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The photoreaction of 5,6dimethylene-7’-oxabi- 
cycle [2.2.l]hept-2-ene( 1) with Fe(CO)5 yields initial- 
ly the tiapto-tetracarbonyl iron complex (3), which 
reacts further to give a dihapto-tetracarbonyl-tetra- 
hapto-tricarbonyl complex (CsHaO)Fez(CO), (4). 
The molecular structure of 4 has been detemzined by 
X-ray crystallography. Both the Fe(CO)4 and Fe- 
(CO), groups are in exo position with respect to the 
roof-shaped triene. The ligand is bound through its 
lone double bond to an equatorial position of a 
substituted tngonal-bipyramidal Fe(CO)& moiety 
and through its diene group to two basal positions of 
a tetragonal pyramidal Fe(CO)3L2 moiety. Hydrogen 
atom positions have been determined in the last 
cycles (final residual R = 0.023). H(Z) atoms deviate 
by 39” from the diene plane away from the metal 
and H(E) atoms deviate by 11” towards the metal. 
H atoms of the lone C-C double bond deviate by 34” 
from the C(1)<(2)<(3)<(4) plane away from the 
metal. The structures of complexes 3,4 and (C$r,O)- 
Mo(COj3 (7) in solution were deduced from their 
‘H NMR data and the unknown geometries of ligands 
1 and 5,6dimethylenebicyclo [2.2. I] hept-2-ene (2) 
were simulated by MINDO/3. 

Deoxygenation of the ligand is observed in the 
presence of Fe2(CO), in benzene at 60 “C, giving 
oquinodimethane complexes 5 and 6, 5 being also 
obtained by direct thermolysis of complex 4. 

Introduction 

Polyolefms can be valuable synthons if the various 
unsaturated functions display selectivities or can be 
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protected selectively. As 5,6-dimethylene-7-oxabi- 
cycle [2.2.1] hept-2ene (I) possesses one endocyclic 
double bond, one exocyclic diene group and an ally1 
ether function, this compound is thought to become 
an interesting starter in the preparation of a variety 
of polyfunctionalised polycyclic molecules. We envi- 
sionned that the protection of the s-cis-butadiene 
group in I by forming a diene-Fe(CO)J complex [2] 
would leave the endocyclic double bond in C(2) free 
for electrophilic additions and substitutions and for 
cycloadditions with dienes [3] and dipolarophiles 
[4]. With this goal in mind, we have synthesised I 
(see Experimental) and have treated this ligand with 
iron carbonyls under various conditions. It is known 
that the parent ligand 5,6dimethylene-bicycle [2.2.1] 
hept-2-ene (2) treated with Fez(C0)9 yields exo- and 
endo-Fe(CO)S(C9HI,,) complexes [5, 61. Strikingly, 
none of the expected Fe(CO),(diene) complexes 
could be isolated with I. We wish to show that the 
endocyclic double bond in I reacts first with the iron 
carbonyls and leads to a stable Fe(C0)4(triene) 
complex 3 (Scheme). 

.!_ 1 L - 

0 
Fe(CO)3 

This compound reacts further and gives a dihapto- 
tetracarbonyl-tetrahapto-tricarbonyldiiron complex 4 
of which an X-ray crystal structure will be given. The 
spectroscopic properties of complexes 3 - 7 are also 
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presented together with the thermal reactivity of 3,4 
and of the parent molybdenum complex 7. 

Reactions of 1 with Fe and MO Carbonyls 

Upon treatment with Fe,(C0)9, the 5,6dimethy- 
lenebicyclo [2.2.1] hept-2-ene (2) yields the expected 
endo- and exo-tetruhapto-tricarbonyliron complexes 
together with a mixture of cyclopentanone derivati- 
ves [5] arising from the reaction of the n(2,3)-endo- 
cyclic double bond. These results suggested the inter- 
mediacy of dihupfo-tetracarbonyl-tetrahapto-tricar- 
bony1 complexes (CgHlO)Fez(CO), [7], but attempts 
to isolate them failed. 

We treated the triene I with iron carbonyls under 
various conditions, and found that the dihapto-tetra- 
carbonyl complex 3 is formed and can be isolated 
in 50% yield by treating I with Fez(C0)9 in ether/ 
pentane (36 “C, 2 days). Irradiation of I in pentane 
at -80 “C in the presence of Fe(CO)s in excess gives 
compounds 3 and 4 in the ratio 4/l (global yield 
30%); 3 is first formed; under these conditions, coor- 
dination of the s-cis-butadiene group occurs only in 
a subsequent step. An analogous dihapto-tetracar- 
bonyl-tetrahapto-tricarbonyldiiron complex of 9_oxa- 
bicycle [4.2.1] nona-2,4,7-triene has been reported; it 
was formed by complexation of the corresponding 
2,3,4,5q-Fe(C0)3 complex [8] . Upon more drastic 
conditions (benzene, 60 “C, 36 h), Fez(C0)9 brings 
about an oxygen atom abstraction from the ligand 
I giving the oquinodimethane complexes 5 (30%) 
and 6 (1%). 5 has already been prepared in lower 
yields by treating cu,cu’-dibromoorthoxylene with Fez - 
(CO), [9], and 6 is one of the isomers obtained in 
the photoreaction of 5 with Fe(CO)S [lo]. Treating 
I with Mo(CO)~(CH~CN)~ gave the expected com- 
plex 7. 

