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Studies on olefin-coordinating transition metal carbene complexes
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Abstract

Reaction of 1,3-cyclohexadiene(tricarbonyl)iron (1) with ortho-substituted aryllithium reagents ArLi (Ar=o0-CH,C¢cH,, o-
CH;0CgH,, 0-CF;CgH,) in ether at low temperature, and subsequent alkylation of the acylmetalates formed with Et;OBF, in
aqueous solution at 0°C or in CH,Cl, at —60°C gave the 1,3-cyclohexadiene(dicarbonyl)ethoxy(aryl)carbeneliron complexes
(7*-C4sHgXCO),FeC(OC,H )Ar (3, Ar =o0-CH;C(H,; 4, Ar=0-CH,0C,H,), and the isomerized product (73-
C¢HgXCO),FeC(OC,H;)C;H,CF;-0 (5), respectively, among which the structure of 3 has been established by an X-ray
diffraction study. Complex 3 is monoclinic, space group P2, with g = 8.118(4), b = 7.367(4), c = 14.002(6) ;\, B =104.093),
V= 812.2(6) ;\3, Z=2, D,=139 g cm ™3, R=0.056, and R, =0.062 for 976 observed reflections. Complexes 3 and § were
converted into the chelated allyliron phosphine adducts (1?-C4HgXCO),(PRYFeC(OC,H)Ar (6, Ar = 0-CH,C,H,, R' = Ph; 7,
Ar =0-CH;C4H,, R! = OPh; 9, Ar = 0-CF;C¢H,, R! = Ph), by reaction with phosphines in petroleum ether at low temperatures.

1. Introduction

Alkene—metal carbene complexes are important in-
termediates in various reactions of metal carbene com-
plexes with alkenes [1-3]. In recent years, the olefin-
coordinated transition metal carbene complexes
and/or their isomerized products have been examined
extensively in our laboratory [4-13). Several novel iso-
merizations of olefin ligands have been observed and a
series of isomerized carbene complexes with novel
structure have been obtained. However, only a few
olefin-coordinated metal carbene complexes were iso-
lated [8,11,12], in which the olefin ligand and carbene
ligand coexist stably.

We previously reported the reaction of 1,3-cyclohe-
xadiene(tricarbonyl)iron (1) with aryllithium reagents
at low temperature to produce the acylmetalates which
was dissolved in water at 0°C and then Et,OBF, was
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added to the alkylation to give novel isomerized prod-
ucts of cyclohexadiene(dicarbonyl)ethoxy(aryl)car-
beneliron complexes [15] (eqn. (1)).

(1) ArLi, Et,0
-
(2) Et30BF,

Fe(CO),

(R =H, m-, p-CH;, p-CH;0, p-CF,)
However, when o-CH,C H,Li was used for the reac-
tion with 1 followed by the alkylation of the acylmeta-
late intermediate formed with Et;OBF, under the same
conditions gave no analogous .product owing to the
extreme lability of the acylmetalate intermediate. In
previous papers [5,6], we showed that the resulting
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products formed depend on the nature of the sub-
stituents of the aryl nucleophiles and on the alkylation
conditions. An attempt was made to react 1 with
ortho-substituted aryllithium reagents such as o-
CH,C,H,Li, 0-CH;0C4H,Li, and o-CF;C,H,Li in
order to investigate further the effects of different aryl
substituents and different alkylation conditions on the
reaction products.

Thus, the 1,3-cyclohexadiene(dicarbonyl)[ethoxy
(aryDcarbeneliron complexes and the isomerized car-
bene complex in which the aryl is an ortho-substituted
phenyl group, respectively, were obtained by the reac-
tion of 1 with ortho-substituted aryilithium reagents in
a manner similar to that previously described [15] but
under different alkylation conditions. Here we report
the synthesis and crystal structure of these cyclodiene-
coordinated carbene complexes, and their addition re-
action with phosphines giving phosphine adducts.

2. Experimental details

All manipulations were carried out under a pre-
purified dinitrogen atmosphere in reagent grade sol-
vents and using standard Schlenk techniques. All sol-
vents employed were distilled under a dinitrogen atmo-
sphere from appropriate drying agents: diethyl ether
from sodium benzophenone Ketyl, petroleum ether
(30-60°C) from CaH,, and CH,C1, from P,Os. The
solvents were stored over 4 A molecular sieves under
dinitrogen prior to use. The neutral alumina (Al,O5)
used for chromatography was deoxygenated at room
temperature in a high vacuum for 16 h, deactivated
with 5% w/w dinitrogen-saturated water, and stored
under dinitrogen. Cyclohexadiene(tricarbonyl)iron (1)
was purchased from Strem Chemicals, Inc., and used
directly. C4Hg(CO),Fe(OC,H)C,H, CH;-m (2) was
prepared as previously reported [15]. Et;OBF, [16] and
aryllithium reagents [17-20] were prepared by litera-
ture methods.

IR, 'H NMR and mass spectra were recorded on a
Zeiss Specord-75 spectrophotometer, a Varian XL-200
spectrometer, and a Finnigan 4021 /MS /DS spectrom-
eter, respectively. The melting points were determined
in sealed, dinitrogen-filled capillaries and are not cor-
rected.

2.1. Preparation of CgzHgy(CO),FeC(OC,H;s)CsH,
CHjo (3)

2.1.1. Alkylation in H,O

To a solution of 1.0 g (4.55 mmol) of 1 in 50 ml of
ether was added dropwise 4.55 mmol of o-CH,C;H ,Li
[17] at —60°C within 15 min with strong stirring. The
colour of the mixture turned gradually from light yel-
low to orange. The reaction mixture was allowed to
warm to — 50°C and stirred at —50 to —45°C for 3 h.

