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Summary

The stereospecific monoacetylation of the pentaene 5,6,7,8-tetrakis(methyl-
ene)bicyclo[2.2.2]oct-2-ene (C,H,,; I) was achieved by treating its diiron com-
plex (n* : 1%-C,,H,,)Fe,(CO)¢ (endo,exo) (II) with CH,COCI1/AICl; in dichloro-
methane. Addition of the electrophile CH;CO" occurred exclusively at one ter-
minal diene carbon atom bonded to the Fe(CO); group in the endo position
with respect to the roof-shaped ligand. An X-ray crystal structure determina-
tion of the kinetically favoured product (n* : n%-C,,H, ,COCH;)Fe,(CO), (11I)
showed that the exo-tetrahaptotricarbonyliron group is bonded to one s-cis-
butadiene system while the endo-Fe(CO); group is coordinated to one C—C
double bond of the second diene system and to the oxygen atom of the
(2)-acetyl substituent in a trigonal bipyramidal arrangement. III isomerises in
solution to the thermodynamically more stable isomer IV in which each tetra-
haptotricarbonyliron group is now bonded to a diene system. The thermody-
namic and kinetic parameters of this coordination equilibrium were measured
by UV spectrophotometry (AH —4.0 + 0.2 kcal/mol, AS —4 + 1 eu, AH"

22.0 £ 0.7 kcal/mol, AS* —5 £ 2 e.u). The (Z) = (£) isomerisation of the
acetylated complex was observed as a subsequent step when IV was heated un-
der argon.

* Authors to whom correspondence should be addressed.

0022—3828X/81/0000—0000/$02.50, © 1981, Elsevier Sequoia S.A.
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Iniroduction

We recently reported the synthesis and spectroscopic properties of various
Fe, Ru, Mo and W carbonyl complexes of the pentaene 5,6,7,8-tetrakis(methyl-
ene)bicyclof 2.2.2]oct-2-ene (C;H,,, 1), as well as the crystal structure of
(C;2H,,)Fe(CO)s(exo) and a kinetic study of the cycloaddition of a dienophile
to the monometallic complexes of the title ligand [1,2]. One of the bimetallic
complexes, i.e. the endo,exo-bis(tetrahaptotricarbonyliron) isomer (C,;H,,)Fe,-
(CO), (11, Scheme 1) appears to be a useful synthon, since it can be substituted
stereospecifically, thus the asymmetric positions of the two Fe(CO); groups
with respect to the roof-shaped organic skeleton have been used to achieve ster-
eospecific hydroboration and deuteration of the uncoordinated endocyclic
double bond by electrophiles, and to protonate regioselectively one of the two
coordinated s-cis-butadiene systems of the pentaene [2]. We report here on the
stereospecific acetylation of I as well as an X-ray crystal structure determina-
tion of (C,,H,;COCH;)Fe,(CO)¢. We shall show that Friedel-Crafts acetylation
occurs preferentially at the endo-(diene)Fe(CO)3;, whereas protonation occurs
exclusively at the exo-(diene)Fe(CO); of II.

Results and discussion

Stereospecific monoacetylation of II

Electrophilic substitution of (1,3-diene)Fe(CO); complexes was first
described by Ecke who reported the acetylation of (s-cis-butadiene)Fe(CO); to
give 1- and 2-acetyl derivatives [ 3]. Subsequent work showed in fact that elec-
trophilic attack occurs exclusively at the terminal carbon atoms of the diene
[4,5] under the conditions of Friedel-Crafts acylation. Knox et al. were able to
isolate the ((Z)-1-acetylbutadienyl)Fe(CO); cationic intermediate prior to
quenching [6]. Lillya et al. showed that the Z/E ratio of acetylated products is
highly dependent on the method of quenching [7] and found optimum acetyla-
tion conditions for the synthesis of a wide variety of (dienone)Fe(CO); com-
plexes [7,8].

In the present case, the pentaene ligand I has a rigid carbon skeleton bearing
two exocyclic s-cis-butadiene systems and an endocyclic C—C double bond.
Complex II, a product of the reaction of I with Fe,(CO), [1,2], has two tetra-
haptotricarbonyliron groups coordinated in frans positions to the two diene
systems. It may act as a model for following the steric course of an acetylation
reaction, since the possible sites of attack C(2), C(5), C(7), C(9) and C(11)
{Scheme 1) by an electrophile are distinguishable.