Thermolysis of 3 at 95 “C (1 h) in degassed toluene 
leads to a mixture containing the free ligand I and 
some polymeric material (I is stable when treated 
alone in these conditions). When heated for 15 min in 
toluene at 95 “C, 4 was deoxygenated into 5 
(50-60%). This reaction was accompanied by some 
polymerization and evolution of CO*. The molyb- 
denum carbonyl complex 7 yielded an unextractable 
polymeric material on thermolysis in benzene at 
77 “c. 

The deoxygenation of 4 finds an analogy with the 
formation of naphthalene by thermolysis of the 
benzooxanorbornadiene-Fe(C0)4 complex [ 1 l] . It is 
not excluded that the oxygen bridge in 4 migrates 
and forms an epoxide intermediate that undergoes 
an easy deoxygenation reaction [ 121 . 

The molecular structure of 4 was determined to 
serve as a reference for the assignment of the spectro- 
scopic data of all complexes and because accurate 
structure determinations of compounds of the type 
Fe(C0)4(olefm) are scarce [ 131 . 

Crystal Structure of (CBHBO)Fez(CO),, 4 

Crystal Data 
A crystal with the approximate dimensions 0.39 X 

0.30 X 0.19 mm was measured with a Syntex P2, 
automatic four-circle diffractometer. 

C$,HsOsFe~, M = 427.92, triclinic, a = 6.728(2), 
b = 11.356(3), c = 11.809(3) A, (Y = 65.61(2), fi = 
78.33(3), 7 = 81.08(3)“, V = 802.3 A3, F,, = 428, 
D, = 1.767 g cmA3 by floatation, Z = 2, D,,. = 
1.77 g cme3, space group Pi from successful refme- 
ment, MO-~ X-radiation, h = 0.71069 A, c(M~K~ = 
18.98 cm-‘. 

Structure Solution 
The intensities of 2125 unique reflections of 

which 196 were below the 3a limit were measured 
using 28-19 scans with niobium filtered MO radiation 
in one half of the reciprocal sphere (+h *k *l) to 
(sin8 /A),, = 0.541. The backgrounds were estimat- 
ed by interpretation of the scan profile [14]. The 
crystal form was accurately measured by means of a 
special telescope mounted on the 2&arm of the 
diffractometer and used to correct the intensities 
for absorption. 

The computer programs used for the data reduc- 
tion and structure analysis were taken from the “X- 
RAY 72” program system [15]. Scattering factors 
for the neutral atoms were taken from Cromer and 
Mann [ 161, and anomalous dispersion coefficients for 
Fe from Cromer [17]. The perspective drawing was 
prepared by the program ORTEP [18]. The two 
unique iron atoms were found from the interpreta- 
tion of a three dimensional Patterson map. A 
difference Fourier synthesis phased with these two 
atoms revealed all the other non-hydrogen atoms. The 
resulting structure was refmed on the structure 
factors IF I by block diagonal least squares to R = 
0.036. A further difference map now revealed all the 
hydrogen atom positions. After addition of these 
atoms to the model, refinement was continued to a 
fmal residual R = 0.023. The weights used were l/o2 
where e.s.d’s of the structure factors are derived 
from counting statistics and the variation in the 
intensities of the periodically measured check reflec- 
tions. In the fmal cycles all the nonhydrogen atoms 
were allowed to vibrate anisotropically and the 
hydrogen atoms isotropically. The final positional 
and thermal parameters are listed in Table I. Calculat- 
ed bond lengths and angles are reported in Table II 
and III, respectively. 

The equations for several least-squares planes 
and some dihedral angles are presented in Table IV. 
A view of the molecular structure is given in Figure 1, 
where the numbering scheme is indicated. For the 
CsH80 moiety, the numbering scheme is identical 
with that used for nomenclatural purposes. 
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TABLE I. Atomic Coordinft+s and Therma; Parameters (the error of the last significant digit is given in parentheses). The tempe- 
rature factor has the form e where T = 2n Cqh+J&ar for anisotropic atoms and T = 87r2Usin2B/k2 for isotropic atoms. 

Atom X Ull u22 u33 u12 

Fe(l) 
Fe(Z) 
(-31) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(8) 
C(9) 
C(lO) 
Ull) 
a121 
a131 
a141 
CW) 
C(l6) 
O(l) 
O(2) 
O(3) 
O(4) 
O(5) 
O(6) 
O(7) 
W3) 
H(l) 
H(2) 
H(3) 
H(4) 
W9E) 
H(9Z) 
WE) 
HW) 

-.25618(6) 
.21867(6) 

-.0232(4) 
.1869(5) 
.1710(4) 

-.0430(4) 
-.0235(4) 
-.0119(4) 
-.0035(5) 
-.0247(5) 
-.2968(5) 
-.4254(5) 
-.4260(5) 

.2928(5) 

.2032(5) 

-.0454(5) 
.4846(5) 
.1914(5) 

-.5 25 O(4) 
-.3166(4) 
-.5337(5) 

.6479(4) 

.3395(4) 
-.1559(3) 
-.1998(4) 
-.080(4) 

.297(4) 

.268(4) 
-.113(4) 
-.056(5) 

.059(5) 
-.028(5) 

.084(4) 

.73199(3) 

.21501(3) 

.4710(2) 

.4073(3) 

.4020(2) 

.4647(2) 

.6089(2) 

.6127(2) 

.7322(3) 

.7232(3) 

.9063(3) 

.6853(3) 

.6883(3) 

.1272(3) 

.0998(3) 

.1928(3) 

.2316(3) 

.0260(2) 

.6579(3) 
1.0165(2) 

.6533(3) 

.2412(2) 

.0715(2) 

.4254(2) 

.1615(2) 

.455(3) 

.434(3) 

.420(3) 

.447(2) 

.715(3) 

.775(3) 

.736(3) 

