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CpFe(CO),(~l-allyl) Ia and CpFe(CO),(q’-methallyl) Ih undergo photochem- 
icaUy initiated carbonyl substitution by bicyclic phosphite III to give IIa and 
IJb respectively. These la-r complexes are more readily protonaed than 
CpFe(CO)z(q’-ailyl) complexes and the resulting cationic olefin complexes V 

and VI are more stable to olefin ligand displacement than similar complexes of 
the parent system. Both Ra and IIb exhibit high thermal stability, in contrast 
to Ia or Lb. CpFe(CO),($-2-butenyl) and CpFe(CO)z(q’-cyclopentyl) fail to 
undergo photochemically initiated CO substitution in the presence of phos- 
pbite RI, but give instead the dinuclear complex CpzFez(CO),(L).(L = RI). The 
complex CpFe(CO),($cyclopentenyl) (VIII) can, however, be prepared 
indirectly from Rb + VI + VII + VIII. Complex Ra is 900 times more reactive 
than Ia cycloaddition reaction with &&&cyanostyrene. 

Iratroduction 

The replacement of CO by phosphine or phosphite ligands in metal com- 
plexes has been achieved in a number of dinuckar metal carbonyl [I] and hy- 
drido carbonyl [2] complexes by a photochemically initiated radical &am 
reaction, These reactions have more recently been shown to be an effective 
means for the replacement of CO by P(OR), (R = Me, Ph) in C$Fe(CO)s(nl- 
allyl) (I) ]3,4]. Furthermore, it is well known that in general such ligand sub- 
stitution results in increased electron density at the metal and remaining car- 
bony1 ligands [5]. Consequently, the reactivity of $-ally1 ligands in phosphite 
substituted complexes toward ele&%phjles should be h&eased since in these 
reactions charge is transferred &om the metal to the electrophile. The present 
paper reports the preparation and reactions of two new phosphite subtitution 
productsof I which show a greatly enhanced degree of reactivity toward elec- 
trophiles, 
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Results and discussion 

We chose to examine the reaction of the bicyclic phosphite III with I since it 
is among the strongest gdonor phosphites 161 and its rigid cage structure must 
render the product complex resistant to decomposition through an intramole- 
cular Arbuzov reaction ]4]. Moreover, it may be expected to exhibit relativery 
low steric demand. 

Brief irradiation of petroleum ether solutions of Ia and III in the presence of 
a trace of [CpFe(CO)J gave the phosphite complex IIa as a yellow solid, dec. 

_ 3.2’7” C (90%). This substance exhibits high thermal stability in solution com- --; 
pared with the closely related triphenyl phosphite and trimethyl phosplnte sub- 
stitution complexes IIc and IId. These undergo extensive decomposition on 
heating at 40°C in CS2 or CICHzCHzCl solutions for several hours, while IIa 
suffers only slight decomposition after heating in ClCH,CH&l solutions at 60°C 
for three days. 

(II 

(a. R, = H, R,= H 
b. R,=Me, R,=H 
c. R, = H, R2= Me) 

(III) (II) 

(a. L=lX, R=H 
b. L=III, R=Me 
c. L=P(OPh&. R=H 

d. L=P(OMe$, R=H) 

Similar treatment of Ib gave Ilb, but reaction of Ic or of CpFe(C0)2(3-cyclo- 
pentenyl) IV, with phosphite III gave only the dinuclear complex Cp,Fe, 
(CO)3L (L = III) *. The failure of these reactions to yield the expected substi- 
tution products may be due to steric retardation of ally1 ligend transfer in the 
postulated radical chain reactions (eqs. l-3), and is consistent with the view 
that such transfer takes place by an addition elimination or SH2’ pathway [3] _ 

Cp(CO12Fe’ + L - Cp(CO) (L) Fe’ + CO 

Cp(CO),Fe 
-\2 

+ Cp(CO) (L) Fe’ __ CP(CO),Fe 

w\e(COl (Ll Cp 

;_ Cp(CO) Fe* + Cp(CO1 (Ll Fe 
x 

Complex IIa is considerably more basic than in the parent substance Ia. 

*Analogous phosphineandphosphftecomplexffhavebeenpreparedbydirectsubstitutionof 
czubo;lylin [C~Fe(C0)~lq (ref.7). 