Acetylation of II proceeds cleanly in dichloromethane only when CH;COC}Y/
AlCl, is added in stoichiometric amounts (higher ratios CH,COCI/1I lead to the
partial decomposition cf the starting complex). Attempts to isolate the cationic
intermediate of the reaction as a tetrachloroaluminate salt were unsuccessful.
Quenching with saturated aqueous NaHCO;/CH;OH followed by extraction
and chromatography revealed a single product III, which crystallised as red
needles from n-hexane (57.5%). The analytical data (Experimental) for II1
correspond to those of a monoacetylated derivative of II. Its *H and 13C NMR
data (Table 1) were assigned by comparison of Ad’s (= 6(ligand) — 6(complex))
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I it Fe(CO)3

1) CH3COQL, AlCl3 /CHoCly
2) NaHCO;3 / H,0

H
(0C)5Fe (0C)3Fe (0C)Fe % R
CH3 CHy
k
B k2
-1
Fe(CO)y
1 v Fe(CO); v Fe(CO)3
SCHEME 1
TABLE 1

1H and 13C NMR SPECTRAL DATA OF ACETYLATION PRODUCTS @

mb v v
H@,4) ¢ 4.20, 3.33dd 4 4.24m 4.27,5.32dd
H(2. 3) 6.98, 6.56 dd ¢ . 6.98m 6.96 m
H(9) 6.12s 3.60s 1.10s
H(10E) 3.67d° 2.55d ¢ 2.29d€
H102) 0.92d 1.66d4 0.87d
H@Q1, 12E) 2.17,2.024d7 2.1847 2.43,2.14d7
H@1,122) 0.67,0.644d 0.56 d 0.66,0.54d
H(14) 1.93 s (3H) 2.05 s (3H) 2.17 s (3H)
ca. 4) 53.1,521d% 49.7.49.04% 61.7,48.4d %
C(2. 3 140.3,131.7ah 139.3,138.4d 140.3,139.04
Cc(5) 178.2s 119.5s 111.4s
C(6) 736s 114.2 s 107.5s
C(7. 8) 111.8,106.4s 110.9,1100s 113.2,113.0s
Cc(9) 113241 56.3d 44.3d
C(10) 498¢tJ . 432¢) 38.1td
c(1,12) 40.1,399tJ 40.3,39.5t/ 40.9,40.3t7
c(13) 1945s 1979s 203.7s
C(14) 284 qk 28.7qk% 302q%
co 214.2,2140 s, 209.8, 206.4 5 210.4 bs

2098 s

@ In CDCl3;: at —51°C for IH, room temperature for IV and V: 13C NMR spectrum width 3750 Hz, 4096
points. b Numbering scheme on Figure 1. € Chemical shift in ppm relative to TMS; s, singlet, d: doublet,
t: triplet, Q: quartet, m: multiplet. ¢ J(H(1),H(2)) 6 Hz, J(H(1).H(3)) ca. 1.4 Hz, J(H(2),H(4)) <1 Hz,
J(H(3),H(4)) 6 Hz, J(H(2),H(3)) 6.5 Hz. € J(E,Z) 2.4 Hz for III, 3.2 Hz for IV and V. T J(E,Z) 3 Hz. §
15(C,H) 150 + 1 Hz, ! 1J(C,H) 176 Hz for III and V, 178 Hz for IV. { 15(C,H) 160 * 2 Hz for Il and V.
153 Hz for Iv.J 1J(C.H) 160 + 2 Hz. 2 15(C,H) 128 * 2 Hz.
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SCHEME 2

with those of II [1] and by selective decoupling experiments. The endocyclic
double bond C(2)—C(8) (numbering scheme on Figure 1) is uncoordinated
since both 'H and !3C chemical shifts are similar to those of II. One butadiene
system (H(11, 12) and C(7, 8, 11, 12)) experiences the usual shielding effect of
a tetrahaptotricarbonyliron group. Of the two remaining exocyclic C—C double
bonds, only C(6)—C(10) is coordinated to iron as shown by the large differ- |
ences between the 8’ of C(6) and C(5), C(10) and C(9), and H(10E) and H(9).
Irradiations at the frequency of the H(9) signal have no detectable NOE
(nuclear overhauser enhancement) on the H{10Z) doublet. This is expected
only if H(9) is in an E position. The acetyl substituent is therefore in a Z posi-
tion as geometrically required for coordination of the keto group C(13)—0O(1)
to the metal. The acetylated cis-butadiene system acts as a 4-electron donor
heterotriene (left part of Scheme 2; the coordination polyhedron of Fe(1) is
based on the crystal structure of 111, vide infra). The high deshielding of C(5)
and the unusually high shielding of C(6) indicate a substantial shift of electron
density from C(5) to C(6) through the Fe(CO); group which acts as a Lewis
acid towards the vinyl ketone system (right limit structure of Scheme 2).