.792(3) 

.18261(3) 

.33657(3) 

.35 29(3) 

.3169(3) 

.2003(3) 

.1747(2) 

.1423(2) 

.2592(2) 

.2677(3) 

.0334(3) 

.1191(3) 

.3291(3) 

.1114(3) 

.4906(3) 

.2701(3) 

.4106(3) 

.2635(3) 

.2306(2) 

.0619(2) 

.0778(3) 

.4219(3) 

.2158(2) 

.5873(2) 

.3006(2) 

.4677(2) 
.447(2) 
.331(2) 
.131(2) 
.120(2) 

-.041(3) 
.021(3) 
.354(3) 
.210(3) 

.0372(2) 

.0379(2) 

.048(2) 

.041(2) 

.034(2) 

.036(2) 

.028(l) 

.035(2) 

.054(2) 

.034(2) 

.052(2) 

.057(2) 

.035(2) 

.042(2) 

.062(2) 

.048(2) 

.050(2) 

.122(3) 

.051(2) 

.097(2) 

.099(2) 

.043(l) 

.071(2) 

.036(l) 

.050(2) 

.037(8) 

.040(9) 

.030(8) 

.025(7) 

.06(l) 

.032(9) 

.047(9) 

.041(9) 

.0223(2) 

.0202(2) 

.026(l) 

.020(l) 

.019(l) 

.023(l) 

.022(l) 

.023(l) 

.029(2) 

.026(2) 

.034(2) 

.042(2) 

.039(2) 

.028(2) 

.030(2) 

.019(l) 

.027(2) 

.052(2) 

.089(2) 

.025(l) 

.091(2) 

.071(2) 

.052(l) 

.024(l) 

.037(l) 

.0388(2) .0034(2) 

.0357(2) .0023(2) 

.031(2) .001(l) 

.039(2) -.001(l) 

.033(2) -.000(l) 

.027(l) -.002(l) 

.032(l) .003(l) 

.039(2) .004(l) 

.054(2) .004(2) 

.040(2) -.001(l) 

.063(2) .006(2) 

.05 3(2) .004(2) 

.048(2) .002(l) 

.045(2) .005(l) 

.040(2) .001(2) 

.044(2) -.000(l) 

.042(2) .004(l) 

.075(2) -.010(2) 

.085(2) -.010(l) 

.124(2) .008(l) 

.065(2) -.008(2) 

.063(l) -.004(l) 

.040(l) .013(l) 

.030(l) -.0029(8) 

.070(2) -.010(l) 

-.0056(2) 
-.0100(2) 
-.010(l) 
-.015(l) 
-.004(l) 
-.006( 1) 
-.005(l) 
-.011(l) 
-.020(2) 
-.004(l) 
-.011(2) 
-.002(2) 
-.003(2) 
-.008(2) 
-.012(2) 
-.014(2) 
-.016(2) 
-.019(2) 
-.020(l) 
-.030(2) 

.032(2) 
-.003(l) 
-.021(l) 
-.0028(9) 
-.003(l) 

-.0111(2) 
-.0074(2) 
-.Ol l(1) 
-.006(l) 
-.008(l) 
-.009(l) 
-.009(l) 
-.012(l) 
-.020(2) 
-.008(l) 
-.017(2) 
-.020(2) 
-.014(l) 
-.017(l) 
-.009(l) 
-.003(l) 
-.008(l) 
-.038(l) 
-.041(2) 
-.015(l) 
-.029(2) 
-.022(l) 
-.013(l) 
-.0067(8) 

.001(l) 

TABLE II. Bond Lengths (A) in 4 (the e.s.d. of the last 
significant digit is given in parentheses). 

Fe(lbC(5) 2.049(3) 

Fe(WC(6) 2.062(3) 

Fe(l)&W) 2.143(4) 

Fc(l)-W) 2.127(3) 

Fe(l)-C(lO) 1.801(3) 

Fe(l)<(ll) 1.789(3) 

Fe(l)-C(12) 1.781(4) 

C(lOKN3) 1.137(4) 

CC1 1)-o(4) 1.138(4) 

C(l2)-W2) 1.136(5) 

C(5)-c(9) 1.400( 3) 

C(6)-C(8) 1.412(5) 

C(5)-C(6) 1.416(4) 

C(l)<:(6) 1.534(3) 

C(4tc(5) 1.541(4) 

C(l)-H(l) 1.04(3) 

C(3)-H(3) 0.91(2) 

Fe(2)-C(2) 
WWW) 
Fe(2)-C(13) 
Fe(2)--C(14) 
Fe(2)<:(15) 
Fe(2)-C( 16) 

C(l3)-0(6) 
C(14)Mxl) 
C(l5)-0(8) 
C(l6W(5) 
WW(3) 
C(1)<(2) 
C(3)<(4) 
C(lW(7) 
(x4)4(7) 
C(2)-H(2) 
C(4)-H(4) 

2.080(3) 
2.092(2) 
1.807(3) 
1.806(4) 
1.820(3) 
1.824(3) 
1 .135(4) 
1.134(5) 
1.137(4) 
1.128(4) 
1.429(5) 
1.548(4) 
1.534(4) 
1.442(4) 
1.444(3) 

0.91(3) 
0.97(3) 

TABLE 11. (continued) 

C(9)-H(9E) 0.99(4) C(8)-H(8E) 1.02(4) 

C(9)--H(9Z) 0.83(3) C(8)-H(8Z) 0.93(3) 

Discussion 
The structure is composed of discrete monomeric 

(CsHs0)Fe2(C0), molecules. All intermolecular con- 
tacts are equal to or greater than the sum of normal 
Van der Waals radii. 