270 

The greater reactivity of Iia compared with Ia is.to be seen in the fact that it 
forms the adduct Xa with the milder electrophilic olefin, ethoxymeihylene- 
malononitrile, in 85% yield after two hours of reaction at room temperature. 
By contrast, the parent complex Ia fails to yield any adduct on prolonged 
exposure to this olefin. 
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(a. L =III, 

b. L = P(OPh), 1 

A more quantitative measure of the relative reactivities of Ia, IIa and IIc 131 
may be derived from competition experiments involving.pairs of these com- 
plexes with limiting quantities of electrophilic olefins, &&licyanostyrene or 
etboxymethylenemalononitrile. The results of these experiments are sum- 
marized in Table 1. 

The great disparity in the reactivities of IIa and Ia precluded direct competi- 
tion of these complexes, but the reactivity of the triphenyl phosphite complex 
IIc was found to lie between them and served as a suitable competing partner 
for each. Not surprisingly, the increasing reactivity of Ia, IIc and IIa in cyclo- 
addition reactions with electiophilic olefins follows the order of b&city of 
these complexes, and no doubt reflects the increasing a-donor power of CO, 
P(OPh)s and P(OCH2)&CH3 ligands. The high reactivity of IIa may make this 
reagent and its congeners useful components in cycloaddition reactions not 
accessible to those of the parent complex Ia. A further study of the chemistry 
of IIa and related analogs is in progress. 

Experimental 

All reactions and subsequent manipulations were carried out in a nitrogen 
atmosphere. Solvents were routinely dried by standard procedures, maintained 
under nitrogen over molecular sieves and degassed by passing through a stream 

TABLE I 

BELA- REACTIVITIES OF +ALLYL COMPLEXES 

Electrophile 

PhCH=C<CN)2 
PkCH=C(CN)2 
BtOCH=C<CN)2 

Complex 

Ia IIC rxa 

1 180 
1 5 
1 10 
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of nitrogen prior to use. IInfrared spectra were recorded on a Perkin-Elmer spec- 
trophotometer 457. ‘H NMR spectra were recorded on either a Varian A-60 
spectrometer (NIH GM-13181), a Perk&x-Elmer R-32 spectrometer (NSF GU 
3852) or a 33ruker WH-90 spectrometer (NSF GU 3852 GP 37156). Melting 
points were determined either in sealed capillaries or Iunder nitrogen and are un- 
corrected. Elemental Analyses were determined by Galbraith Laboratories, 
Inc., Kuofie, Tennessee. 

Repamtion of CpFe(CO)Cp(OPh)J(q’-C&&j (1.~) 
A solution of Ia (10 g, 45.8 mmol) triphenyl phosphite (15 g, 48.23 mmol) 

and [CpFe(CO),]2 (1 g, 2.82 mmol)~ in 200 ml of petroleum ether was irmdi- 
ated with a 275 watt Sylvania Sunlamp for 30 min. The reaction mixture was 
dlowed to cool to room temperature and then filtered through celite. Solvent 
was removed in vacua afforded a red oil, which was chromatographed on 
neutral alumina (Act. HI, 40 X 4 cm). Elution with petroleum ether afforded 
15 g of an orange oil, determined by its NMR spectrum to be a 4 to 1 mixture 
of Ha and tiphenyl phosphite. Attempts to separate the triphenyl phosphite 
were unsuccessful. IR (neat) 1935 cm- ‘; NMR (CS,) 6 7.10 (III, 15, Ar), 6.00 
(m, 1, CH=), 4.50 ( m, 2, CH,=), 3.85 (d, 5, J 1 Hz, Cp), 8.00 ppm (III, 2, CH,). 

Preparation of CpFe(CO)[P(OMe)J($-C&) (IId) [3] 
The trimethyl phosphite substitution product Hd was prepared as above for 

IIc: NMR (C!&) 6 6.0 (m, 1, CH=), 4.44-4.7 (m + s, 7, CH2=, Cp), 3.58 (d, 9, 
J(PH) 12 Hz, CHB), 1.5-1.8 ppm (m, 2, CH,). 

Preparation of CpFe(CO)[P~OCi!?2),CCH~(~1~~lyl) (Ila) 
A so&&ion of Ia (8.77 g, 40.2 mmol), IlI (6 g, 40.2 mmol) aud ]CpFe(CO& 

(0.1 g, 0.28 mmol) in 50 mI of petroleum ether was irradiated for 15 min v&b 
a Sylvania Sunlamp. The copious yeliow solid which had separated was col- 
lected and recrystallized from methylene chloride by the addition of petroleum 
ether at -78°C to give 10 g of Ha (70%) as a yellow air stable solid, dec. 
127°C: Ir (CHzClz) 1930 cm-‘; NMR (CDC13) 6 2.02 (m, 1, CH=), 4.78 (III, 1, 
CH,=), 4.40 (d.+ m, 6, J 1.2 Hz, Cp and CH*=), 4.18 (d, 6, J 5 Hz, CH20), 1.70 
(m, 2, C&h 0.75 PP~ (s, 3, CH& 

Anal. Found: C, 49.03;H; 5.39. C14H19Fe04PCalcd.: C, 49.57; H, 5.60%. 