The NMR data of III are inconclusive as to which of the two Fe(CO); groups
is bonded to the keto group. Likewise, the low stretching frequency of the keto
group (1590 cm™, compared to 1680 cm™! for IV) is in accordance with a
decrease in bond order through coordination but is not indicative of its mode
of coordination (through a lone pair of the oxygen atom or through its 7 sys-
tem) as a already noted by Lewis et al. for (heterodiene)Fe(CO); complexes
[91. A crystal structure determination of III was undertaken to clarify these
two points and to serve as a reference for the assignments of all the NMR spec-

tra.

Crystal siructure of (C,H,,COCH;)Fe,(CO)q
X-ray intensities were measured on a Syntex P2, automatic four circle dif-

fractometer. The crystal data and the methods used are summarised in Table 2.
The crystal was protected from the air by a sealed glass capillary. Its shape was
accurately measured as before [10] and used to correct the intensities for
absorption by the Gaussian integration method. The computer programs used
for the data reduection and structure analysis were taken from the X-RAY 72
program system [11]. Scattering factors for the neutral non-hydrogen atoms
were taken from Cromer and Mann [12], and for hydrogen atoms from Stewart
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TABLE 4

BOND LENGTHS (A) IN II1

Fe(1)—0(1) 1.997(2) o@d)—@a7 1.147(6) C(8)—C(12) 1.420(5)
Fe(1)—C(6) 2.110¢3) 0(5)—C(@18) 1.162(5) C(9)—C(13) 1.420(4)
Fe(1)—C(10) 2.030(5) 0(6)—C(19) 1.149(5) C(13)—Cc@14) 1.507(5)
Fe(1)—C(5) 1.732¢3) O(7)—C(20) 1.149(5) C(1)—H@) 097(2)
Fell1)}—C¢16) 1.800(¢3) C(1)—C(2) 1.520(5) C(2)—H(2) 0.95(3)
Fe(1)—CQ@7) 1.801(5) C(2)—C(3) 1.307(5) C(3)—H(3) 0.96(3)
Fe(2)—C(7) 2.068(3) C(3)—C(D) 1.509(5) C(4)—H(4) 0.97(2)
Fe(2)—C(8) 2.076(3) C(4)—C(5) 1.538(4) C(9)—H(9) 0.93(2)
Fe(2)—C(11) 2.113(4) C(5)—C(6) 1.451(4) C(10)—H(10E) 1.01(3)
Fe(2)—C(12) 2.117¢4) C(1)—C(6) 1.557(4) C(10)—H(102) 0.86(3)
Fe(2)—C(18) 1.765(4) C(1)—C(8) 1.518(5) C(11)—H(11E) 0.90(3)
Fe(2)—C(19) 1.769(4) C(4)—C(7) 1.530(5) C(11)—-H112) 0.97(3)
Fe(2)—C(20) 1.784(5) C(5)—C(9) 1.354(4) C(12)—H(12E) 0.92(3)
o@l)y—cas)y 1.251(4) C(6)—C(10) 1.416(5) c@2)-H@122) 1.07(4)
0(2)—C@15) 1.163(4) C(7)>—C(8) 1.406(4) C(14)—H(141) 1.00(3)
0(3)—C(16) 1.146(4) C(7H—C@ay) 1.415(6) C(14)—H(142) 1.01(3)
C(14)—H(143) 0.89(4)
Additional distances .
Fe(1)...C(5) 2.887(3) Fe(2)...C(3) 3.405(3) Fe(1)..H(10Z) 2.40(3)
Fe(1)...C(9) 3.269(4) C(19)...C(3) 3.234(5) Fe(2)...H(11E) 2.70(3)
Fe(1)...C(13) 2.939(4) Fe(1)...H(10E) 2.66(4) Fe(2)..H(112) 2.55(3)

The e.s.d. of the last significant digit is given in parentheses.

et al. [13]. Anomalous dispersion coefficients of Fe were taken from Cromer
[14]. All hydrogen atoms were found on a difference Fourier synthesis after
preliminary anisotropic refinement to R = 0.053. Final refinement to R =

TABLE 5

BOND ANGLES (°) IN III

C(15)—Fe(1)~—C(16)
C(15)—Fe(1)—C(L7)
C(16)—Fe(1)—C@AT)
C(15)—Fe(1)—0(1)
C(16)—Fe(1)—0O(1)
C@A7)y—Fe(1)—O(1)
C(6)—Fe((1)—CA7)
C(10)—Fe(1)—C(16)
C(6)—Fe(1)—O(1)
C(10)y—Fe(1)—O(L)
Fe(1)—C(15)—0(2)
Fe(1)—C(16)—O0(3)
Fe(1)—C(17)--O(4)
C(7)—Fe(2)—C(8)
C(7)—Fe(2)—C(11)
C(8)—Fe(2)—C@A2)
C11)—Fe(2)—C(12)
C(18)—Fe(2)—C(19)
C(18)—Fe(2)—C(20)
C(19)—Fe(2)—C(20)
Fe(2)—C(18)—0(5)
Fe(2)—C(19)—0(6)
Fe(2)—C(20)—0(7)