There is essentially mirror symmetry for the (Cs- 
HsO)Fe(C0)3 moiety, with the mirror plane I (Table 
IV) passing through the Fe atoms, one CO group, 
O(7) and the midpoints of the C(2)-C(3) and C(5)- 
C(6) bonds. 

The whole Fe(C0)3 group is in the “exo” position 
with respect to the roof-shaped ligand; this result 
confirms the assignments made in the ‘H and 13C 
Nh4R spectra (Table V). The average Fe-C (carbonyl) 
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TABLE III. Bond Angles e) in 4 (the e.s.d. of the last significant digit is given in parentheses). 

C(S)-Fe(l)-C(9) 
C(5)-Fe(1)<(6) 
C(6)-Fe(lW(8) 
C(12)-Fe(l)JJlO) 
C(12)-Fe(l)-C(ll) 
C(lO)-Fe(l)-C(ll) 
Fe(l)-C( 12)-O(2) 
Fe(l)-C(10)--0(3) 
Fe(l)-C( 1 l)*(4) 

C(4)-C(5)-C(9) 
C(l)W(6)4x8) 
C(6)-c(5)<(9) 
Cw-C(6)~(8) 
C(4)kW)-c(6) 
C(l)kC(6)4(5) 
WbC(4)-c(5) 
C(2)-C(l)-C(6) 
C(2)<(3)-c(4) 
C(l)<(2)<(3) 
C(l)W(7)-c(4) 

WP3l)-C(2) 
H(l)Hx1)46) 
H(lW(lW(7) 
W2)-C(2)-C(l) 
H(2)<(2)<(3) 
C(5)<:(9)-H(9E) 
C(5)<(9)-H(9Z) 
H(9E)-C(9)-H(9Z) 

39.1(l) 
40.3(l) 
39.2(l) 

102.3(2) 
91 S(2) 

102.7(2) 
176.0(3) 
178.0(3) 
178.5(4) 
135.3(3) 
135.3(3) 
120.6(3) 
120.4(2) 
104.1(2) 
104.2(3) 
102.9(2) 
102.6(2) 
104.2(2) 
103.5(3) 
97.3(2) 

121(l) 
117(2) 
ill(2) 
117(2) 
124(2) 
116(2) 
117(2) 
117(3) 

C(2)-Fe(2)-C(3) 
C(2)+e(2)<(13) 
C(2)-Fe(2)-C( 12) 
C(2)--Fe(2)<(15) 
C(3)-Fe(2)<(14) 
C(3)-Fe(2)-C(16) 
C(3)-Fe(2)<(15) 
C(16)-Fe(2)-C(13) 
C(16)-Fe(2)-C(14) 
C(16)-Fe(2)-C(15) 
C( 13)-Fe(2)-C( 14) 
C(13)-Fe(2)<(15) 
C(14)--Fe(2)-C(15) 
Fe(2)<(16)-0(5) 
Fe(2w(13)4(6) 
Fe(2)&C(14)-0(1) 

Fe(2)-C(15)--0(8) 
C(5)-C(4)-0(7) 
C(6)kC(lW(7) 
C(3)kC(4)-0(7) 
C(2)-C(l)*(7) 
H(4)--C(4)-C(3) 
H(4W(4)<(5) 
H(4)-C(4)-(7) 
H(3)-C(3)--C(4) 
H(3)-C(3)4(2) 
C(6)kC(8)-H(8E) 
C(6)-C(8)-H(8Z) 
H(8E)-C(8)-H(8Z) 

40.0(l) 
103.4(l) 
90.2(l) 
91.7(l) 

108.3(l) 
84.2(l) 
97.4(l) 
91.0(l) 
89.7(2) 

178.1(l) 
108.5(l) 
88.3(l) 
88.8(2) 

178.1(4) 
179.6(3) 
178.6(2) 
170.1(2) 
101.1(2) 
101.2(2) 
101.7(2) 
101.9(3) 
121(l) 
116(l) 
111(l) 
115(2) 
127(2) 
119(2) 
121(2) 
112(3) 

TABLE IV. Least-squares Planes of 4. 

Plane Atoms Defining Planea Equation of Mean Plane 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 

Fe(l), Fe@), O(7), C(lO), O(3) 1.541X + 4.865Y + 11.8032 = 5.358 

C(12), C(ll), m, m’ 0.430X + 10.308Y - 0.0842 = 6.877 

C(5), C(6), C(9), C(8) 6.480X - 0.45OY - 0.5822 = -0.506 

C(l), C(4), C(5), C(6) 6.429X - 0.983Y - 0.6592 = -0.847 

C(l), C(2), C(3), C(4) 2.772X + 9.359Y - 0.6912 = 4.105 

C(l), C(4), O(7) -3.029X + 8.781Y + 0.0252 = 4.215 
Fe(2), C(13), C(14), O(6), O(l), m” 6.117X + 0.457Y - 2.5832 = 0.585 

I%(2), C(2), C(3) 6.455 X + 0.973Y - 0.9212= 1.311 

Displacement of Atoms from Mean Plane (A) 

Plane I Fe(l) 
Fe@) 
C(l0) 
O(7) 
O(3) 

Plane IV C(1) 
C(4) 
C(5) 
C(6) 

-0.036 
-0.002 

0.000 
to.020 
+0.018 

Plane II 

+ 0.002 
-0.002 
+0.003 
-0.003 

Plane V 

C(l2) 
w 1) 
m 
m’ 

cm 
C(2) 
C(3) 
C(4) 