Preparation of CpFe(CO)[P(OCH&CCHJl(~l-C&I,) (IIb) 
A solution of Ib (4 g, 17.24 mmol), ID (2.5.g, 17.24 mmol) and [CpFe- 

(CO& (0.1 g, 0.28 mmol) in 50 ml of petroleum ether was irradiated for 15 
mm. The yellow solid that formed was colkcted. Recrystallization from 
metbylene chloride by addition of petroleum ether at -78°C gave 5.9 g of Db 
(97%) as a yellow, air stable solid, dec. 91°C: IR (CH,Clz) 1932 cm-’ ; NMR 
(CD&) 6 4.50 (m, 1, CHz=), 4.40 (d f m, 6, J 1.2 Hz, Cp and CH*=), 4.20 (d, 
6, J 5 Hz, 0CH2), 2.10 (d, d, 1, J(EEi) 9.0, J(PH) 8.5 Hz, CH,), 1.80 (s, 3, CH3), 

1.35 (dd, l,J(HH) 10.0, J(PH) 11.0 Hz, CH,), 0.80 (s, 3, CHB). 
Anal. Found: C, 50.54; H, 6.16 CISH21FeO~ Cakd.: C, 51.04; H, 5.95%. 
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Frotonation of Lla_ Conversion to Va, b 
A solution of 1 ml of 65% hexafluorophosphoric acid in 5 ml of diethyl 

ether was added to a solution of Ha in diethyl ether which had been previously 
cooled to -78°C. The solution was allowed to warm to room temperature and 
the solid that formed was collected and washed with diethyl ether. Recrystalli- 
zation corn methylene chloride by addition of ether afforded a 3 : 1 mixture 
ofIVaandIVb (l.Zg,84%)asayellow,airstablesolid,dec. 163”C:IR(CH2C12) 
2000 cm-‘; NMR (CDBNO,) 6 5.25 (d, 5, J(PH) 1 Hz, Cp), 4.95 (m, 1, CH=, 
major isomer), 4.55 and 4.38 (two d, 6, J(PH) 7 Hz, 0CH2), 3.75 (m, CH2=, 
minor isomer), 3.50 (d, J 9Hz, cis-CH 2=, major isomer), 2.85 (dd, 1, J(PH) 9, 
J(HH) 15 Hz, trans-CH,= , major isomer, 1.85 and 1.65 (two d, 3, J(HH) 7 Hz, 
CH,), 0.90 and 0.82 ppm (two s, 3, CH& 

Anal. Found: C, 34.70; H, 4.22. &HZ0FsFeOGP2 Calcd.: C, 34.74; H, 4.13%. 

Protonation of Ilb. Conversion to VI 
Protonation of 1 g of Hii was carried out as in the reaction of Ha and gave 

1.18 g (84%) of VI as an orange solid, dec. 145°C: IR (CH&) 2005 cm-‘; 
NMR (CD,NO,) 6 5.28 (d, 5, J(PH) 1 Hz, Cp), 4.45 (d, 6, J(PH) 7 Hz, OCH,), 
3.75 (s, 1, CH,=), 3.05 (d, 1, J 10 Hz, CH2=), 2.00 (s, 3, CHs), 1.65 (d, 3, J(PH) 
3 Hz, CH3), 0.85 (s, 3, CHS). 

Anal. Found: C, 36.08; H, 4.49. ‘C&H,,F,Fe04P2 Calcd.: C, 36.18; H, 4.42%. 

Determination of the pKa 3 of Ia and IIIa 
A solution of ethanol and water (6 : 1, v/v) containing 0.923 mmoles of llla 

was titrated with a 0.101 N tetmfluoroboric acid solution made up in the same 
solvent mixture and standardized with 0.100 N sodium hydroxide. The pH of 
the solution was determined after 0.5 ml increments of acid solution had been 
added and equilibrium bad been reached (10 min). Measurements were carried 
out using a standard glass reference electrode (Fisher) and a Coming pH meter 
(model 7). The titration of a solution of Ia was carried out in the same manner. 
Both titration curves for Ia and Ha showed a sharp change in pH near the equi- 
valent point, but for Hla the change was more pronounced, as expected for a 
stronger base. 