88.6(2)
93.2(2)
106.1(2)
174.4¢3)
86.9(3)
91.1(3)
107.3¢2)
106.7(2)
91.3(3)
86.1(3)
178.6(3)
176.9(3)
177.3(3)
39.7(2)
39.6(2)
39.6(2)
81.2(2)
90.4(2)
99.1(2)
100.7(2)
178.1(3)
177.7¢4)
179.5(4)

C(2)—C@1)—<C(6)
C(2)—C(1)—C(8)
C(6)—C(1)—C(8)
C(1)—C(2)—C(3)
C(2)—C(3)—C(4)
C@3)—CH)—C(©H)
C(3)—C(4)—C(7)
C(B)—C(H—C(D)
C(4)—C(5)—C(6)
C(1)—C(5)—C(©)
C(6)—C(5)—C()
C(1)—C6)—C(5)
C(1)—C(6)—C10)
C(5)—C(6)—C10)
C(4)~—C(7)—C(8)
C(—C(7r—C@au)
C(8)—C(7—C(11)
C)—C(8)y—C(7)
C(1—C(8)—CQ12)
C(7)y—C(8)—C(12)
C(5—C(9)—C(13)
€(9)—C(13)—~0{1)

C(9)—-C@13)—Ccau4
oa)—<a3)—<asy

104.7(3)
109.2(3)
105.1(3)
114.3¢(3)
114.4(3)
104.8(3)
108.8(3)
103.7(3)
112.0{2)
121.0¢3)
126.8(3)
109.9(2)
119.3(3)
125.3(3)
112.3(3)
129.1(3)
118.6(3)
112.0(3)
129.9(3)
118.1(3)
124.7(3)
122.0(3)
119.6(3)
118.2¢(3)

H(1)—C((1)—C(2) 114(2)
H(1)—C(1)—(6) 109(2)
H(1)—C(1)—C(8) 114(2)
H(2)—C(2)—CQ) 119(2)
H(2)—C(2)—C(3) 126(2)
H(3)—C(3)—C(2) 128(2)
H(3)—C(3)—C(4) 117¢2)
H(4)—C(4)—C(3) 115(2)
H(4)—C(4)—C(5) 112(1)
H(4)—C4)—C(7) 111(2)
H(9)—C(9)—C(5) 119(1)
H{8)—C{9)—C{13) 116(1)
H(10E)—C(10)—H(10Z) 118(3)
H(10E)—C@0)—C(6) 115(2)
H(102)—C(10)—C(8) 119¢2)
H(11E)—C(11)—H(112) 120(3)
H(11E)—C(11)—C(7) 115(2)
H@A 12)—_0(11)—C(7) 115(2)
H(12E)—C(12)—-H(122) 117¢3)
H(12E)—C(12)—C(8) 117(2)
H(122Z)—C(12)—C(8) 121(2)
C(13)—C(14)—H(141) 112¢2)
C(13)—C(14)—H(142) 111(2)
C(13)—C(14)—H(143) 107(3)

The e.s.d. of the last significant digit is given in parentheses.
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TABLE 6

LEAST—SQUARES PLANES IN III

Plane Atoms defining plane ¢ Equation of mean plane

A C(1), C(4), C(7), C(8), C(11), C(12) —1.018X + 3.624Y + 18.090Z = 6.032
B C{18), ¢(19),a, b 10.680X —1.839Y + 0.637Z2= 5.418
C C(1). C(2), C(3), C(4) 8.130X + 0.458Y — 10.746Z = 9.458
D C(1). C(4). C(5). C(6) 10.016X — 3.344Y — 7.822Z = 3.841
E C@6), C(A7), 0(3). 0(4). Fe(1). c 2.252X — 5.648Y + 14.006Z = 6.447
F Q(7), C(20), Fe(2),d,e, f 3.106X + 8.061Y — 8.005Z =—0.070

Displacement of atoms from mean plane (A)
-

Plane A: C(1) 0.010 Plane E: C(16) 0.022 Plane F: 0O(7) 0.010
C(4) —0.014 c@an 0.013 C(20) 0.001
C(7) 0.007 [$1&)) —0.011 Fe(2) —0.022
c(8) 0.002 o) —0.005 d 0.004
c(@11) 0.007 Fe(1) —0.023 e 0.009
c@12) -—0.012 c 0.005 £ —0.001
Plane B: C(@18) 0.014 Plane C: C(1) 0.001 Plane D: C(1) —0.002
c@a9) —0.015 C(2) —0.002 C(4) 0.002
a 0.017 C3) 0.002 C(5) —0.603
b —0.016 C(4) —0.001 C(6> 0.003

Dihedral angle between planes (*)
A—B 88.9; A—C 125.2; A—D 116.6;C—D 112.4; D—E 76.7; F—A 89.9;: F—B 89.3: F—C 89.9;: F—D 89.6;

F—E 39.5; E-—-(Fe(1), C(6), C(10)) 5.0.