+0.025 
-0.024 
+0.029 
-0.030 

-0.004 
to.006 
-0.006 
+0.004 

Plane III C(5) 
C(6) 
C(9) 
C(8) 

Plane VII Fe(2) -0.019 

C(13) -0.004 

C(14) +0.006 

O(6) +0.007 

O(1) to.002 
m” to.009 

-0.003 
+0.003 
+0.001 
-0.001 

(conrimed on facing page) 
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TABLE IV. (continued) 
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Dihedral Angle between Planes (‘) 

I-II 89.4; I-III 88.7; 
I-VII 79.0; I-VIII 87.1; 
IV-VI 126.0; V-VI 126.9; 

I-IV 88.2; I-V 88.1; I-VI 89.8 
II-III 88.0; III-IV 2.8; IV-V 107.2 
V-VIII 118.7; VII-VIII 8.2; 

‘m, m’ and m” are the midpoints of the C(6)-C(8), C(5)-C(9) and C(2)-C(3) bonds, respectively. 

distance of 1.79 A is comparable with the many 
previously reported values (1.75-l .80 A) [ 191. 
Significantly longer Fe-C distances are found for the 
“outer” carbon atoms, C(8) and C(9), of the diene 
portion of the ligand than for the “inner” carbon 
atoms, C(5) and C(6). A similar trend has been 
observed in structures having an Fe atom bonded to 
an endocyclic 1,3-diene [19]. The orientation of the 
Fe(C0)3 group with respect to the diene is such that 
one CO group lies in plane I (Table IV) over the 
“open” side of the C--G&C chain. This orientation 
seems thus to be independent of the diene being exo- 
or endocyclic. The arrangement of ligands about the 
Fe(l) atom is approximately tetragonal pyramidal. 
Four coordination sites of Fe(l) are occupied by 2 
CO and the midpoints m and m’ of the exo C-C 
bonds, C(5w(9) and C(Sw(S), m-m’-C( 1 l)-C( 12) 
defining the basal plane (Table IV). The diene is per- 
pendicular to the basal plane and has three C-C 
bonds of equal length. The Fe atom lies 0.54 a over 
the basal plane. The apex-to-base angles are 102” 
for the CO groups and 112’ for the C-C bond mid- 
points m and m’. The basal angles are 92” (C(l I)-- 
Fe(l)--C(12)), 90” (C(12)-Fe(l)-m’) and 65’ (m’- 
Fe( l&m). The apical Fe-CO bond makes an angle of 
8” with the normal to the basal plane. 

The arrangement of four CO and one CX double 
bond about the Fe(2) atom is approximately trigonal 
bipyramidal and the whole Fe(C0)4 group is in the 
“exe” position with respect to the ligand. It is not 
symmetry related by the mirror plane of the rest of 
the molecule as the C( 15)--Fe(2)-C( 16) line makes 
an angle of 11.5” with plane I. Steric repulsion be- 
tween the axial CO and O(7) is probably the cause of 
this deviation and of the Fe(2)--C(15)-0(8) angle 
being significantly smaller than 180’. The lengths of 
axial and equatorial Fe-CO bonds are equal within 
experimental errors. The midpoint m” of the C(2)- 
C(3) bond and two CO lie in the equatorial plane, the 
GC double bond itself making an angle of 8” with 
the equatorial plane. The apex-to-base angles are close 
to 90 and the equatorial angles are 108.5’ (C(13)- 
Fe(2)-C( 14)) and 125.7’ (C( 13)--Fe(2)-m”). The 
dihedral angle between the Fe(2jC(2)--C(3) and 
C( 1)-X(2)-C(3) planes is 118”. Such a deviation from 
perpendicularity was also observed in the case of 
(GHs)Fe(CO)a [131. 

The C-H bond lengths are shorter than those 
obtained by neutron diffraction or by spectroscopic 

techniques and probably reflect the difference be- 
tween the positions of the nucleus of a bonded H 
atom and the center of gravity of its electron cloud 

[2Ol* 
The reliability of hydrogen atom positions 

obtained from the least-squares refinement may be 
judged by considering the pairs of H atoms related by 
plane I, a plane of symmetry of the Fe(CO)s(CsHsO) 
moiety which is not required crystallographically. 
The averaged difference in related bond angles is 2.2” 
(max. 5” for the two H-GH angles, Table III). H(Z) 
atoms deviate by 39” from the diene plane away from 
the metal, whereas H(E) atoms deviate by 11” 
towards the metal. Analogous deviations were found 
in syn- and anti-substituted (1,3_butadiene)irontri- 
carbonyl compounds tid Immirzi’s model [21] of 
C, symmetry for the butadiene molecule bonded to 
Fe(CO)s appears to be valid in this case. 

The mean deviation of the H atoms of the lone 
CX double bond is 34” from the C(lw(2w(3k 
C(4) plane away from the metal atom Fe(2) and the 
C(2)-C(3) bond length is significantly longer than 
that of a double bond. This is indicative of a carbon 
hybridization scheme between sp2 and sp3. The 
effect of carbon rehybridisation and H atom devia- 
tions upon 13C and ‘H coupling constants is examin- 
ed in the discussion of the spectroscopic data. 

Spectroscopic Properties 

The ‘H and 13C NMR spectral data of ligand I 
and its Fe and MO complexes are reported in Table 
V and their IR, UV and- mass spectral data in the 
experimental part. 