The resulting orange solution was evaporated to dry-
ness in a high vacuum at —40°C. To the dark-orange
solid residue was added Et;OBF, (ca. 5 g). This solid
mixture was dissolved in 50 ml of dinitrogen-saturated
water at 0°C with vigorous stirring and the mixture
covered with petroleum ether (30-60°C). Immediately
afterwards, Et;OBF, (ca. 10 g) was added to the aque-
ous solution portionwise, with strong stirring, until it
became acidic. The aqueous solution was extracted
with petroleum ether. The combined extract was dried
over anhydrous Na,SO,. After removal of the solvent
under vacuum, the residue was chromatographed on an
alumina (neutral, 100-200 mesh) column (1.6 X 15 cm)
at —25°C with petroleum ether as the eluant. The
yellow band was eluted and collected. The solvent was
removed in vacuo and the residue of red oil was
recrystallized from petroleum ether at —80°C to give
orange crystals of 3; m.p. 30°C (decomp.), yield 0.742 g
(48%, based on 1). Anal. Found: C, 63.59; H, 5.99; Fe,
16.83. C,gH,,0;Fe (340.21) calc.: 63.55; H, 5.93; Fe,
16.42%. IR (CH,Cl,): »(CO) 1988vs, 1927vs cm™};
(hexane): 1995sh, 1989vs, 1947sh, 1940vs cm~!. MS:
m/z 340 M™), 312 M*— CO), 284 M* - 2CO).

2.1.2. Alkylation in CH,Cl,

Compound 1 (1.0 g, 4.55 mmol) was treated with
4.55 mmol of 0-CH,C¢H,Li, as described above in
Section 2.1.1, in ether at —50 to —45°C for 3 h. After
removal of the solvent under vacuum at —40°C, the
residue was dissolved in 20 ml of CH,Cl, at —60°C.
To this solution, 0.90 g of Et;OBF, dissolved in 10 ml
of CH,Cl, was added dropwise with stirring within 15
min. The reaction mixture turned from dark red to
orange yellow. After being stirred at —40°C for 0.5 h,
the solvent was removed in vacuo at —40°C. Further
treatment as described above gave 0.70 g (45%, based
on 1) of orange crystalline 3 which was identified by its
melting point, IR, 'TH NMR and mass spectra.

2.2. Preparation of C4Hg4(CO),FeC(OC,H;)CysH,OC-
Hyo (4)

2.2.1. Alkylation in H,O

n-C,H,Li [18] (6.47 mmol) was mixed with a solu-
tion of 0-CH,OCcH ,Br (1.21 g, 6.47 mmol) in 20 ml
of ether at 0°C. The mixture was stirred at room
temperature (20-22°C) for 1 h. The resulting ether
solution of 0-CH;OC¢H ,Li [19] reacted in a manner
similar to that described for the preparation of 3, with
1.0 g (4.55 mmol) of 1 in 50 ml of ether at —~25°C for
3.5 h. Subsequent alkylation and further treatment in a
similar manner as described for the preparation given
in Section 2.1.1 afforded 0.82 g (51%, based on 1) of
light yellow oil. Anal. Found: C, 60.41; H, 5.78.
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C,sH,,0,Fe (35621) calc.: C, 60.69; H, 5.66%. IR
(CH,Cl,): »(CO) 1971vs, 1921vs cm™!; (hexane):
2000sh, 1990vs, 1950sh, 1942vs cm~!. MS: m/z 356
(M%), 328 M*— CO), 300 M*— 2C0O).

2.2.2. Alkylation in CH,Cl,

Compound 1 (1.0 g, 4.55 mmol) was treated as
described in Section 2.1. with fresh o-CH,OC:H,Li
prepared by the reaction of 0-CH,OC,H,Br (1.21 g,
6.47 mmol) with 6.47 mmol of n-C,HyLi, in ether at
—25°C for 3.5 h. After evaporating the solvent in
vacuo, the subsequent treatment of the residue as
described for the preparation in Section 2.1.2 gave 0.74
g (46%, based on 1) of light yellow oil of 4 which was
identified by its IR, '"H NMR, and mass spectra.

2.3. Preparation of C4Hg(CO),FeC(OC,H;)CysH ,CFy0
(5)

2.3.1. Alkylation of H,O

To a solution of n-C,H,Li (11.0 mmol) in 20 ml of
ether was added 1.43 g (9.80 mmol) of benzotrifluoride.
The mixture was refluxed for 6 h. The resulting ether
solution of o-CF,;-C¢H ,Li [20] was treated in a manner
similar to that described in Section 2.1 with 1.0 g (4.55
mmol) of 1 in 50 ml of ether at —50 to —45°C for 3 h.
Subsequent alkylation and further treatment similar to
procedures described in Section 2.1.1 gave 0.75 g (42%,
based on 1) of orange-red crystals of §; m.p. 32-34°C
(decomp.). Anal. Found: C, 55.15; H, 4.56.
C,sH,;0,F;Fe (394.18) calc.: C, 54.85; H, 4.35%. IR
(CH,C1,): »(CO) 1985vs, 1931vs cm™!; (hexane):
1994vs, 1982sh, 1955vs cm~ 1. MS: m/z 394 (M), 366
M*—CO), 338 (M*—2CO).

2.3.2. Alkylation in CH,Cl,

Compound 1 (1.0 g, 4.55 mmol) was treated in a
manner similar to that described above in Section 2.1
with fresh 0-CF;C H,Li ether solution prepared by
the reaction of CF,C,H, (1.43 g, 9.80 mmol) with
n-C,H,Li (11.0 mmol) in ether at —50 to —45°C for 3
h. After vacuum removal of the solvent, the subsequent
alkylation and further treatment of the residue as
described in Section 2.1.2 afforded 0.58 g (32%, based
on 1) of orange-red crystalline 5 which was identified
by its melting point, and IR, '"H NMR and mass
spectra.