G a b,c,d,e a.tid f are the midpoints of the C(7)—C(11), C(8)—C(1.2), C(6)—C(10), C(7)—C(8), C(2)—
C(3) and C(5)—C(6) bonds, respectively.

0.035 gave the positional and thermal parameters listed in Table 3 *, Calculated
bond lengths and angles are reported in Tables 4 and 5, respectively. The equa-
tions for several least-squares planes and some dihedral angles are presented in
Table 6 and a view of the moleculear structure, prepared by the program
ORTEP [16], is given in Fig. 1.

The structure consists of discrete monomeric (C,,H,,COCH;)Fe,(CO)s mole-
cules. The two Fe(CO), groups are in trans positions with respect to the roof-
shaped organic skeleton as in II. The acetylated s-cis-butadiene system of the
ligand is bonded to Fe(1) through one C—C double bond and the oxygen-atom
of the (Z)-acetyl substituent. The arrangement of ligands about Fe(1) is
trigonal bipyramidal. The three equatorial sites are occupied by 2 CO and the
midpoint of C(6)—C(10) (plane E, Table 5) and the C—C double bond makes
an angle of 5° with the equatorial plane. The apical sites are occupied by one
CO and O(1). The equatorial angles are 127, 127 and 106°, the small angle
being that subtended by two Fe—CO bonds. The apical angles are close to 90°
(Table 5). H(106Z) deviates from the diene plane (plane D, Table 6) away from
the metal by 29° and H(10E) towards the metal by 25°. The Fe—O(1) bond
has a length of 1.997(2) A, in excellent agreement with the corresponding dis-
tance of 1.999(5) A reported by Sim et al. [17] for the (1-3-p-hexene-5-one)-
tricarbonyliron cation. This distance is indicative of an essentially single bond.

* Lists of observed and calculated structure factors are available on request from R.K.
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Fig. 1. A perspective view of the molecular structure of (CjoH;; COCH3)Fey(CQO)g (1II).

The Fe—C(15) bond frans to the oxygen ligand O(1) is significantly shorter
(1.732(3) A) than the Fe—C(16) and Fe—C(17) bonds ‘“trans’’ to the n2-C(6)—
C(10) ligand (1.8090(3) and 1.801(5) A). This is alsc in agreement with a neg-
ligible back-donation of charge to the oxygen atom O(1). The C(13)—0(1) dis-
tance of 1.251(4) A is longer than the corresponding distance reported by Sim
et al. [17] and the mean CO distance of 1.215(5) A reported for ketones and
aldehydes [18]. Thus, the acyl CO bond order appears to be affected by the
formation of the Fe—O(1) bond. This is in agreement with the »(CO) at 1590
cm™!, whereas normal ketone absorption is at ca. 1710 cm ™, and brings further
support to the right limit structure presented in Scheme 2.

The arrangement of ligands about Fe(2) is approximately fetragonal pyrami-
dal. Four coordination sites are occupied by 2 CO and the midpoints a and b of
the exo C—C bonds of one s-cis-butadiene system, a—b—C(18)—C(19) defining
the basal plane (plane B, Table 6). The apex-to-base angles are 100° for the car-
bonyl groups and 115° for the C—C bond midpoints. The basal angles are 95,
86 and 69°, the small angle being that subtended by the two outer C—C bonds
of the diene. The diene is perpendicular to the basal plane, the distance Fe(1)—
plane is 0.53 A. The three C—C bond lengths of the diene are equal within
experimental errors. The sum of angles at the “inner”’ carbon atcms C(7) and
C(8) is 360.0(3)°. In contrast, H(Z) atoms deviate from the diene plane
(plane A, Table 6) away from Fe(2) by 40° and H(F) atoms deviate towards
the metal by 10°. These values are in agreement with the mean deviations
found from a comparison of other (1,3-diene)Fe(CO); structures [19].