Attempted reaction of Ic with III. Formation of the dinuclear complex Cp2Fe2- 
(CO)J(L) (L = III) 

A solution of Ic (1.9 g, 8.19 mmol), III (1.2 g, 8.19 mmol) end [CpFe- 
(CO),& (1 g, 2.83 mmol) in 50 ml of petroleum ether was kradiated for 2 h. 
The solvent was removed in vacua and the residue was dissolved in methylene 
chloride and cbromatographed on neutral alumina (Act. HI, 50 X 4 cm). Elution 
with petroleum ether afforded, as a first frsiction, a yellow oil identified as un- 
changed Ic. Further elution with methylene chloride gave a purple solid- !I’his 
was recrystallized from methylene chloride-petroleum ether to give 1.5 g of the 
dinuclear complex aa a purple solid, dec. >26O”C: _IR (CH2C12) 1948,174O 

-‘; NMR (CDCl,).G 4.71 (s, 5, Cp), 4.61 (d, 5, J 1 Hz, Cp), 3.92 (d, 6, J 5 
g, OCH2), 0.52 npm (s 3 CH ) 

Anal. Found: C, 44.6b; h, 4-k. C18H19Fe206P C&d.: C, 45.50; H, 4.00%. 
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Reaction of IIa with tetracyanoethylene. Preparation of IXa 
Tetracyanoethylene (0.377 g, 2.95 mmol) was added to a solution of Ha 

(1.00 g, 2.95 mmol) in 30 ml of 1,2dichlczoetham? at -20°C. The solution was 
allowed to warm to room temperature and solvent was removed in vacua. The 
red oil remaining was dissolved in methylene chloride and passed through 4 cm 
of-neutral alumina (Act. HI). Addition of petroleum ether to the filtrate pre- 
cipitakd a yellow solid. Recrystallization of this material from methylene chlo- 
ride-petroleum ether gave 1.3 g (95%) of IXa as a yellow solid, dec. 167°C: IR 
(CH&1,) 1945 cm-‘; NMR (CD,N02) 6 4.75 (s, 5, Cp), 4.38 (d, 2, J(PH) 7 Hz, 
0CH2), 3.30-2.29 (m, 5, CH, CH,), 0.83 ppm (s, 3, CH,), 

Anal. Found: C, 51.57; H, 4.18. C2,,H19FeN404P Calcd.: C, 51.55; H, 4.08%. 

Reaction of 1.a with ethoxymethyienemalononitrile. Preparation of Xa 
Ethoxymethylenemalononitrile (6.36 g, 2.95 mmol) was added to a solution 

of Ha (1.00 g, 2.95 mmol) in 30 ml of methylene chloride at room tempera- 
ture. After stirring for 2 h at room temperature, solvent was removed in vacua. 
The red oil remaining was dissolved in methylene chloride and chromato- 
graphed on neutral alumina (Act. HI, 40 X 4 cm). Elution with ether gave the 
purified product as a yellow oil which crystallized under high vacuum. Recrys- 
tallization from ether at -78°C gave the adduct Xa‘(l.10 g, 85%) as a yellow 
solid, dec. 49°C: IR (CH,Cl,) 1940 cm-‘; NMR (CDCls) 6 4.48 (d, 5, J(PH) 
1 Hz, Cp), 4.20 (d, 6, J(PH) 7 Hz, 0CH2), 3.70 ( m, 3,OCH,CH,, OCH), 2.70- 
1.90 (m, 5, CH,, CHFp), 1.08 (t, 3, J6 Hz, CH3), 0.78 ppm (s, 3, CH& 

Anal. Found: C, 52.30; H, 5.69. CZOH25FeN205P Calcd.: C, 52.23; H, 5.44%. 

Reaction of Ilc with ethoxymethylene_malononitrile. Preparation of Xb 
FthoxymethylenemalonGnitrile (0.36 g, 2.99 mmol) was added to a solution 

of IIc (1.5 g, 2.99 mmol) in 30 ml of methylene chloride at room temperature. 
After 24 h, solvent was removed in vacua, leaving a red oil. This was dissolved 
in methylene chloride and chromatographed on neutral alumina (Act. III 
40 X 4 cm). Flution with ether gave 1.5 g (80%) of Xb as a red oil: NMR (CS,) 
6 7.20 (m, 15, Ph), 5.95-6.00 (m, 5, Cp), 5.60 (m, 3, 0CH3 + CHOEt), 3.0- 
2.0 (m, 5, CH2), 1.25 ppm (t, 3, J6 Hz, CH& 

