
Journal of Organometallic Chembtry, 448 (1993) 139-149 139 

JOM 23202 

Synthesis and solution dynamics of [Cp( CO) 2Fe]2( CH=CH,) ‘BF,-, 
a p-( q1 : q2) vinyl complex not containing a metal-metal bond 

D. Lawrence Tarazano, Thomas W. Bodnar and Alan R. Cutler 
Department of Chemistry, Rensselaer Polytechnic Institute, Troy NY 12180 (USA) 

(Received July 28, 1992; in revised form August 31, 1992) 

Abstract 

Treatment of FpCH=CHz with the Lewis acid precursor FpfTHF)+BF,- affords the stable, fully characterized p(r/’ : 7’) vinyl 
complex (Fp-CH=CH,)Fp+BF,- (3) [Fp = Fe(CO),($-CsH,)]. Its IR and ‘H, 13C NMR spectral data are consistent with an 
unsymmetrical rr-complex [as established for vinyl ether compounds Fp(CH,=CHOR)+] between Fp-CH=CH, and the second Fp 
group, in which positive charge is extensively delocalized over both iron centers. The spectroscopically distinct Fp centers 
interchange, although this p-vinyl ligand oscillation is very slow on the NMR time scale at room temperature. Results of “H NMR 
magnetization transfer studies (using both spin saturation transfer and inversion transfer experimental procedures with the Cp 
resonances) converge on a first-order exchange rate constant k,, = 0.045-0.049 s-’ at 25°C. The calculated AC* = 19.3 kcal/mol 
is 2-3 kcal/mol greater than the estimated minimum AC* value for the known p-vinyl compound [CpfCO)Fel,(~-CO&q1 : $- 
CH=CHz)+ (1) that retains an iron-iron bond. 

1. Introduction 

Vinyl ligands that bridge two metal centers of 
bimetallic and trimetallic cluster complexes almost in- 
variably retain metal-metal bonding and/or other 
bridging ligands across the p-alkenyl linkage [1,2]. For 
example, both an iron-iron bond and a bridging car- 
bony1 complement the ~(7’ : q2-CH=CH,) bridging 
vinyl on the stereochemically non-rigid complex 
[Cp(CO)Fe],(p-CO)&-CH=CH,)+ (1) [3a,b]). Equili- 
brating its structures la and lb represents the estab- 
lished pathway for CL-alkenyl ligand oscillation, some- 
times described as a windshield wiper motion [4], that 
exchanges the environments of the CpFe(C0) centers. 
This fhrxional process shifts the alkenyl P-carbon be- 
tween the iron centers as the a-carbon remains bonded 
to both irons; the P-hydrogens H, and H, neither 
inter-convert with themselves nor with the a-hydrogen 
Hx [4]. The 1,2-diiron bicyclobutane representations 
la and lb also conform with a finite CL-carbenoid 
bonding contribution at this C,-site [5], as deduced 
from X-ray crystallography [3c] and NMR spectral 
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[3b,d,e] arguments for 1 and for a number of other 
a,rr-alkenyl compounds [51. 
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BF,- (3) differs from 1 by the lack of a constraining 
metal-metal bond or other bridging ligand. We now 
report the synthesis (eqn. (1)) and characterization of 
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3, which included evaluating its fluxional properties by 
‘H NMR magnetization transfer experiments. The ease 
of p-vinyl ligand oscillation between the Fp centers on 
3 will be compared with that established for 1. 
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2. Experimental section 

Synthetic manipulations were performed using stan- 
dard Schlenk line procedures for working in an inert 
nitrogen atmosphere [6]. Infrared spectra of methylene 
chloride solutions were recorded on Perkin-Elmer 
spectrophotometers, Model Nos. 297 and 1600 (FT), 
for the carbonyl v(C0) absorptions (2200-1600 cm-‘). 
NMR spectral data (6 values in ppm downfield from 
internal TMS) were obtained in acetone-d, or ni- 
tromethane-d, solutions using Varian Model XL-200 
and IBM-WPlOO spectrometers. Combustion micro- 
analyses were done by Desert Analytics, Tucson, AZ. 