Diene—heterotriene tricarbonyliron coordination equilibrium in solution
The red crystals of I1I turn yellow-orange on melting. A solution of III in
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degassed CD,Cl, experiences the same color change upon standing a few hours
at 40°C. Its 'H NMR spectrum showed a gradual decrease in the intensities of
three signals characteristic of I1I (the H(9) singlet at 6.12 ppm, and the two
H(10E) and H(10Z) doublets at 3.67 and 0.92 ppm), and a corresponding
increase in the intensities of three new signals, i.e. a singlet and two doublets at
3.60, 2.55 and 1.66 ppm respectively. The geminal coupling constant J(E—Z)
increased from 2.4 to 3.2 Hz for the doublets of the new species. The latter
value is the same as that found for Il [1] and suggests the same tetrahapto

mode of bonding for C(5, 6, 9, 10) as in II. Chromatography of the yellow-
orange solution gave III (red, 2%) and complex IV (yellow, 98%) whose analyti-
cal data (Experimental) are in agreement with those of an isomer of III. The
NMR data of IV (Table 1) indicate that H(9) and C(9) are much more shielded
than in III while the C(5—8) chemical shifts are quite similar to those of I1. The
two tetrahaptotricarbonyliron groups are now bonded to the two cis-butadiene
systems as in II, leaving the keto group uncoordinated (Scheme 1). One coordi-
nation site of Fe(1) has thus shifted from the keto group to the second exo-
cyclic double bond C(5)—C(9) of the acetylated butadiene system.

The IIT » IV process corresponds to the isomerisation of a trigonal bipyrami-
dal (heterotriene)Fe(CO); to a tetragonal pyramidal (1,3-diene)Fe(CO); sys-
tem. This process is reversible since the same 'H NMR spectrum was observed
when equilibrating III or IV in CD,CI, at the same temperature. The thermody-
namic and kinetic parameters of equilibrium IIT = IV in dichloromethane were
determined by UV spectrophotometry (Experimental) and are presented in Ta-
ble 7. The III - IV process is exothermic, thus III is the kinetically favoured
product of the Friedel-Crafts acetylation of II and IV the thermodynamically
stable isomer. III most probably arises by proton loss from the expected allyl-
Fe(CO); cationic intermediate 1 which is analogous to the (1-acetylbutadienyl)-
tricarbonyliron cation reported by Knox et al. [6] (Scheme 3).

The isomerisation goes by an intramolecular mechanism since the rate of
approach to equilibrium (%, + £_,) is independent of the concentration of the

TABLE 7
THERMODYNAMIC AND KINETIC PARAMETERS FOR THE EQUILIBRIUM III =1V IN DICHLO-
ROMETHANE

AT studied 8 Kag3 b AGag3 AHC asd
X) (kecal/mol) (kscal/mol) (e.u.)
283—313 1012 —2.7+0.1 —4.0+0.2 —4 %1
AT studied @ ky X105 € AGE f AHE8 ASE,
(K) (s"l ) (ixcal/mol) (kcal/mol) (e.u.)
283—313 20+0.1 234 +0.1 22.0*0.7 —5+2

aip1 K; b k= {IV1/[III] =k, /k—3: € Calculated from the slope of In K vs. T-1 (6 points. alignment
coefficient bb’ = 0.9988): 2 Slope of RTIn K vs. T (bb’ = 0.998); € At 293 K; calculated from the slope of
In(A{ —Aw) vX. t (A =526 nm, bb’ = 0.9999) and Ky93; [ at 293 K; AG* = [In(kg/h) —In(&/T)I1RT: &
Calculated from the slope of In(k1 /T) vs. T~1 (8 points, bb’ = 0.9989). The measurementsare: (T°C, (k1 +
E_3) X10% 571, K) (10, 4.91 £ 0.04, 130 + 3) (20, 20.91 + 0.04, 102 + 4) (31, 88.7 + 0.3, 80 * 3) (40,
259 + 6, 66 + 2) (45, 481 + 2, 59 + 2) (48,614 + 15,56 * 2) (54, 1070 + 20, 50 + 1) (58, 1768 + 7, 46 +

1).



364

(QC);Fe
CH3
y; (o]
//
Fe(C0)3 FE(CO)3
1 ii
E(C0)3
0.
\
\
VI ecco,
OHCll"lasl" +HCLl{ "slow"”
E(CO)a
HO
® \
\
vilI IX Fe(CO);
products products

SCHEME 3

starting complex. Since both AS*®, and AS*,, ,are close to zero, the main con-
tribution to the AG*’s is enthalpic (e g. T AS*, k , contributes only 6% to AG*,

at 293 K). Several factors contribute to AH*, . Of these, the enthalpy of activa-
tion required for the fluxional change between a tetragonal pyramidal and a tri-
gonal bipyramidal geometry is probably minor, since the intramolecular CO
exchange in IV was found by *C NMR to be blocked at ca. —40°C. A full dis-
cussion of the contribution of other factors (e.g. the AH* of solvation) must
await other examples of such a coordination equilibrium.