Reaction of I&z with /QSdicyanostyrene. Preparation of XIa 
&3-Dicyanostyrene (0.77 g, 2.29 mmol) was added to a solution of Ha (0.35 

g, 2.29 mmol) in 30 ml of methylene chloride at room temperature. After 
stirring for 2 h, solvent was removed in vacua. The residue was taken up in 
methylene chloride and passed through 6 cm of alumina (Act. III) with 
methylene chlorideether solution. Removal of solvent afforded 1 g (89%) of 
adduct XIa as a yellow air stable solid, dec. 88°C: IR 1935 cm-‘;NMR (CD&) 
6 7.40 (m, 5, Ph), 4.55 (s, 5, Cp), 4.20 (d, 6, J(PH) 7 Hz, CH,O), 4.1-1.8 (m, 
6, Cl&, CHFp, CHPh), O-75 ppm (s, 3, CH,). 

Reaction of IIc with /3,B_dicyanostyrene. Formation of adduct Xlb 
&&Dicyanostyrene (0.61 g, 3.90 mmol) was added to a solution of IIc (2 g, 

3.90 mmol) in 30 ml of methylene chloride at room temperature. After stirring 
for 2 h, solvent was removed in vacua, leaving a red oil. This was dissolved in 
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methylene chloride and chromatographed on neutral alumina (Act. III, 60 X 4 
cm). Elution with ether yielded 2.20 g (83%) of XIb as a red oil. Crystal&a- 
tion was effected by dissolviug the oil in methylene chloride, addiug an equal 
volume of petroleum ether and cooling to -78°C. The product was obtained as 
2 part&&y sofid material: IR (CH&l,) 1935 cm-‘; NMR (CD&) 6 ‘7.50 (m, 15, 
Ph), 4.27 and 4.24 (two s, 5, Cp), 4.0-2.0 ppm (m, 6, CHPh, CHFp, CI-&). 

Competition reactions 
The competing ally1 complexes (3.90 mm01 each) were dissolved in 30 ml of 

methylene chloride at room temperature and the electrophilic olefin (0.39 
mmol) was added at once. The ressting solution was stirred at room tempera- 
ture for 12 h. Solvent was then removed in vacua and the residue was dissolved 
in a small vohume of methylene chloride and cbromatographcd on neutral 
alumina (Act. HI, 20 X 4 cm). Elution with petroleum ether-ether solutions 
gave the star&g ally1 complexes. Methylene chloride eluted the cycloadducts 
together. The ratio of these was determined from their NMR spectra using the 
ratio of cyclopfmtadienyl proton resonances: 

For the competition reaction involving Ia and IIc with &j3dicyanostyrene a 
10 fold molar excess of Ia to Ik was used. 

Exchange reaction of VI with cyclopentene. Formation of VII 
A solution of VI (2.0 g, 45 mmol) and cyciopentene (3.0 g, 45.3 mmol) iu 

l,Z&cbloroethane was refluxed for 30 mm. After cooling the solution to 
room temperature, solvent was removed in vacua, leaving a red oil. The crude 
product was taken up in methylene chloride and ether was then added to pre- 
cipitate a yellow solid. Recrystallization of this material from methylene chlo- 
ride&her afEo+d VII as a yellow, air stable solid, dcc. 148OC (1.0 g, 50%): 
IR 2005 cm-‘; NMR (CD,NO,) 6 5.55 (m, 2, CH=), 5.20 (d, 5, J(PH) 1 Hz, 
Cp), 4.55 (d, 6, J(PH) 7 Hz, 0CH2), 2.25-1.70 (m, 6, CH,), 0.92 ppm (s, 3, 
CH& 

Anal. Found: C, 36.99; H, 4.50. C16H22Fe04P2Fs Calcd.: C, 37.51; H, 4.29%. 

Deprotonation of VII by methoxide 
The oiefin salt VII (0.15 g, 0.33 mmol) was dissolved in 50 ml of absolute 

methanol at 0°C. Sodium metal (7.5 mg, 0.33 mmol) was added and the solu- 
tion was stirrcci at 0°C for 10 mm and then at room temperature for 45 min. 
The sol&on was filtered through 4 cm of celite and magnesium sulfate. 
Removal of solvent in vacua left 60 mg of red oil, which was found, by IR an 
and NMR spectroscopy to be a mixture of VIII and au unidentified product. 
The IR spectrum of the mixture exhibited a band at 1980 cm-’ in addition to 
the absorption at 1925 cm-l, assigned to VIII:‘NMR (CDaO,) 6 5.30 (m, 2, 
CH=), 4.80 (s, 5, Cp), 4.60 (d, 6, J7 Hz, CH,O), 2.5-1.2 ppm (m, 6, CH, 
CHz, CHB). 
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