Organic and inorganic reagents were obtained com- 
mercially and used as received. Dichloromethane was 
distilled under nitrogen from P,O,; THF was distilled 
from sodium benzophenone ketyl. The Fp starting ma- 
terials Fp, [7], Fp(THF)+BF,- 181, and FpCOCH=CH, 
[9] were prepared by literature procedures and judged 
pure by IR and ‘H NMR spectroscopy. A modification 
of King’s procedure [9] was used to prepare FpCH=CH, 
(20% yield) by photolysis of FpCOCH=CH, in 
dichloromethane at 5°C. Authentic samples and spec- 
tral data of FpCH,CHCH,Fp+BF,- (4) [lo], 
(FpCH,CH2CH=CH,)Fp+BF,- (5) [lo], Fp(cH,=cH- 
CH,)+BF,- [ll], Fp(CH2=CHOCH3)+BF4- 1121 and 
FpCH,CH, [lla] were available from previous studies 
for direct comparison. 

2.1. Synthesis of [Cp(CO),FeCH=CH,]Fp +BF,- (3) 
A dichloromethane solution (50 ml) containing 

FpCH=CH, (2.00 g, 0.010 mol) and Fp(THF)+BF,- 
(2.50 g, 0.011 mol) was refluxed gently for 14 h. After 
cooling to room temperature, the resulting dark red 

solution was added dropwise to 200 ml of pentane, and 
the yellow-orange precipitate was filtered. This solid 
was reprecipitated from acetone (20 ml)/pentane (100 
ml layer), filtered, and vacuum dried to give a yellow 
solid (3.20 g) that was identified as (FpCH=CH,)Fp+- 
BF,- (3) (71% yield). IR (CH,NO,I: 2060, 2030, 2018, 
1982 cm-’ (CO). ‘H NMR (CDsNO,) 6 7.53 (dd, 
J= 8.1, 16.5 Hz, Fe-CH=CH,); 5.52 (s, ~~-Fp+l; 5.38 
(s, r]‘-Fp); 4.67 (d, J= 8.1 Hz, E-Fp-CH=CHH); 3.37 
(d, J = 16.5 Hz, Z-Fp-CH=CHH); 13C NMR 
(acetone-d,) (gated decoupled) 6 215.65,214.18,213.85, 
212.78 (CO); 133.18 (d, ‘J(CH) = 148.9 Hz, 
FpCH=CH,); 89.53, 89.33 (Cp, ‘H decoupled); 63.29 
0, ‘J(CH) = 153.6 Hz, Fp-CH=CH,). Anal. Found: C, 
41.21; H, 2.92. C,,H,sO,FeBF, talc.: C, 41.08; H, 
2.80%. 

2.2. Reaction of [Cp(CO),FeCH=CH,]Fp +BF,- (3) 
and PPh, 

A suspension of (FpCH=CH,)Fp +BF,- (3) (206 mg, 
0.50 mmol) in 20 ml of dichloromethane was treated 
with PPh, (183 mg, 0.70 mm011 at room temperature. 
IR spectral monitoring of the yellow-brown solution 
that formed within 0.5 h was consistent with quantita- 
tive transformation of 3 to a Fp species with Y(CO) 
bands at 2061, 2018, 1962 cm-‘. Dropwise addition of 
this solution into 125 ml of ether afforded a pale yellow 
precipitate, which was filtered, washed with ether, vac- 
uum dried, and identified as Fp-PPh,+BF,- [13] (300 
mg, 87% yield). ‘H NMR (CD,NO,): 6 5.38 (d, J = 0.5 
Hz, Cp); 7.57 (br s, PPh,). IR (CH,Cl,): 2061, 2018 
cm-’ (CO). 