The assignment of the NMR spectra was deduced 
straightforwardly from the multiplicity of the signals 
and by comparison of As = 6(ligand I) - 6(complex) 
with the corresponding values for the triene 2 and its 
exe-irontricarbonyl complex [6 ] . Whereas 13C 
coupling constants do not permit to differentiate a 
metal being in exe or endo position, proton coupling 
constants of H(2) give unambiguous indications about 
the structure of the complexes in solution. It is 
known that in molecules having a framework related 
to that of norbornane, the coupling constant of a 
bridge proton H(1) with H(6exo) is greater (3-4 
Hz for norbomene derivatives [22] and 7-oxanorbor- 
nenes [23]) than that with H(6-endo) (-0 Hz). We 
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TABLE V. ‘H NMR and 13C NMR Spectra of Iron and Molybdenum Carbonyls of la. 

I 3 4 5 7 8 Mb 

H(l), H(4) 4.89 bs 4.32 dd (0.57)’ 3.53 (-0.23) 
H(2), H(3) 6.11 tk 

4.11 bs (0.72 l) ’ 3.99 bs (0.90) 
2.66 s (3.45) 2.85 s (3.26)m 1.5 m 

H(8E), H(9E) 4.85 bs 4.79 bs (0.06) 1.66 dd (3.19)f 2.5 d 
3.16 dd (2.95) 6.83 (-0.5) 
2.78 d (2.07) 2.25 (2.70) 

H(8Z), H(9Z) 5.11 bs 5.12 bs (-0.01) 0.17 d (4.94) 0.4 d 1.47 d (3.64) 0.81 (4.36) 
I2 J I H(8E)-H(8Z)d <0.6 <0.6 2.8 3.4 2.1 2.6 

C(l), C(4) 82.5 d 82.3 d (0.2) 81.8 d(0.7) 129.6 d 77.8 d (4.7) 48.9 (2.1) 
C(2), C(3) 135.4 d 54.9 d (80.5) 58.6 d (76.8) 133.0 d 49.5 d (85.9) 142.1 (-5.6) 
C(5), C(6) 143.0 s 145.0 s (-2.0) 113.0 s (30.0) 100.5 s 85.4 s (57.6) 119.1 (29.8) 
C(8), C(9) 102.3 t 103.1 t (-0.8) 34.7 t (67.6) 36.7 t 
co - 210.3 se 211.9 s 211.0 Sh 

58.8 t (43.5) 39.3 (62.1) 
226.3s’ 210.8 

209.8 sg 218.7 s 

’ J(W)--H(1)) 167+ 3 161 f. 1 172 + 2 + 161 2 173 2 151.0 * 
r JUWW)) 179+ 1 171 + 3 165 t 2 167 ?r 2 186 3 175.9 + 
’ J(CW-H(8)) 160 f 1 158 f 1 160~1 + 160 3 164 1 158.1(E) r 

162.2(Z) 

a ‘H NMR spectra: in CeDe at room temperature for 1-7, in CDCls for 8. 13C NMR 
I, 4, 5, 7, at 0 % for 3 (spectrum width 3750 Hz, 4096 points), in CDCls for 8. spectra: Grven 

in CDzClz at room temperature for 
for comparison; 8 is the exo-irontri- 

carbonyl complex of ligand 2, reported by Steiner et al. [6]. 
singlet, bs: broad singlet, d: doublet, t: 

‘From left to right: b(in ppm relative to TMS), muit$licity ,(s: 
triplet, m: multiplet) and, in parentheses, A6 = d(iigand) - 6(complex). couphng 

constant in Hz. %inglet down to -80 “C. .f4J(H(8E)-H(1)) = 0.8 Hz. gFrom the Fe(C0)4 grou,p. hAt -70 “C: S(C0) = 
217.1 and 207.9 ppm (intensity ratio 1:2). r 3J(H(1)-H(2)h= 1.7 Hz, 4J(H(1)-H(3)) = 1.5 Hz. ‘CO exchange blocked; the 
intensity ratio lower field signal/higher field signal is 2:l. apparent triplet; 3J(H(1)-H(2)) = 4J(H(1)-H(3)) ” 1.1 HZ (see 
text); 2J(H(8E)-H(8Z)) = 0.5 Hz; 4J(H(1)-H(8E)) % 4J(H(1)-H(8Z)) a 0.3 Hz, evaluated from line widths at half-height (resolu- 
tion: 0.3 Hz). ‘zJ’s of H(2) < 0.5 Hz; ‘J(H(SE)-H(8Z)) < 0.6 Hz, evaluated from line widths at half-height. m 3 J(H(l)- 
H(2)) + 4J(H(1)-H(3)) < 0.5 Hz. 

simulated the proton signals of 7_oxanorbornadiene* 
and the H(1-4) signals of the triene 1 respectively as 
an AA’X2Xi and an AA’XX’ spin system (program 
LAOCN IV [25]) and found 3J(H(1tH(2)) z 
4 J H( 1)--H(3)) E 1 .l Hz in both cases. This value is 
sliktly smaller than that found for 3J(H(1)-H(6)) in 
7-oxanorbornadiene 2,3-dicarboxylic derivatives 
[26]. For complex 7, in which the metal has to 
occupy the endo position, the H( 1) and H(2) resonan- 
ces appear as two apparent triplets; the simulation of 
its H(1-4) signals as an AA’XX’ system gave 3J(H(1k 
H(2)) E 4J(H(1)-H(3)) z 1.7 Hz, a value greater 
than that of the free ligand. Thus H(2) and H(3) 
should be somewhat pushed toward the exo side of 
the ligand and this is the expected effect of coordina- 
tion in 7. Indeed, the crystal structure of 4 shows 
that H(2) and H(3) are pushed away from the 
Fe(C0)4 group with respect to the C(l&C(2>C(3t 
C(4) plane. The same argument can be used to show 
that the structure of complex 4 in the solid state is 
retained in solution and that the Fe(C0)4 group of 3 
is in the exo position. The H(2) resonance appears 
as a singlet in both 3 and 4 (width at half-height: 0.8 
Hz; resolution: 0.3 Hz). The sum of coupling 

*We wish to thank Prof. H. Prinzbach for a sample of this 
material [ 241 . 

constants involving H(2) is smaller than 0.5 Hz, and 
thus 3J(H(1)-H(2)) is smaller than that of the free 
ligand. This corresponds to H(2) and H(3) locations 
somewhat in the endo side of the roof-shaped ligand, 
as found in the crystal structure of complex 4. 