2.4. Reaction of C4Hg4(CO),FeC(OC,H;s)CsH,CHy0
(3) with PPh; to give C4Hg(CO),(PPh;)FeC(OC,H;)-
CsH,CH;o0 (6)

Compound 3 (0.10 g, 0.29 mmol) was dissolved in 30
ml of petroleum ether (30-60°C) at —60°C. To this
solution was added dropwise PPh, (0.15 g, 0.57 mmol)
in 10 ml of petroleum ether. The reaction mixture was

stirred at —60°C for 3 h and the orange-red solution
gradually turned bright yellow. The resulting mixture
was evaporated to dryness under vacuum. The residue
was chromatographed on Al,O; (neutral) at —20°C
with petroleum ether as the eluant, and the yellow
band was collected. After vacuum removal of the sol-
vent, the crude yellow powder product was recrystal-
lized from petroleum ether at —80°C to give 0.15 g
(85%, based on 3) of yellow needles of 6; m.p. 116—
117°C (decomp.). Anal. Found: C, 71.52; H, 5.90; P,
5.44; Fe, 8.65. C;4H;50,PFe (602.50) calc.: C, 71.77;
H, 5.86; P, 5.14; Fe, 9.27%. IR (CH,Cl,): v(CO) 1970vs,
1910vs cm™!; (hexane): 1975vs, 1920 cm~!. MS: m/z
602 (M™*), 340 (M*— PPh,), 312 (M*— PPh, — CO),
294 (M* - PPh, — 2CO).

2.5. Reaction of 3 with P(OPh); to give CsHy(CO),
[P(OPh);]FeC(OC,H;)C4H ,CH o (7)

To a solution of 3 (0.20 g, 0.58 mmol) in 30 ml of
petroleum ether was added dropwise P(OPh), {0.35 g,
1.13 mmol) at —60°C with stirring. The reaction solu-
tion was stirred at this temperature for 3 h and the
orange-red solution gradually turned yellow. Further
treatment of the resulting solution was similar to that
described in the reaction of 3 with PPh, to afford 0.21
g (55%, based on 3) of light yellow crystals of 7; m.p.
84-85°C (decomp.). Anal. Found: C, 66.82; H, 5.50; P,
4.88; Fe, 8.23. C;H,sO(PFe (650.50) calc.: C, 66.47;
H, 5.42; P, 4.76; Fe, 8.59%. IR (CH,Cl,): v(CO) 1995vs,
1938vs cm™'; (hexane): 2000vs, 1940vs cm™!. MS: m /z
650 (M™*), 622 (M*— CO), 594 (M*— 2CO), 284 M * —
2CO — P(OPh),).

2.6. Reaction of C4Hy(CO),FeC(OC,Hs)CyH,CHym
(2) with PPh; to give C3Hg(CO),(PPh;)FeC(OC,H,)-
Cy,H,CH;m (8)

Similar to the procedure described for the reaction
of 3 with PPh,, Compound 2 (0.10 g, 0.29 mmol) was
treated with PPh; (0.15 g, 0.57 mmol) at —50 to
—40°C for 3 h. Subsequent treatment of the resulting
yellow mixture as described above for 6 gave 0.16 g
(89%, based on 2) of yellow crystals of 8; m.p. 107—
108°C (decomp.). Anal. Found: C, 71.85; H, 5.97; Fe,
8.80. C;xH;0,PFe (602.50) calc.: C, 71.77; H, 5.86;
Fe, 9.27%. IR (CH,Cl,): »(CO) 1985vs, 1925vs cm ™ };
(hexane): 1991vs, 1930vs cm~'. MS: m/z 602 (M™),
340 (M* - PPh;,), 312 (M*— PPh; — CO), 284 (M*—
PPh; — 2CO).

2.7. Reaction of CzHg(CO),FeC(OC,H;)CzH ,CF;0
(5) with PPh; to give C4Hg(CO),(PPh;)FeC(OC,H;)-
C4,H,CF;0 (9)

The reaction of 0.05 g (0.13 mmol) of 5 in 50 ml of
petroleum ether with 0.070 g (0.27 mmol) of PPh, at
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—50 to —40°C for 3 h, in a similar manner as de-
scribed for 6, gave 0.072 g (87%, based on 5) of yellow
crystals of 9; m.p. 96-98°C (decomp.). Anal. Found: C,
66.07; H, 4.76. C;4H,,0,F;PFe (656.47) calc.: C, 65.87;
H, 4.91%. IR (CH,Cl,): »(CO) 1980vs, 1925vs cm™L;
(hexane): 1988vs, br, 1938vs cm 1. MS: m/z 656 (M ™),
628 (M*— CQ), 600 (M*~-2C0O), 338 (M*—2CO —
PPh.,).

2.8. Crystal structure determination of 3

Crystals of C,Hg(CO),FeC(OC,H;)C-H,CH ;-0 (3)
suitable for X-ray diffraction study were obtained by
recrystallization from pentane at —80°C. A single crys-
tal of approximate dimensions 0.28 X 0.35 X 0.55 mm?
was sealed in a capillary under a dinitrogen atmo-
sphere. The X-ray diffraction intensity data of 1923
independent reflections, of which 976 with I> 3a(I)
were observable, were collected with a Nicolet R 3M/E
four-circle diffractometer at —80°C using Mo Ke radi-
ation with a @w—26 scan mode within 3° < 26 < 54°. The
data were corrected for Lorentz and polarization ef-
fects. The crystals of 3 belong to the monoclinic sys-
tem. The space group is P2; with cell dirglensions
a = 8118(4), b = 7.367(04), c=14.002(6) A, B=
104.093)¢, V=812.2(6) A®>, Z=2, D,=139 g cm >,
and p =935 cm™! (Mo Ka).