The Z/E isomerisation of IV requires a much higher energy of activation. It
was observed only upon heating crystals of IV under argon at 170°C for 5 min.
Chromatography of the product brought down III (2%) and complex V (98%)
(Scheme 1) which is an isomer of IV (Experimental). Its NMR data (Table 1)
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show unambiguously a H(9) signal in the H(Z) region (highfield shift of 2.50
pPpm with respect to IV), the acetyl substituent being thus in the £-position,
The keto group (¥(C=0) 1667 cm ™) is uncoordinated since the C(5, 6, 9, 10)
chemical shifts and J(H(10E),H(10Z)) are typical of a 1,3-diene coordinated to
a tetrahaptotricarbonyliron group.

This study provides a route to Z or E monoacetylated derivatives of the
pentaene I by stereospecific Friedel-Crafts acylation of an unsymmetrically
bimetallated complex. The preference of the Friedel-Crafts electrophile (AcCl/
AICI;) for the attack onto the endo-(diene)Fe(CO); contrasts strikingly with
the stereoselective protonation of the exo-(diene)Fe(CO); of II by HCl/AICI;.
We had shown [2] that the endoeyclic double bond in II coordinates to the
(allyl)Fe(CO); cation generated upon protonation. Obviously, this is possible
only for the protonated exo-(diene)Fe(CO); system. The present work demon-
strates that the intervention of the endocyclic double bond is not required in
the case of the Friedel-Crafts acetylation of II, since the (acetylmethyl)allylFe-
(CO); cation generated upon addition of CH3;CO"AICl," is coordinatively satu-
rated by the dative CH;CO---Fe bond (cf. i). This does not explain yet why the
acetylation of the exo-(diene)Fe(CO); of II is not competitive. We propose the
following interpretation.

The Fe(CO); group plays the role of a —I substituent [ 20]. This was con-
firmed by the study of Sy1 solvolyses of esters remotely perturbed by (diene)-
Fe(CO); groups [4]. We have reported [21] that the acid-promoted epoxide ring
opening of the exo complex VI is much faster than that of its endo isomer VII
(Scheme 3) under the same conditions, probably because the —I effect of the
endo-Fe(CO); destablizes more the cationic intermediate IX than the exo-Fe-
(CO); group in VIII. The stereoselectivity of the acetylation of II is probably
governed by the relative stability of the cationic intermediates i and ii. Simi-
larly to VIII and IX, i is expected to be more stable than ii because of a smaller
destabilizing effect by the exo-(diene)Fe(CO); in i than by the endo-Fe(CO);
group in ii (the possible participation of the endocyclic double bond to the
positive charge delocalization [ 22] is not expected to be significant because i
and ii are already strongly delocalized cations).

Experimental

All reactions were carried out under argon and the solvents were purified,
dried and degassed by standard methods [23]. Mass spectra at 70 eV were mea-
sured with a Hewlett-Packard GC-MS 5980; IR spectra in n-hexane and in KBr
pellets with a Perkin-Elmer 577 spectrophotometer; UV spectra in n-heptane
with a Beckman Acta V spectrophotometer; *"H NMR spectra with a Bruker
WP-80 and a Bruker WP-60 spectrometer in the CW and the FT modes, respec-
tively ; 1*C NMR spectra with a Bruker WP-60 instrument (15.08 MHz) in the
FT mode and using a deuterium lock. The melting points (uncorrected) were
measured with a Tottoli apparatus. E. Manzer (Mikrolabor, ETH, Ziirich)
carried out the microanalyses. The preparations of I and II have been described

elsewhere [24,1].
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Preparation of complexes
a) A mixture of freshly sublimed AICI; (0.155 g; 1.16 mmol) and CH3;COCl

(0.091 g; 1.16 mmol) in dichloromethane (2 ml) was added dropwise to a
stirred solution of complex II (0.5 g; 1.147 mmol) in dichloromethane (30 ml)
at 0°C. After 5 min the red solution was quenched at 0°C by vigorous stirring
in saturated aqueous NaHCO;/MeOH (1 : 1) (200 ml). The mixture was
extracted with dichioromethane (100 ml) and the organic phase dried over
MgSO, and chromatographed on a 30 X 2 cm column packed with silica gel.
Elution with CH,Cl,/n-hexane (1 : 1) gave a single red band (TLC R; ~0.8)
which yielded complex III (0.315 g; O. 659 mmol; 57.5%) * after recrystallisa-
tion from n-hexane at —25°C.

