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Summary: The doubly phosphorus-bridged quadrangular
clusters Fe,(CO)4(PR), (1, R = t-Bu, Ph, p-Tol) reversibly
add CO to form the clusters Fe,(CO),(PR), (2). Addition
of P(OMe), yields the clusters Fe(CO),,(PR),-P(OMe); (4,
R = Ph, p-Tol) from which one CO ligand can be re-
moved reversibly.

The high expectations for homogeneous catalysis by
organotransition-metal clusters rest on two specific cluster
properties. First, the binding to several metal atoms may
modify the reactivity of ligating substrates in a way not
obtainable in mononuclear complexes.? Second, the ac-
cumulation of metal atoms in the cluster core may cause
unusual core properties.® Among these are the basic
cluster reactions like two-center oxidative additions? or
framework changes due to changes in the ligand or electron
count.’* Another basic cluster reaction results from the
fact that some unsaturated clusters exist* which bear the
possibility for substrate addition without gross changes in
core geometry. We have found a group of tetrairon clusters
of composition Fe,(CO),;(PR),® whose unsaturation caused
us to investigate the possibility and reversibility of ligand
additions to them.

During their synthesis,® the unsaturated Fe,(CO);
clusters 1 are accompanied by their saturated Fe,(CO),,
analogues 2. This indicates the possibility of CO addition
to 1 and of decarbonylation of 2 (cf. Scheme I). In fact
both reactions proceed easily and quantitatively at room
temperature accompanied by a color change between red
(for 2) and black (for 1). Thus, n-hexane solutions of la—c5,
stirred under an atmosphere of CO, are completely con-
verted in 3-5 h to 2a—c® isolated in 70-90% yield by
crystallization at —30 °C. And stirring in benzene under
vacuum reconverts 2a—c quantitatively in 1 day to la-c,
isolated in 85-95% yield by crystallization from benz-
ene/n-hexane (1:2) at —30 °C. This is one of the simplest
organometallic addition/elimination reactions.

Trimethyl phosphite, a better donor than CO, is added
instantaneously to the clusters la and 1b, as again ob-
served by a color change from black to red. From stoi-
chiometric reactions in benzene, 4a® and 4b” are obtained
in 80~90% yield by crystallization from benzene/n-hexane
(1:2) at -30 °C. Of these saturated clusters, 4a quantita-
tively eliminates one molecule of CO under vacuum as
above to form 3a® which in turn is reconverted under CO
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(6) Fe,(CO),;(P-p-Tol),-P(OMe); (4a): red-black crystals, decompo-
sition above 60 °C; IR (cyclohexane) 2060 (w), 2038 (sh), 2024 (vs), 2016
(s), 1988 (s), 1980 (sh), 1955 (w), 1934 (w) cm™'; 'H NMR (CDCl,) 2.47
(6 H), 3.48 (9 H, J = 11.0 Hz), 7.37 (m, 4 H), 8.17 (m, 4 H), ppm. Anal.
Caled for [CyeHjsFe,0,,P;): C, 37.37; H, 2.58; Fe, 24.83. Found: C, 87.57;
H, 2.43; Fe, 24.51.

(7) Fe,(CO),,(PPh),P(OMe); (4b): red-black crystals, decomposition
above 50 °C; IR (cyclohexane) 2060 (w), 2024 (vs), 2015 (s), 1991 (s), 1958
(vw), 1935 (vw) cm™!; tH NMR (CDCly) 3.50 (9 H, J = 11.1 Hz), 7.67 (br,
6 H), 8.40 (br, 4 H) ppm. Anal. Caled for [C;HsFe,0,,P3): C, 35.82;
H, 2.20; Fe, 25.63. Found: C, 35.61; H, 1.93; Fe, 26.41.