The position of the Fe atom was determined by
using the Patterson function method. The Fe atom was

found to be located in a special position, leading to
ambiguous determination of other non-hydrogen atoms.
All the non-hydrogen atoms were determined unam-
biguously by Fourier synthesis using different test mod-
els. The structure parameters were refined by a block-
diagonal-matrix least-squares method. After refining
the atomic coordinates and anisotropic thermal param-
eters of the non-hydrogen atoms, the final discrepancy
indices were R = 0.056 and R, = 0.062 with 976 reflec-
tions.

The atomic coordinates and isotropic thermal pa-
rameters of nonhydrogen atoms of 3 are given in Table
2. The bond lengths and angles are listed in Table 3.

3. Results and discussion

3.1. Preparation of complexes 3-5

By analogy with the preparation of the isomerized
cyclohexadiene(dicarbonyl)[ethoxy(aryl)carbeneliron
complexes [15], equimolar quantities of 1 and ortho-
substituted aryllithium reagents ArLi (Ar = o-
CH,C¢H,, 0-CH,0C(H,) were used for the reaction
in ether at low temperature. The acylmetalates ob-
tained were subsequently alkylated with Et,OBF, ei-
ther in aqueous solution at 0°C or in CH,Cl, at
—60°C. The reaction products were chromatographed
on an alumina column at low temperature and recrys-
tallized from petroleum ether at —80°C to give orange

TABLE 1. 'H NMR spectra of complexes 3-9 in acetone-dq at 20°C (5 ppm, TMS as internal reference)

Complex 8 (cycloolefin-proton) 8 (aryl-proton) 8 (OCH,CH,)
12 5.48 (m, 2H); 3.30 (m, 2H);
1.80-1.54 (m, 4H)
2[15] 5.20 (t, 1H); 4.08 (t, 1H), 7.56 (m, 2H); 7.12 (m, 1H) 3.68 (q, 2H); 1.30 (t, 3H)

3.36 (t, 1H); 2.92 (m, 1H);
2.40-2.22 (m, 2H); 1.64 (m, 2H)

6.90 (m, 1H); 2.48 s, 3H, m-CH,C¢H,)

5.10 (m, 2H); 2.70 (m, 2H);
1.76-1.50 (m, 4H)

5.50 (m, 2H); 2.94 (m, 2H);
1.90-1.74 (m, 4H)

5.35(t, 1H); 4.27 (t, 1H);

3.50 (t, 1H); 3.00 (m, 1H);
2.44-2.20 (m, 2H); 1.65 (m, 2H)
4.54 (m, 1H); 3.80 (m, 1H);

3.14 (m, 1H), 3.00 (m, 1H);
2.58-2.40 (m, 2H); 1.42 (m, 2H)
4.84 (m, 1H); 3.78 (t, 1H);

3.66 (m, 1H); 3.56 (m, 1H);
2.50-2.34 (m, 2H); 1.40 (m, 2H)
5.08 (m, 1H); 4.55 (m, 1H);

3.54 (m, 1H); 3.10 (m, 1H);
2.48-2.24 (m, 2H); 1.30 (m, 2H)
5.02 (m, 1H); 4.62 (m, 1H);

3.58 (m, 1H); 3.13 (m, 1H);
2.52-2.38 (m, 2H); 1.32 (m, 2H)

7.08 (m, 3H); 6.74 (m, 1H);
2.10 (s, 3H, 0-CH,C4H,)
7.28 (m, 2H); 6.94 (m, 2H);

3.80 (s, 3H, 0-CH;OC¢H )

8.06 (m, 1H); 7.66 (m, 1H);
7.40 (m, 2H)

7.58-7.12 (m, 19H);
2.84 (s, 3H, 0-CH,C4H,)

7.48-7.06 (m, 19H);
2.44 (s, 3H, 0-CH,C4H,)

7.62-7.20 (m, 19H);
2.40 (s, 3H, m-CH,C4H,)

7.60-7.20 (m, 19H)

4.70 (q, 2H); 1.49 (t, 3H)
4.02 (g, 2HD); 1.68 (t, 3H)

3.74 (q, 2H); 1.35 (t, 3H)

4.26 (g, 2H); 0.94 (t, 3H)

4.32 (q, 2H); 0.88 (t, 3H)

4.20 (q, 2H); 0.90 (t, 3H)

4.25 (q, 2H); 1.04 (t, 3H)

a Purchased from Strem Chemicals, Inc.



J. Chen, Y. Yu / Olefin-containing transition metal carbene complexes 117

or yellow 1,3-cyclohexadiene-coordinated carbene com-
plexes (n*-C¢HgXCO),FeC(OC,H)Ar (3, Ar=o-
CH,;C.H,; 4, Ar = 0-CH,0OC.H,) in 45-51% isolated
yields (eqn. (2)).