I1I: red crystals (single crystals for the X-ray measurements were obtained by
slow cooling to —25°C of a saturated solution in n-hexane), m.p. 115—116°C
(melting is accompanied with isomerisation to complex IV). Analysis. Found:
C, 50.73; H, 3.04. C,(H,,0,Fe, calcd.: C, 50.25; H, 2.95%. Mass spectrum,
mfe: 478 (M* <0.1), 450 (23), 422 (54), 394 (49), 366 (12), 338 (22), 310
(100) (successive losses of 6 CO), 284 (24), 198 (47), 184 (47), 155 (56), 56
(Fe%). IR (n-hexane): »(CO) 2060, 1982, 1973 and 1965 cm™!; »(C=0) 1590
cm™! (in KBr). UV spectrum, Ay, in nm (€ in M~' em™): 475 (1460), 336(sh)
(5810), 300(sh) (10 800), 278 (15 200).

b) A glass tube containing a solution of III (0.1 g) in dichloromethane (8 ml)
was sealed on a vacuum line and then heated at 55°C for 10 min. The red solu-
tion turned yellow-orange and was shown by 'H NMR to contain a mixture of
complexes I and IV (molar ratio 2 : 98, which decreased slightly on cooling).
Chromatography on silica gel with CH,Cl,/n-hexane (1 : 1) gave complex III,
then elution with pure CH,Cl, brought down a single yellow band which
yielded complex IV (TLC R; ~0.5, CH,Cl,) after crystallisation from n-hexane
at —25°C. Yield 97%.

IV: yellow crystals, m.p. 115°C (identical melt to that obtained with III).
Analysis. Found: C, 50.80; H, 3.11. C,,H,,0,Fe, calcd.: C, 50.25; H, 2.95%.
Mass spectrum: 478 (M™; 0.4), 450 (15), 422 (54), 394 (35), 366 (12), 338
(17), 310 (100) (successive losses of 6 CO), 284 (20), 198 (15), 184 (17), 155
(17), 128 (30), 112 (39), 84 (22), 56 (Fe"). IR (n-hexane): v(CO) 2062, 1994,
1987 and 1976 cm™'; »(C=0) 1680 cm™! (in KBr). UV spectrum: 300(sh)
(5990), 220(sh) (41 300).

c) A glass tube containing complex IV (0.1 g) was sealed under argon (1 atm)
and heated in an oil bath at 170°C for 5 min. After cooling, the yellow solid was
chromatographed on a 20 X 2 em column packed with silica gel. Elution with
CH,Cl,/n-hexane (1 : 1) gave a red band containing traces of III, then a yellow
band which yielded complex V (TLC R¢ ~0.5, CH,Cl,/n-hexane (1 : 1)) after
crystallisation from n-hexane at —25°C. Yield 98%.

V: yellow crystals, m.p. 165°C. Analysis. Found: C, 50.91; H, 3.28. C,H -
O,Fe, caled.: C, 50.25; H, 2.95%. Mass spectrum, m/fe: 478 (M"; 0.1), 450 (7),
422 (44), 394 (39), 366 (6), 338 (9), 310 (100) (successive losses of 6 CO),
284 (21), 198 (17), 184 (18), 155 (18), 128 (20), 112 (29), 84 (19), 56 (Fe*).

* Optimisation of yields was not attempted.
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IR (n-hexane): »(CO) 2076, 2063, 2001, 1986 and 1973 cm™*; »(C=0) 1667
cm™! (in KBr).

Kinetic measurements

a) Known amounts of IV were dissolved in degassed dichloromethane (dried
over neutrai alumina, grade I) (¢;v 1—3 X 1072 M) in thermostated quartz cells
and the temperature of the solution was measured with a thermistor. The
absorbance at 525 nm was measured at equilibrium and the equilibrium con-
stant K = [IV]/[III] calculated by solving the simultaneous equations [III] +
[IV] = crv and €111 [III] + €1v[IV] = A5,5. At 525 nm the difference in €’s is
greatest (€;1; 1310, €1y 50 M~! em™) and the contributions of both chromo-
phores to A;,s is of the same order of magnitude (e.g. at 40°C: ;v 1.52 X
1072 M, As,s = 0.361 and €;v[IV] contributes 21% to the total absorbance).
The results were then checked by approaching the equilibrium from the other
side (starting with pure IIT).

b) Thermostatted quartz cells equipped with a thermistor were filled with a
solution of III (cyy; 1—5 X 107% M) in dry and degassed dichloromethane and
hermetically closed. The absorbance was followed at 525 nm to 60—80% of the
approach to the position of equilibrium III = IV. For such an equilibrium,
—In([IIIl, — [II]eq) + In(eyy — [1I]eq) = (B + k-,)t, and the slope of In(A; —
A.) vs. t gives (B, + k_,). Knowing K = k,/k-,, k, and k-, were calculated for
each temperature and the activation parameters computed by the program
RELICI [25] (Table 7).
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