Scheme 1
R R
; |
PSS 5
(0015F5/AFe(cal, (C0)3Fo7AFelcol,
\ / \CO +C0 \VARVS
\ /\L % \ /
(CO)3FK\Z//Fe(CO)2 (CO)3Fe\\P//Fe(CO)3
la, R = p-Tol 2a, R = p-Tol
b, R = Ph b, R=Ph
¢, R =t-Bu ¢, R =¢-Bu
P(OMe);
T R
RN FI’
COsFe/\—Felca), (COLFE >Fe<co)3
\VARV/AN +C0 /]
o
(MeQ),P(CO) Fe\ / Fe?:O) (MeQ);PLCO), F \ /
C \YT// 2 V5L, Ky/Fe(CO)s
R i
3a, R = p-Tol 4a, R = p-Tol
lP(OMe)a b, R = Ph

(}4,4'PR)2F64(CO)|0[P(OMG)3]2
5a, R = p-Tol

I

Fig)ure 1. Molecular structure of Fe,(CO){y(P-p-Tol);-P(OMe)4
(3a).

as above to 4a. And yet another addition cycle was per-
formed as above with 3a and trimethyl phosphite resulting
in the bis(phosphite)-substituted cluster 5a.° Further

(8) Fe (CO),o(P-p-Tol)y P(OMe); (3a) 95% from benzene/n-hexane):
black crystals, decomposition above 90 °C; IR (cyclohexane) 2050 (w),
2013 (vs), 1983 (sh), 1979 (s), 1968 (sh), 1823 (m) cm™*; *H NMR (CDCl;)
2.15 (6H), 3.57 (9H), J = 11.1 Hz), 6.6 (m, 8 H), ppm. Anal. Caled for
%CWHzaFmomPa]: C. 37.19; H, 2.66; Fe, 25.63. Found: C, 37.49; H, 2.58;

e, 25.76.

(9) Fe (CO)1o(P-p-Tol)s2P(OMe); (58) (82% from benzene/n-hexane):
black crystals, mp 120 °C dec; IR (cyclohexane) 2038 (w), 2018 (sh), 2000
(s), 1980 (m), 1970 (m) cm™; 'H NMR (CDCl,) 1.50 (8 H), 2.15 (3 H),
3.48 (9 H, J = 11.0 Hz), 3.53 (9 H, J = 10.9 Hz), 6.75 (br, 8 H) ppm. Anal.
Caled for {CoygHgoF,0:6P,]: C, 36.18; H, 3.24; Fe, 22.43. Found: C, 36.18;
H, 3.30; Fe, 21.82.
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{“ig)ure 2. Molecular structure of Fe,(CO),;(P-p-Tol),P(OMe),
4a).

“loading” of these tetrairon clusters with PR, ligands seems
possible.

The compositions and structures of 3a and 4a, two
representative addition/elimination products, were proved
by crystal structure analyses!® (cf. Figures 1 and 2 and
Table I). The overall similarity of both compounds is
obvious. It corresponds to, but does not explain, their
facile interconversion. The main difference between both
structures lies in the metal atom arrangement and the CO
orientations. The Fe, unit in 3a is practically planar as
evidenced by the nearly equidistant Fe-P1 and Fe-P2
bonds. Its geometry with one Fe—Fe bond shortened by
a CO bridge closely resembles that of 1a.5 In contrast the
Fe, unit in 4a is significantly nonplanar with a folding
angle along the Fel--Fe4 diagonal of 163°. This difference
seems to result from the optimization of the terminal
ligand orientations. In 3a each iron atom has one ligand
in the tetrametal plane, one above and one below, whereas
in 4a the iron atoms alternatively have one ligand above
and two ligands below the tetrametal plane and vice versa.

The structures of 3a and 4a suggest one explanation for
the ease of their interconversions: the crowding of ligands
in 4a may favor CO elimination whereas the unsaturation
of 3a may favor CO addition. Another explanation is
offered by electron bookkeeping: the clusters 2, 4, and 5
have the correct electron count for a Fe, quadrangle ac-
cording to the 18-electron rule. The clusters 1 and 3,
however, have the correct electron count for a closo Fe,P,
unit according to Wade’s rules.!!