Discussion 
The 2,3q-5,6dimethylenebicyclo [2.2.1] hept-2- 

ene-Fe(C0)4 complex could not be isolated with 
the stable exo and endo-irontricarbonyl complexes 
when the triene 2 was treated in the conditions used 
to generate 3 from I [5,6] . It is a difficult matter to 
explain why 3 is formed before any tetrahqtotricar- 
bony1 complex (CsHsO)Fe(C0)3. I reacts more 
slowly than 2 with strong dienophiles [27], suggest- 
ing perhaps a reduced reactivity of the s-cis-buta- 
diene group of 1 in the iron carbonyl complex forma- 
tion relative to 2. This can be ascribed to differences 
in electronic properties between the dienes 1 and 2 
(differences between the energies and shapes of the 
frontier n-MO’s, see Table VI). Differences in 
geometry and ring strain may also play a role [27]. 
Introduction of an ethereal bridge for the HzC(7) 
bridge in norbomene derivatives does not affect 
significantly the energy of the occupied MO involving 
the rr electrons of the C(2)-C(3) double bond. 
Through space (homoconjugative) interactions 
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TABLE VI. MINDO/3 Results on the Minimized Geometries of I and 2; MIND0/3 and EHT* Eigenvalues (E in eV) of the 
Frontier Molecular Orbitals. 

Bond Lengths (A) and Angles (degree)b : 

Triene 1 Triene 2 
c f 152.4 2.3-2.1 160.0 0.8 

Te 29.0 20.1 

Heat of Formation 15.7 kcal/mol 97.8 kcal/mol 

Eigenvaiues: MIND0/3 EHT MIND0/3 EHT 

HOMO’s n(0) -9.95 -13.12 - _ 
~~(diene) -9.14 -12.46 -8.91 -12.39 
n (2,3) -9.14 -12.44 -9.02 -12.24 

LUMO’s n$(diene) 0.95 - 8.93 1.17 - 8.84 
a*(2,3) 1.40 - 8.26 1.58 - 8.07 

%hxdations on MIND0/3 minimized geometries. bBond lengths and angles not reported may be found by symmetry with 
respect to the mirror plane. ‘Angle between line C(2)-H(2) and plane C(l)-C(2)C(4). dAngle between lines C( 1)-H(l) 
and C(1)<(4). eDihedrai angle between lines C(l)-H(1) and C(2)-H(2). 

Figure 1. Perspective view of the molecular structure of 
(Ca HsO)Fez (CO)7 (4). 

between the II double bond and the n orbitals of the 
oxygen bridge (which should push the R-MO to 
higher energies) have been found of little importance 
in ally1 ethers [28] . The ionization potentials assign- 
ed to the endocyclic n(2,3) double bond in the PE 
spectra of 1 and 2 [28c] and to the n(7,8) double 
bond in the PE spectrum of bicycle [4.2.1] nona-2,4, 
7-triene analogs 9, IO [28e] are found slightly higher 
in the ethers 1. 10 than in the hydrocarbons 2, 9. 
The n-MO’s in I and 10 are stabilized relative to 2, 9 

because of the greater electronegativity of oxygen 
relative to carbon. This stabilization arises in part 
from the hyperconjugative interactions between the 
occupied n-MO localised on C(2), C(3) in I and the 
relatively low-lying empty combination o*(C( l), 
O(7)) + a*(0(7), C(4)). This interaction may lead to 
a non-equivalent extension of the rr electron density 
toward the exe face of the 7-oxanorbomene if the 
localized n(2, 3) MO is mixed out of phase with the 
perturbing u MO’s in the exe region and with u MO 
on C(2)-C(3) in an out of phase relation to the exe 
uMO’s [31]. 