. Et,0
+ ArLi ———
—5010 —25°C
Fe(CO),
1)
i ,OLi-xEt,0
/Fe*“Ci
co” | Ar
L CO _
Et;0BF,
H,0, 0°C )
or CH,Cl,, — 60°C _OC,H;

co” | Ar
Cco
3: Ar = 0-CH,C,H,
4: Ar = 0-CH,0C,H,
The alkylation conditions are very important for the

formation of complexes 3 and 4. Since the acylmeta-
lates formed by the reaction of 1 with ¢-CH,C,H,Li

TABLE 2. Atomic coordinates (X 1ﬂ04 for Fe and X103 for others)
and isotropic thermal parameters (A% X 10%)

Atom x y z Ueq
Fe 2460(3) 5000 1772(1) 15(1)
a1 58(2) 454(2) 8%(1) 17(5)
o) —-722) 426(2) 33(D 324)
a®2) 315(2) 697(2) 127(1) 25(6)
0oQ2) 366(2) 815(2) 84(1) 48(6)
a3 127(2) 617(2) 260(1) 12(4)
0o@3) 6(2) 744(2) 246(1) 30(5)
c4) —57(4) 824(4) 148(1) 57(10)
xs) -~ 146(3) 990(4) 164(1) 45(7)
a(6) 158(2) 576(3) 367(1) 20(5)
c 103(3) 412(3) 396(1) 31(6)
a® 131(2) 341(4) 496(1) 30(6)
(¢ ()] 215(2) 464(3) 566(1) 37
(10) 265(3) 630(4) 538(1) 46(8)
C(11) 245(3) 689(3) 441(1) 34(6)
c(12) 300(3) 876(3) 416(2) 38(7)
a(13) 478(2) 508(6) 292(1) 33(5)
c(14) 383(3) 327(4) 273(1) 36(7)
a15) 364(4) 261(4) 180(1) 50(9)
C(16) 426(3) 363(4) 112(1) 44(8)
17 595(3) 43%(4) 144(1) 51(9)
a(18) 627(2) 47%(4) 253(1) 32D

TABLE 3. Bond lengths (A) and angles (°) for 3

Fe-C(1) 1.75(1) A(N-C(8) 1.45(3)
Fe-C(2) 1.772) C(8)-C9) 1.39(3)
Fe-C(3) 1.8%(2) C9)-C(10) 1.38(4)
Fe-C(13) 2.16(2) C(10)-CQ1) 1.40(3)
Fe-C(14) 1.98(2) C(11)-C(12) 1.51(4)
Fe-C(15) 2.003)  O(3)-C4) 1.47(2)
Fe—-(X16) 2.163)  C4-C5) 1.46(4)
C(1)-0O(1) 117  O(13)-C(14) 1.53(5)
C(2)-0(2) 1.18(3)  C(13)-C(1®) 1.46(3)
C(3)-003) 1.342) CQ4H-C15) 1.37(3)
C(3)-C(6) 1.492)  C(15-C16) 1.40(4)
C6)-C(7) 1.383)  C(16)-C(17D) 1.45(3)
C(6)-C(11) 1.383) Ca7MN-CQ18) 1.51(3)
C(1)-Fe-C(2) 100.6(8) Fe-C(2)-0(2) 172(2)
C(1)-Fe-C(3) 91.9%(7) Fe—-C(3)-0(3) 134(1)
C(1)-Fe-C(13)  170.3(14)  Fe-C(3)-C(6) 123(1)
C(1)-Fe-C(14)  127.1(9) 0O(3)-C(3)-C(6) 103(1)
C(1)-Fe-C(15) 100.1(9) C(3)-0(3)-C(4) 120(2)
C(1)-Fe-C(16)  100.1(8) O3)-T(4)-C(5) 106(2)
C(2)-Fe-C(3) 97.5(8) 0(3)-C(6)-C(7) 119(2)
C(2)-Fe-C(13) 88.2(12) C(3)-C()-C(11)  124(2)
C(2)-Fe-C(14)  128.3(9) C(N-C(6)-Cc(11)  117(2)
Q2)-Fe-C(15)  1223(11)  C(6)-C(D-C(8) 127(2)

C(2)-Fe-C(16) 84.4(9)
C(3)-Fe-((13) 90.7(8)
C(3)-Fe-C(14) 99.1(8)

C(N-C(8)-C(9) 113(2)
C(8)-C(9)-C(10) 120(2)
C(9)-C(10)-C(11)  125(2)

C(3)-Fe-(X15) 134.6(8) C(i0)-C(i)-C6)  117(2)
C(3)-Fe-(X(16) 167.3(6) C10-C(11)-CQA2) 122(2)
C(13)-Fe-C(14) 43.2(14) C6)-C(11)-((12)  120(2)
C(13)-Fe-C(15) 71.5(14)  C(18)-C(13)-C(14) 104(3)

C(13)-Fe-C(16)  76.7(9)
C(14)-Fe-C(15)  40.2(9)
C(14)-Fe—((16) 70.3(9)
C(15)-Fe—C(16)  39.1(10)
Fe-C(1)-0(1) 117(2)

C(13)-C(14)-C(15) 114(2)
C(14)-C(15)-C(16) 119(2)
C(15)-C(16)-C(17) 118(2)
CQ16)-C(17)-C(18) 108(2)
C17)-C(18)-C(13)  117(2)

and 0-CH;OC H,Li are extremely labile, the decom-
position occurred immediately when the acylmetalates
were dissolved in water at 0°C during the alkylation
with Et;OBF, in aqueous solution to give no expected
carbene complexes or their isomerized products as
mentioned in the Introduction. Thus, in the present
work, the alkylation of the acylmetalates were per-
formed as follows: to the acylmetalate obtained was
added first a part of Et,OBF, and then water at 0°C to
avoid decomposition of the acylmetalate before alkyla-
tion, and then immediately afterwards Et,OBF, was
added portionwise to the aqueous solution until it
became acidic, or the acylmetalate was dissolved in
CH,Cl, at —60°C, to which was added dropwise
Et;OBF,, resulting in the isolation of the expected
cyclodiene-coordinated carbene complex.

