quartz Schlenk tube was irradiated with
slow Ar purge for 18 h. After evaporation of the
volatiles, the residue was extracted with CH,Cl, and
passed through an alumina pad. Recrystallization from
ether/CH,Cl, gave 11b (570 mg, 0.66 mmol, 65%
yield) as black microcrystals. '"H-NMR (CDCl,) 5 1.83
(15H, s, Cp™), 2.00 (15H, s, Cp™), 11.66 (1H, s, C=CH);
BC-NMR (CDCl,) & 9.1 (g, J=128.2, CsMey), 9.4
(q, J = 128.2, CsMes), 98.1 (s, CsMes), 102.7
(s, CsMey), 192.8 (d, J = 162.0, C=CH), 215.5 (s, Fe~
CO), 248.8 (s, u-CO), 253.1 (s, u-CO), 310.0 (s, C=CH)
(other CO’s attached to Co could not be located); IR
(KBr) »(C=0) 2041, 1997, 1957, 1823 and 1804 cm™';
FDMS (M*) 864; Anal. Caled. for C;,H;,0,,Fe,Cos:
C, 44.49; H, 3.59. Found C, 44.04; H, 3.12%.

4.7. Thermolysis of 3a

A benzene solution (20 ml) of 3a (488 mg, 1.00
mmol) was heated in a glass autoclave for 18.5 h at
90°C. After removal of the volatiles under reduced
pressure, the resulting residue was extracted with
CH,Cl, and passed through an alumina pad. The
filtrate was separated by column chromatography
(alumina). Purple band eluted with CH,Cl,/hexanes
=1/6 was collected and recrystallized from CH,Cl,/
hexanes to give 13 (red-purple crystals, 48 mg, 0.07
mmol, 21% yield based on C,H). 'H-NMR (CDCl,) &
7.96 (2H, s, =CH-); "C-NMR (CDCl,) 6 150.0 (d, J =
154.3, =CH-), 199.5 (s, Co-CO), 344.2 (s, CCo,); IR
(KBr) »(C=0) 2027 cm~!; Anal. Caled. for
C,,H,0,4,Co¢: C, 29.10; H, 0.22. Found C, 28.99; H,
0.42%.

4.8. Thermolysis of 3b

A benzene solution (30 ml) of 3b (800 mg, 1.30
mmol) was heated in a glass autoclave for 16 h at 70°C.
After evaporation of the volatiles the residue was ex-
tracted with CH,Cl, and recrystallized from CH,Cl,/
hexanes to give 11b (51 mg). The supernatant was then
separated by alumina column chromatography eluted
with CH,Cl, /hexanes mixed solvent. 14 (111 mg, 0.266
mmol, 20% yield) was isolated as dark brown crystals
from orange band. A dark grey band contained 11b (36
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mg, combined yield: 87 mg, 0.10 mmol, 15% based on
Fe). 14: '"H-NMR (CDCl,) & 1.81 (s, Cp*); C-NMR
(CD,CL,) 6 9.1 (q, J = 128.5, CsMe;), 98.5 (s, CsMes),
218.8 (br, CO); IR (KBr) »(C=0) 2050, 1988, 1958,
1858 and 1776 cm ™.

4.9. Reaction of 3a with HSIEt;: Isolation of 12 and 15

To a benzene solution (25 ml) of 3a (1.06 g, 2.17
mmol) was added HSiEt, (1.04 ml, 6.52 mmol), and the
mixture was stirred for 1 h at room temperature. After
removal of the volatiles under reduced pressure, the
residue was extracted with CH,Cl, and passed through
a silica gel pad. Separation by column chromatography
(silica gel) gave a brown band (eluted with CH,Cl,
:hexanes = 1:8 — 1:7) and a dark brown band (eluted
with CH,Cl, : hexanes = 1:7), from which 12 (40 mg,
0.07 mmol, 6% vield) and 15 (23 mg, 0.06 mmol, 3%
yield) of X-ray quality were isolated after repeated
recrystallization from CH,Cl,-hexanes. Further elution
with CH,Cl, :hexanes = 1:2 gave Fp, (220 mg). 12
and 15 were identified by comparison of the BC.NMR
(for 12 at —80°C) and crystallographic data with those
reported.