If not compensated by other electronic or steric 
interactions, this phenomenon must be accompanied 
by a change of hybridization at carbons C(2) and 
C(3) that modifies the angle OL between the H(2)- 
C(2) bond and the C( l)-C(2)--C(3)-C(4) plane in the 
way shown below: 
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The coupling constants ‘J(H(1 kH(2)) and 4J(H(1)-- 
H(3)) are expected to decrease with an increasing 
angle (Y [22, 231. The ‘H NMR spectra of 7-oxa- 
norbomadiene, benzoxanorbornadiene [23a] and 
5,6dimethylene-7-oxanorborn2ene (I) indicate that 
the dihedral angle between bonds HC( 1) and HC(2) 
must be larger than that in norbornadiene, benzonor- 
bomadiene and 5,6dimethylenenorborn-2-ene (2). 
This arises from a larger angle cr and/or a smaller angle 
fi between the H<(l) bond and the C(l)-C(2t 
C(3&C(4) plane*. The geometries of I and 2 are not 
known. We have therefore simulated them by the 
MIND0/3 method [29] ; they are shown in Table VI. 
The calculations indicate a dihedral angle between 
H-C(l) and H<(2) of 29” in I and of 20.7” in 2, 
in agreement with the measured 3 J coupling 
constants. The calculated geometries indicate also a 
deviation a! of the H-C(2) bond from the C(l)-C(2)-- 
C(3) plane of 2.3-2.7” in the ether I, whereas an 
angle 01 of only -0.8” is calculated in the hydro- 
carbon 2. These results point out that the change 
in the angle cx between I and 2 is not the main reason 
for a smaller 3J(H(1)-H(2)) in I relative to 2; the 
change in the angle fl is more significant. They show, 
nevertheless, a larger deviation (Y in the ether I than 
in the hydrocarbon 2. The eigenvalues of the HOMO’s 
n*(diene), partially localized on the diene moiety, 
and n(2,3), partially localized on the endocyclic 
double bond C(2)-C(3), are a little lower in 1 than in 
2. The difference is, however, very small and further- 
more, these two HOMO’s have very similar energies 
(see Table VI). No dramatic differences can be noted 
either between the LUMO’s of I and 2. If the frontier 
MO’s of I and 2 are the cause of the different 
behaviour of these trienes toward iron carbonyl com- 
plexes, it is quite probable that differences between 
the shapes of these MO’s play a more important role 
than differences between their energies. Therefore, 
we tentatively interpret the relative ease of formation 
and stability of complex 3 as being due to the “en- 
hanced” 71 electron density in the exo face of I. Non- 
equivalent HOMO extension of norbornene has been 
proposed by Fukui [31] as being responsible for the 
exo selectivity of the electrophilic additions to the 
double bond. Our hypothesis suggests that the rr 
electron density anisotropy is more accentuated, as 
shown by the MIND0/3 minimized geometries of I 

*The replacement of the HzC(7) group by an oxygen 
bridge can affect the J(H,H) coupling constants because of 
electronic factors also. However, no significant differences 
have been noticed between oxanorbornane and norbornane 
derivatives. 

and 2, in 7oxanorbornene derivatives than in norbor- 
nenes, probably because of the favourable IT CJ u* 
(C(1>-0(7)) + 0*(0(7)-C(4)) hyperconjugative inter- 
action and of the out-of-phase interactions at the 
n orbitals on O(7) and occupied a(C(ljO(7)) + 
0(0(7)C(4)) MO’s with the rr and o(C(2)-C(3)) 
MO’s. 

IR and Mass Spectral Data 
The mass spectra of complexes 3, 4 and 7 show 

that deoxygenation of the ligand occurs in the gas 
phase only when the metal is in exe positon and as 
soon as one or several coordination sites of the metal 
are vacated by loss of CO. 

IR spectra give little information as the v(C=c) 
region is obscured by other molecular vibrations and 
as the v(C0) of the Fe(CO)s group are rather insensi- 
tive to differences in geometries [6]. However, the 
p(CQ) of Fe(CO)+(olefin) complexes were found to 
reflect the donor ability of the coordinated olefin 
[37b]. The mean value of the four v(C0) related to 
the Fe(C0)4 group is higher for 4 (2040 cm-‘) than 
for 3 (2032 cm-‘). A possible explanation for this is 
the higher electron density available on the C(2)- 
C(3) double bond in the monoiron complex 3 than 
in the diiron complex 4. 

Experimental 

All reactions were carried out in an atmosphere of 
argon and all solvents were purified, dried and degas- 
sed by standard methods [32]. The melting points 
(uncorrected) were measured with a Tottoli 
apparatus; mass spectra at 70 eV with a CEC 21-490 
Bell-Howell spectrometer; UV spectra in isooctane 
with a Carl Zeiss RPQ 20 A/C spectrophotometer; IR 
spectra in n-hexane and in KBr pellets with a Perkin- 
Elmer 577 spectrophotometer; ‘H NMR spectra with 
a Bruker WP-80 and a Bruker WP-60 spectrometer in 
the CW and the FT modes, respectively; 13C-NMR 
spectra with a Bruker WP-60 instrument (15.08 MHz) 
in the FT mode and using a deuterium lock. E. 
Manzer (Mikrolabor ETH, Zurich) carried out the 
microanalyses. 

5,6-dimethylene-7oxabicyclo [2.2.1] hept-2ene 
(I) was prepared according to the general procedure 
developed for 2,3dimethylene-7oxanorbornane 
derivatives [33] . The starting material is the Diels- 
Alder adduct of furan and maleic anhydride [34]. 
This adduct (90 mmol) was reduced by an excess of 
IiA1H4 (180 mmol) in boiling (4 h) tetrahydrofuran 
(250 ml) into exe-5,6-bis(hydroxymethyl)-7-oxanor- 
born-2ene*; yield: 83%, viscous oil; IR (film): 3300, 
2950, 2900, 1450, 1040 cm-‘; ‘H NMR spectrum in 
DzO: 6 6.6 (bs, 2H), 5.0 (bs, 2H), 3.7 (m, 4H), 2.2- 
1.8 (m, 2H). The crude diol(61i mmol) was esterified 

*We wish to thank Prof. Dr. W. R. Roth for a detailed pres- 
cription of the preparation of this material [ 31 . 
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7: red crystals, stable in air; m.p. 84-85 “C. Anal. 
Found: C, 44.05; H, 2.60; &HsMo04 Calcd.: C, 
44.02; H, 2.68%. Mass spectrum (peaks correspond- 
ing to g6Mo): 300 (45; M+), 272 (22; M+-CO), 244 
(30; M+-2CO), 216 (100; M+-3CO), 188 (69), 160 
(18), 96 (16). IR spectrum: 2005, 1945 and 1919 
cm-’ (v(CO)), 1010 cm-’ @(C-C&C)). UV spectrum: 
317 (lllOO), 215 (29500). 
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