Interestingly, when o-CF;CcH,Li was used for the
reaction with 1, followed by the alkylation of acylmeta-
late formed with Et,OBF, in aqueous solution or in
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CH,Cl, under the same conditions, no expected car-
bene complex but the isomerized cyclohexadiene(di-
carbonyl){ethoxy-(o-trifluoromethylphenyl)carbeneliron
complex, (n3-C¢HXCO),FeC(OC,H)C(H ,CF;-0 (5)
was obtained in 42% vyield (eqn. (3)).

Et,0

+ o-CF.C(H,Li —m——
Et —50t0 —45°C

Fe(CO),
(1
Et;0BF,
H,0, 0°C
>-OLi-xEt,0 |  or CHyClz, —60°C
/Fe“C\
co” | C¢H,CF;-0
; OC,H;
/Fe“‘C\
co” | C¢H,CF;-0
C—OC2H5
Fe—; (3)
Co
5

Complexes 3 and § are orange crystals of low melt-
ing point, and 4 is a light yellow oil at room tempera-
ture. Complexes 3—-5 are soluble both in polar and
non-polar organic solvents and very sensitive to air and
temperature; oxidative decomposition occurred on ex-
posure to air at room temperature for a few minutes.
The formulations of complexes 3, 4, and 5§ were sup-
ported by elemental analyses, IR, 'H NMR, and mass
spectra, Complex 3 was established by an X-ray crystal-
lographic study (below). Until now, only one example
of cyclodiene-coordinated iron carbene complex, (n*-
C,oH ,XC0O),FeC(OC,H)C¢H,CH -0, has been iso-
lated [11].

The IR spectra (see Experimental section) of com-
plexes 3-5 showed two strong CO absorption bands in
the »(CO) region which signified a Fe(CO), moiety in
these complexes. In the 'H NMR spectra (Table 1), the
chemical shift, multiplicity and integral intensity of the
proton signals attributed to the cyclohexadiene ligand
in complexes 3 and 4 are similar to those in starting

material 1 (see Table 1), which suggested that no
isomerization of the cyclohexadiene ligand occurred in
both complexes, and the added ethoxy and aryl sub-
stituents exerted no significant influence on the proton
signals of the cyclodiene ligand. Besides the IR and
mass spectra, the 'H NMR spectrum of complex 5 is
also very similar to that found in analogous isomerized
products CHg(CO),FeC(OC,H,)C(H,CH;-m (2)
(shown in Table 1) and C;Hz(CO),FeC(OC,H)C H
[15]; the structure of the latter has been established by
an X-ray diffraction study [15]. Therefore, it could be
considered that the structure of 5 is the same as
CsH(CO),FeC(OC,H)C,H; and 2.

Surprisingly, we found that the reaction processes
and resulting products in the reactions of alkene-ligated
iron carbonyls with ortho-substituted aryllithium such
as 0-CH,C4;H Li are different from that with mera-
and para-substituted aryllithium reagents. For exam-
ple, (butadiene)tricarbonyliron reacted with aryllithium
reagents such as CyH;Li, m-,p-CH,C,H,Li, p-
CH,0C(H,Li, p-CF,C,H,Li, and m-,p-CIC(H,Li,
followed by alkylation with Et;OBF, to give type A
isomerized products, while 0-CH;C4H ,Li was used for
the reaction under the same conditions to afford type
B isomerized product [4] (eqn. (4)).

CH,
A
CH™, (D) ArLi, Et,0
| Fe(CO)y, —
CH.” (2) Et;0BF,
X
HC-—CH, HC=CH,
CO CcO
HC 'ge<CO o HC  “ge<Co
| I
H,C_ H,C_ \
C_—OCZHS /
Ve
Ar CH,CH,O
@A) CH,
B)

4

In the case of the isoprene ligand, a similar reaction
of (isoprene)tricarbonyliron with most aryllithium
reagents produced the isomerized products of iso-
prene(dicarbonyl)ethoxy(aryl)carbeneliron complexes
with type A structure [21] as shown above. However,
the reaction between o-CH,CH ,Li and (isoprene)tri-
carbonyliron under the same conditions gave no analo-
gous product. In contrast, (cycloheptatriene)tri-
carbonyliron was treated with o-CH,;CsH,Li to give
the novel compound (Cl,C-cyclo-C,HgXCO),Fe(CO-
CcH,Me-0) or ring-opened (CO),Fe{C(OEtXCH,
Me-0)C,H;} depending on the alkylation conditions
[6]. When other aryllithium such as C H Li, m-,p-
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CH,C,H,Li, p-CH,0C(H,Li, and p-CF,C;H,Li
were used for the reaction under the same conditions,
no analogous products but (7>-C,H¢XCO),FeAr com-
plexes [22] were obtained (eqn. (5)).

Cl d
Cl—C
(1) ArLi, Et,0 O
A (0O, Fe|l
(2) Et;0BF, C

Me :
H
or H l

Fe—Ar
co” | >co
Co

Ar=C¢Hs, m-,p-CH;,C,H,,
p-CH;0C,H,,
p-CF;C,H,

(%)

Moreover, reaction of (limonene)tricarbonyliron with
aryllithium reagents ArLi (Ar=C¢H,, p-CH,C(H,, p-
CH,0OC¢H,, p-CF;C4H,) and subsequent alkylation
with Et;OBF, afforded the isomerized (limonene)di-
carbonyl[ethoxy(aryl)carbene] iron complexes, (n>-
C, H xXCO),FeC(OC,H)Ar, while o-CH,C¢H,Li
was treated similarly with (limonene)tricarbonyliron to
give the limonene-coordinated carbene complex, (n*-
C1oHxXCO),FeC(OC,H5)C4H ,CH ;-0 [11] (eqn. (6)).