(10) Crystals of 3a were obtained from toluene/hexane (1:2), those of
4a from benzene/hexane (1:2). The crystal quality was checked by
Weissenberg photographs; all other measurements were done on a Nonius
CAD 4 diffractometer. 3a: orthorhombic, space group P2,2,2,, Z = 4,
a = 1289.0 (8) pm, b = 1478.5 (4) pm, ¢ = 1819.7 (3) pm. 4a: triclinic,
space group P1, a = 1300.0 (2) pm, b = 1506.9 (3) pm, ¢ = 944.52 (2) pm,
a = 100.65 (1)° 8 = 107.35 (1)°, v = 84.43°. The structures were solved
by Patterson and Fourier methods. Blocked matrix refinement (rigid
body and isotropic for phenyl C and H atoms, anisotropic for all other
nonhydrogen atoms) using unit weights resulted in R values of 0.045 for
3a and 0.055 for 4a. All details of the crystallographic work are docu-
mented in the supplementary material: Table A contains all crystallo-
graphic data; Tables B and C list all atomic parameters for 3a and 4a.
Table D lists all bond lengths and angles for both compounds: Tables
E and F give the F,/F, listings.

Table I. Important Bond Lengths (pm) and
Angles (Deg) in 3a and 4a

3a 4a
Fel-Fe2 275.5 (3) 271.0(2)
Fel-Fe3 264.2 (3) 266.6 (2)
Fe2-Fed 267.1 (3) 268.7 (2)
Fe3-Fed4 245.8 (3) 266.8 (2)
Fel-P1 226.4 (5) 221.5(2)
Fe2-P1 225.6 (5) 235.1(2)
Fe3-P1 234.6 (5) 237.7 (2)
Fe4-P1 232.3 (5) 221.5(3)
Fel-P2 225.3 (5) 235.5(2)
Fe2-P2 223.2 (5) 219.7 (2)
Fe3-P2 230.1 (5) 223.4 (2)
Fe4-P2 231.9 (5) 240.6 (2)
P1---P2 264.6 (8) 259.8 (3)
Fe-Cierm. 175-184 (2) 175-184 (1)
Cierm.~Oterm. 110-116(2) 111-116 (1)
Fe2-P3 217.0 (5) 218.4 (2)
P1-Fe-P2 69.4-72.2 (2) 68.3-69.6 (1)
Fel-P1-Fe4 108.5(2) 117.2(1)
Fe2-P1-Fe3 107.6 (2) 105.5 (1)
Fel-P2-Fed 109.1 (2) 105.2(1)
Fe2-P2-Fe3 110.0 (2) 116.4 (1)
Fe-Cierm.~Oterm. 177-178 (2) 174-180 (1)
Fel-C13-013 168 (2) 175 (1)
Fe2-C23-023 171 (2) 178 (1)

The addition of substrates to metal-metal double bonds
has only sparsely been investigated.!? In cluster chemistry
only the Os—Os double bond in Hy0s;(CO),, is well stud-
ied.2* Unsaturation, however, is more often found in
clusters of nuclearity 4 and above. Some clusters, like the
ones described here, offer the possibility for this type of
basic cluster reaction which consists of the binding and
activation of a substrate without opening up the cluster
and without replacing other ligands. This reaction which
also bears significance in the context of the cluster—surface
analogy is another demonstration of the unique possibil-
ities in cluster chemistry.
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parameters, all bond lengths and angles, and observed and cal-
culated structure factors for both structures (30 pages). Ordering
information is given on any current masthead page.
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Summary: The structure of the highly reactive silylating
agent, (LiSiMe,),«(Me,;NCH,CH,NMe,);, has been deter-
mined from single-crystal X-ray diffraction data collected
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