The filtrate was evaporated and extracted with pen- 
tane (5 x 3 ml). These combined extracts were filtered 
through activity III alumina (5 X 2 cm diameter col- 
umn) with pentane. The resulting yellow eluate was 
evaporated to a yellow-brown oil that was identified as 
FpCH=CH, [91 (190 mg, 81% yield). IR (CH,Cl,): 
2018, 1960 cm-’ (CO). ‘H NMR (C,D,): 6 7.17 (dd, 
J = 17.1, 9.0 Hz, Fp-CH=CH,); 4.04 (Cp>; 6.26 (dd, 
J = 8.9, 0.9 Hz, E-Fp-CH=CHH); 5.76 (dd, J = 17.1, 
0.9 Hz, Z-Fp-CH=CHH). 

2.3. Measurement of spin-lattice relaxation times of (Fp- 
CH=CH,)Fp +BF,- (3) 

A solution of (FpCH=CH,)Fp+BF,- (3) (25 mg> in 
acetone-d, (0.4 ml>, which previously had been de- 
gassed by three freeze-pump-thaw cycles on a vacuum 
line, was transferred in a glove box to a 5 mm NMR 
tube and sealed with a rubber septum. A standard 
inversion recovery pulse sequence using an acquisition 
time of 3.09 s and a Dl delay time of 40.00 s was 
applied to the sample at 25.2”C. The Varian exponen- 
tial data analysis program provided the semilogarith- 
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Fig. 1. Spin saturation transfer ‘H NMR spectra of (Fp-CH=CH,)Fp+BFb- (3) in acetone-d, (25°C). Stacked spectral plots represent fourteen 
intervals during which the downfield Cp resonance was saturated. The bottom scan is a normal spectrum (t = 0). 

mic fit of the peak intensity (1, - It> US. time data that 
provided the Tl values: S 7.72 (dd, Tl = 4.03 f 0.12 s); 
5.72 (Cp, TIB = 9.09 f 0.15 s); 5.49 (Cp, TIA = 10.33 f 
0.30 s); 4.79 (d, Tl = 1.69 * 0.09 s); 3.36 Cd, Tl = 2.22 f 
0.05 s>. 

2.4. Magnetization transfer experiments: method of spin 
saturation transfer 

An acetone-d, solution (0.4 ml) of (FpCH=CH,) 
Fp+BF,- (3) (25 mg), prepared as noted above, was 
examined using as a presaturation pulse sequence: D2, 
PW, acquisition, Dl. Dl was set as a 40 s preparation 
time, and D2 controlled the gating of a selective decou- 
pling pulse that progressed in 15 intervals from 0 to 38 
s. The downfield Cp singlet (6 5.72) corresponding to 
the Fp(v*-vinyl)’ group was selectively decoupled. At 
the end of D2, the decoupler was turned off and the 
normal sequence of proton observation was initiated. 

(PW was set as a 90” observation pulse and the acquisi- 
tion time was set at 3.09 s for a sweep width of 2600 
Hz.) Figure 1 depicts the resulting 15 stacked NMR 
spectra. 

The NMR signal intensities were analyzed using 
eqn. (2) [141. 

MA(t) =MT+K&A/d exd-t/d (2) 
M,(t) is the magnetization at time t for the protons A 
undergoing magnetization transfer from a second set of 
nuclei, B, which are linked by chemical exchange to A 
and are subjected to a saturating RF field. MAm repre- 
sents the steady-state magnetization for the protons A 
due to saturation of B; MA0 is the equilibrium magneti- 
zation in the absence of saturation of B. The average 
lifetime of the spin state for a nucleus at site A, rIA, is 
related to the spin-lattice relaxation time of A, TIA, 
and to the inverse of the first-order exchange rate 

Fig. 2. Plot of h&WA(t) - MAoI us t (the interval of saturation) for the data in Fig. 1. 
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constant, T* (which interconverts sites A and B) by the interval t from the fully relaxed spectrum, which was 
expression, 1/71A = l/T,, + l/~~. obtained during the same experiment. 