CH,
~---Fe(CO); (D ArLi, Et,0
/ ——_)
/ (2) Et;OBF,
/
C./
PO
cuy S,
CH,
OC,H
c” 2205 or
/Fe/:': R
co” ™o
_CH
~
CH3 CH3
R = H, p-CH,, p-CH,0,
p-CF,

/ OC,H;
_______ Fe=C{ (6)
\ Ar
co
CH
cH, CH,

Ar = 0-CH,C4H,

This special influence of ortho-substituted phenyl
upon the reaction processes and resulting products in
the reactions of alkene-ligated iron carbonyls with aryl-
lithium reagents, which we call the “ortho-position
effect” of aryl substituents. The action of generating
the “ortho-position effect” is both the electron effect
and the steric factor of the aryl substituent, because of
the fact that only o-CH;C;H,Li and 0-CH;0C H,Li,
in which the ortho-substituted methyl or methoxy group
is an electron-releasing group, were used for the reac-
tion with 1 giving cyclohexadiene-coordinated carbene
complexes 3 and 4, respectively. The reaction of o-
CF;C¢H,Li in which the trifluoromethyl group is an
electron-withdrawing group gave isomerized product 5
instead of the expected cyclohexadiene-coordinated
carbene complex. The increase in electropositivity on
the carbene carbon atom of the carbene intermediate
formed by the reaction of 1 with o-CF;C¢H LI, arising
from the strong electron-withdrawing effect of the o-
CF;C¢H, substituent, caused the carbene carbon atom
to bond to the cyclohexene ring accompanied by iso-
merization of the cyclodiene ligand. With regard to the
steric factor, the steric hindrance of the o-CF,C(H,
group should be larger than that of the two other aryl
substituents. Thus the carbene intermediate complex
formed, in which the diene ligand and carbene ligand
cannot coexist stably owing to the steric hindrance, was
unstable and isomerization occurred to afford the more
stable isomerized product 5. In accordance with the
increase in the steric hindrance of aryl substituents in
the order C¢H; < p-CH,;C¢H, < p-CF,C(H, < p-
H,0C(H, < m-CH,C4H, < 0-CH,C,H, < 0-CH,0-
¢H4 <0-CF;C,H,, the stability of the products de-
creased.

3.2. Crystal and molecular structure of C4Hg(CO),FeC-
(OC,H;)C4H,CH0 (3)

The results of the structural analysis of complex 3
showed that the Fe atom is coordinated by seven
carbon atoms. Each of the two CO ligands forms a
o—m bond with the Fe atom and provides a pair of
electrons for the Fe atom. The C(13), C(14), C(15), and
C(16) atoms of the cyclohexadiene ligand form a delo-
calized 7 molecular orbital and provide four m-elec-
trons to bond to the Fe atom on side-on mode. The
carbene carbon C(3) is coordinated to the Fe atom
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Cis

Fig. 1. Molecular structure of 3.

using a pair of bonding electrons to satisfy the 18-elec-
tron rule. The molecular structure of 3 is shown in Fig.
1. The bond length of Fe—C(3) is 1.89(2) A which
signifies a higher double bond character ando is some-
what shorter than that found (1.915(15) A) in (1-
methyl-4-isopropyl)dicarbonyl[ethoxy(o-tolyl)carbene]-

iron, (n*-C,,H;,XCO),FeC(OC,H,)C¢H,CH ;-0 [11].
The sum of the three bond angles around the C(3)
atom (O(3)-C(3)-C{6) 103°, Fe-C(3)-C(6) 123°, Fe-
C(3)-0(3) 134°) is exactly 360° which shows that these
atoms are coplanar. Hence, it is concluded that the
C(3) atom forms three o-bonds with the three atoms
around it, using its sp? hybridized orbitals and a coor-
dinating double bond with the Fe atom using its one
electron. .

The bond length of C(3)-O(3) of 1.34(2) A is essen-
tially comparable with that (1.324(17) A) found in
(n*-C,yH,,CO),FeC(OC,H)C,H,CH -0 [11]. Com-
pared with the bond length of C(3)-0O(3) (1.42(1) A)
found in the isomerized product of cyclohexadiene(di-
carbonyD{ethoxy(phenyl(carbeneliron, C,H(CO),FeC-
(OC,H;)C¢H; [15] and the bond length of C(D-0O(1)
(1.406(4) A) found in isomerized (limonene)dicarbonyl
[ethoxy( p-tolyl)carbeneliron complex, (7n3-C,,H (-
(CO),FeC(OC,H,)C,H,CH,p [11], the bond length
of C(3)-0O(3) in 3 is obviously shortened. In the isomer-
ized product C4H(CO),FeC(OC,H)CH;, the C(3)
atom forms a single bond with the Fe atom using its
approximate pure P, orbital, and the C(3)-O(@3) dis-
tance (1.42(1) A) is essentially a normal C-O single
bond distance. The shortening of the C(3)-O(3) dis-
tance in 3 could be caused by the partial delocalization

of the m-electron on O(3) owing to the effect of the
Fe—C(3) = bond.

The perpendicular distance of the Fe atom to the
plane composed of C(13), C(14), C(15), and C(16) is
1.64 A. The C(17) and, C(18) atoms are out of this
plane by 0.89 and 1.07 A, respectively, in the opposite
direction from the Fe atom. If the C(13) and C(15)
atoms are not considered, the remaining five coordinat-
ing atoms (C(1), C(2), C(3), C(14) and C(16)) around
the Fe atom constructed a twisted triangular bipyramid
polyhedron, among which the C(1), C(2) and C(i4)
atoms form an equatorial plane, and the C(3) and
C(16) atoms are the two apices of the triangular bi-
pyramid. This configuration is similar to that of te-
tracarbonyl[ethoxy(pentachlorophenyl)carbeneliron,
(CO),FeC(OC,H,)C(Cl, [21]. A difference between 3
and (CO),FeC(OC,H;)C(Cl; is that the coordinated
polyhedron in 3 generated a greater distortion arising
from the coordination of the cyclohexadiene ligand
with the Fe atom in 7* mode. This distortion could
lead to a decrease in the stability of the complex.