4.10. Reaction of 3a with HSiMe, Ph: isolation of 16d

3a (488 mg, 1.00 mmol) and HSiMe,Ph (0.46 ml, 3.0
mmol) were allowed to react for 1 h as described
above. Separation by column chromatography gave a
purple band eluted with CH,Cl,:hexanes =1:10.
Crystallizations from hexanes and then from ether fol-
lowed by sublimation gave colourless crystals of 16d (56
mg, 0.19 mmol, 19% isolated yield). 16d: 'H-NMR
(C¢Dg) & 0.33 (s, 12H, s, SiMe, X 2), 6.83
(2H, s, CH=CH), 6.9-7.5 (10H, m, Ph x 2). *C-NMR
(CDCl;) 6 —2.9 (qd, J=119.8 and 1.5, SiMe), 127.8
(d, J=158.7, Ph), 128.9 (d, J=152.3, Ph), 133.9 (d, J
= 1549, Ph), 138.6 (s, Ph), 1504 (d, J =
138.9, CH=CH). Anal. Calcd. for C;3H,,Si,: C, 72.90;
H, 8.16. Found C, 73.01; H, 8.20%.

4.11. Reaction of 5 with HSiMe, Et: isolation of 17

5 (1.00 g, 1.77 mmol) and HSiMe,Et (0.59 ml, 5.32
mmol) were allowed to react in benzene (30 ml) for 1.5
h at room temperature. Work up as described above
and chromatographic separation gave 15 (142 mg;
eluted with CH,Cl, :hexanes =1:6 — 1:3) and 17 (31
mg, 0.05 mmol, 5% yield). 17: "H-NMR (C,D;) 6 4.33
(5H, s, Cp), 5.13 (1H, s, CHPh), 6.8-7.2 (5H, m, Ph).
BC.NMR (CD,Cl, at —80°C) & 822 (d, J =
158.1, CHPh), 940 (d, J = 182.0, Cp), 297.3
(s, C=CHPh), Ph and CO signals were observed around
130 (Ph), 200 (CO), 250 (u-CO) ppm, respectively.
FD-MS (M*) 652. Anal. Calcd. for C,,H,;04FeCo;:
C, 40.53; H, 1.70. Found C, 40.26; H, 1.43%.

4.12. Reaction of 3a with norbornene

A benzene solution (5 mi) of 3a (488 mg, 1.00 mmol)
and norbornene (188 mg, 2.00 mmol) was stirred for
2.5 h at room temperature. After evaporation of the
volatiles, the residue was extracted with CH,Cl, and
passed through a silica gel pad. Products were sepa-
rated by column chromatography (silica gel). Elution
with CH,Cl,/hexanes=1/3 > 3/1 gave Co,(CO),,
(purple-black band, 58 mg, 0.10 mmol) and then Fp,
(red-brown band, 40 mg, 0.11 mmol). Further elution
with CH,Cl, gave 18a (yellow band, 320 mg, 0.98
mmol, 98% vyield), which was isolated as an orange
solid after recrystallization from ether /hexanes. 'H-
NMR (C¢Dg) & (norbornyl protons) 0.75 (1H, d, J =
9.9), 1.02 (2H, s), 1.05 (2H, s), 1.36 (1H, m), 1.90 (1H, s),
2.06 (1H, d, J=5.3), 241 (1H,dd, J=2.6 and 5.0),
2.50 (1H, s); 4.25 (5H, s, Cp), 7.27 (1H, d, J = 2.6, CH);
BC.NMR (C,D,) & 28.8, 29.0, 31.3, 39.1, 39.6, 52.9,
53.6 (norbornyl skeleton), 85.7 (d, J = 181.7, Cp), 173.6
(d, J=159.5, =CH), 216.2 (s, Fe-CO), 216.4 (s, Fe-
CO) (C=0 carbon could not be located.); IR (CH,Cl,)
(C=0) 2022, 1967 and »(C=0) 1668 cm™'; Anal.
Calcd. for C;H,,O5Fe: C, 62.99; H, 4.98. Found C,
62.76; H, 5.07%.