3.3. Reactions of complexes 3-5 and 2 with PPh; or
P(OPh),: preparation of complexes 6-9
1,3-Cyclohexadiene(dicarbonyl)[ethoxy(o-tolyDcar-
beneliron (3) was treated with an excess of tri-
phenylphosphine, PPh;, in petroleum ether (30-60°C)
at —60°C for 3 h. The reaction mixture was chro-
matographed on an alumina column at low tempera-
ture with petroleum ether as the eluant and the crude
product was recrystallized from petroleum ether at
—80°C to give a yellow needle of the chelated allyliron
phosphine adduct, (n-C4HgXCO),(PPh;)FeC(OC,-
H;)CeH ,CH ;-0 (6) (eqn. (7)) in 85% yield.

‘T‘ _OC,H;

Fe=C
co” |
CO

1 petroleum ether
~ + PRy ———— o
C¢H,CH;-0

C/°C2H5 )
~

PN
CO 1
CH,

3

6:R!'=Ph

7:R! = OPh
Triphenyl phosphite, P(OPh),, reacted similarly with 3
to afford the analogous light-yellow phosphite adduct,
(n3-C6H8)(CO)2[P(OPh)3]FeC OC,H,)C.H ,CH ;-0
(7 (eqgn. (7)) in 55% vyield.
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The isomerized cyclohexadiene(dicarbonyl){ethoxy
(aryl)carbene] iron complexes, (n-C4HaXCO),FeC-
(OC,H)CH,CH;-m (2) and (n3-CgHgXCO),FeC-
(OC,H,)CH,CF;-0 (5) also reacted similarly with
PPh, to produce the analogous chelated allyliron phos-
phine adducts (n*-C¢HgXCO),(PPh,)FeC(OC,H s)-
C4H,CH -m (8) and (n>-C¢H XCO),(PPh;)FeC(OC,-
H,)C,H,CF;0 (9) (eqn. (8)) in 89% and 87% vyields,
respectively.

_C'_OCsz
I 7

petroleum ether

+ PPh, ~e0C

Fe
1IN
co” |
CoPPh;
8: R =m-CH,
9: R = 0-CF,

The diamagnetic complexes 6-9 are soluble in both
polar and non-polar organic solvents. In the solid state
they are stable in air at room temperature for several
hours, and in solution they are slowly oxidized in air.
The IR and mass spectra for 6-9 are given in the
Experimental section. Their IR spectra showed the two
strong CO stretching vibration bands in the »(CO)
region in accordance with the existence of the Fe(CO),
moiety in these complexes. The molecular ion peaks
and characteristic fragments generated by successive
loss of CO or phosphine ligands were shown in the
mass spectra of 6-9. The solution 'H NMR spectra
(Table 1) of complexes 6-9 are consistent with their
structure. The "H NMR spectra of 6 and 7 showed
complex signals attributed to the protons of the cyclo-
hexadiene ligand, which indicated that isomerization of
the cyclohexadiene ligand occurred. The signals at &
4.84-4.54, 3.80-3.78, and 3.66-3.14 ppm could be as-
signed to the three m>-allyl protons, while the other
signals at 3.56-3.00, 2.58-2.34 and 1.42-1.40 ppm could
be assigned to the protons attached to the saturated
carbon atom of the cyclohexene ring, which are very
similar to those found in complexes 8 and 9. The 'H
NMR spectra of 8 and 9 are similar to those of the
parent compounds 2 and 5 except the complex signals
attributed to the protons of the phenyl groups, arising
from the addition of PPh,. Thus, it could be consid-

ered that the principal structural framework of com-
plexes 6-9 is similar to that of complexes 2 and 5.
The formation of chelated allyliron phosphine
adducts 8 and 9 is expected for the reaction of 2 and 5§
with phosphine because PPh, is a strong two-electron
donator, which coordinated to the Fe atom to displace
the coordination of the benzene ring in complexes 2
and 5. The analogous reactions were observed in the
reaction of [(n*-C¢HCH=CH)CH(CH ;)N(C.H,)-
C(OC,H s)=]Fe(CO), with Lewis bases such as PPh,,
P(OPh);, AsPh; and CH;CN, in which the addition of
the Lewis base to and the dissociation of the coordi-
nated benzene ring from the Fe atom led to nZolefin
carbene complexes [10]. However, it was unexpected
that the reaction of complex 3 with PPh; or P(OPh),
gave chelated allyliron phosphine adduct 6 or phos-
phite adduct 7. Generally, the reaction of carbene
complexes such as (CO)sM=C(OCH;)C¢H; (M=Cr, W)
with tertiary phosphines in pentane at low temperature
produced phosphorus ylide complexes after addition of
the phosphines to the carbene carbon atom which
precipitated as a pale yellow solid from the reaction
solution [23-25]. In contrast, the reaction of cyclodi-
ene-coordinated iron carbene complex 3 with PPh,
gave no expected ylide complex but the chelated allyl-
iron phosphine adduct 6. The polarizability and solubil-
ity of product 6 also showed that it is a neutral car-
bonyliron phosphine adduct instead of a ylide com-
pound since it is soluble in pentane and petroleum
ether and can be purified by chromatography on alu-
mina with petroleum ether as the eluant and by recrys-
tallization from petroleum ether at low temperature.
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