4.13. Reaction of 3a with norbornadiene

A benzene solution (2.5 ml) of 3a (244 mg, 0.50
mmol) and norbornadiene (0.15 ml, 0.15 mmol) was
stirred for 100 min at room temperature. After evapo-
ration of the volatiles, the residue was dissolved in
CH,Cl, and passed through a silica gel pad. Recrystal-
lization from CH,Cl,/hexanes gave Co,(CO)(n*
nbd), (146 mg, 0.353 mmol, 71% yield). Separation of
the supernatant by column chromatography as de-
scribed for 18a gave Co,(CO),, (11.9 mg, 0.02 mmol)
and 18b (vellow crystals after recrystallization from
ether /hexanes, 70 mg, 0.22 mmol, 43% yield). 'H-NMR
(CDCl,) & (norbornenyl protons) 1.25 (1H, d, J = 8.9),
1.34 (1H, d, 7=8.9),2.25(1H, d, /=5.3), 2.39 (1H, s),
2.57 (1H, m), 3.00 (1H, s), 599 (2H, m); 4.24
(5H, s, Cp), 7.30 (1H, d, J = 2.6, CH); “C-NMR
(CDCl,) 6 41.7, 442, 44.5, 51.5, 53.1 (norbornenyl
skeleton), 85.0 (d, J = 179.6, Cp), 137.8, 1378
(norbornenyl skeleton), 156.4 (s, Fe-C), 1743 (d, J =
159.5, =CH), 213.8 (s, C=0), 216.0 (s, Fe—~CO), 216.2
(s, Fe-CO); IR (CH,Cl,) »(C=0) 2023, 1967 and
»(C=0) 1671 cm™}; Anal. Calcd. for C,,H,,0,Fe: C,
63.38; H, 4.38. Found C, 63.49; H, 4.65%.

4.14. X-ray crystallography of 1la, 13, 14 and 18b

11a, 13, 14 and 18b were recrystallized from
CH ,Cl,-hexanes and ether-hexanes mixed solvent sys-
tems, respectively, and suitable crystals were mounted
on glass fibres. Diffraction measurements were made
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on Rigaku AFCS5 (11a) and AFC-5R (13, 14, 18b) auto-
mated four-circle diffractometers by using graphige-
monochromated Mo Ka radiation (A =0.71059 A).
The unit cells were determined and refined by a least-
squares method using 20-24 independent reflections.
Data were collected with an «-28 scan technique. If
o(F)/F was more than 0.1, a scan was repeated up to
three times and the results were added to the first
scan. Three standard reflections were monitored at
every 150 measurements. All data processing was per-
formed on a Micro Vax II computer or an Iris Indigo
computer with the TExsan program (Rigaku, Tokyo).
Neutral scattering factors were obtained from the stan-
dard source [24]. In the reduction of data, Lorentz,
polarization, and empirical absorption corrections (¥
scan) were made.

The structures were solved by a combination of
direct methods (sapi91 or mrtHrIL) and Fourier synthe-
sis (DIRDIF). All the non-hydrogen atoms were refined
anisotropically. All the hydrogen atoms except for H2
(gf 13 were fixed at the calculated positions (C—H = 0.95
A) and were not refined. H2 of 13 was refined isotropi-
cally. The crystallographic data and selected structural
parameters are summarized in Tables 1-5. Tables of
positional, anisotropic thermal and full structural pa-
rameters and structure factors are available from the
first author.
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