Operationally, A corresponds to the Cp hydrogens 
that resonate at 5.49 ppm, whereas B denotes the Cp 
resonance at 5.72 ppm. MAm was obtained as the 
minimum signal intensity of A after saturating B for 40 
s. (The slope of a typical MA(t) us. t plot was invariant 
after 25 s.) MA0 was determined from the results of a 
control experiment in which the same decoupler 
(saturating) pulse was moved 45 Hz upfield of A and 
the resulting equilibrium magnetization of A (which 
remained constant over lo-40 s) was measured. A 
least-squares fit to the plot of ln[M,(t) - MAWI US t 
(Fig. 2) established a value for 71A = 8.17 s from the 
slope (-l/~~~ = - 0.0117; least-squares correlation 
coefficient r = - 0.990). A corresponding value for TIA 
= 12.41 s from the relationship TIA = ~~~~~~~~~~ 
was used in eq. (3) in order to calculate the first-order 
exchange rate constant 0.045 s-l. 

k, = WTM)[WAO/M?) - 11 (3) 

The peak intensity data was analyzed by the proce- 
dure of Dahlquist et al. [15]. Equations (4) and (5) 
were used to plot the data; M,+(t)* and M,(t)* denote 
peak heights for the inverted Cp resonance A (6 5.49) 
and the exchanging Cp signal B (6 5.72) as they appear 
in the difference spectra. The sum [M,(t)* + M&Y] 
indentifies the total magnetization introduced by the 
selective pulse, which relaxes at a rate TIAP1, and the 
difference [MAC t Y - MB( t I*] measures the equilibra- 
tion of excess magnetization between Cp sites due to 
TI relaxation. Figure 3 collects graphs of the plots 

[W,W*+Wt)*] =WY’[-t/T~AI (4) 

[WY -&W*l 

2.5. Magnetization transfer: method of inversion transfer 
Standard software commands were used to selec- 

tively invert the upfield S 5.49 Cp resonance of 3, 
corresponding to the Fp($-vinyl) group (in acetone-d,, 
25°C) and then to incrementally delay the 90” observa- 
tion pulse (1.54 s acquisition time/2600 Hz spectral 
width) by programmed intervals t = 0.01-20 s. Decou- 
pler power and pulse-width settings for the selective 
180” pulse were optimized in order to maximize peak 
inversion at 6 5.49 ppm. The 32 transients that were 
sampled for each interval were divided into four blocks 
of eight transients, and the blocks were acquired in a 
rotating sequence during the 12 h experiment. Spectral 
data was analyzed and plotted in the difference mode 
by subtracting the spectral scan corresponding to each 

=MAOelcp[(-l/T,,) +k,+&+]t (5) 

of ln[M,(t)* +M,(tY] and h&M,(t)* -M,(t)*] us. in- 
tervals t. The slope of the former plot is -0.141 
(r = l.OOO), which provided a value for TIA = 7.1 s. The 
slope of the latter plot is -0.240 (r = 0.999), which 
gave k,, = k,, = 0.049 s-l. 

3. Results and discussion 

3.1. Characterization of Cp(CO),Fe-(p-q1 : q2-CH 
=CH,)Fe(CO),Cp+BF,- (3) 

Treatment of the known [9] #-vinyl complex Fp- 
CH=CH, with the labile Lewis acid precursor 
Fp(THF)+BF,- [8] afforded the p-vinyl compound 
(Fp-CH=CH,)Fp+BF,- (3) (eqn. (1)) in moderate 
yield. Reprecipitation from acetone/ pentane or ace- 
tone/ether deposited analytically pure 3, a stable ma- 
terial that varies in appearance from a dark yellow- 
brown microcrystalline solid to a brown powder. Subse- 

Fig. 3. Inversion (magnetization) transfer plots of ln[M,(t)’ + M,(t)*] and ln[M.&)* - MB(f)*‘1 US interval I (in seconds). Values along 
ordinate are in arbitrary peak intensity units. 

the 
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quent attempts at crystallizing 3 as its BF,-, PF,-, and 
BPh,- salts invariably gave brownish powders. 

The ligand exchange that is implicit in the synthesis 
of 3, a standard method for coordinating alkenes as 
Fp(v’-alkene)+ compounds [llbl, previously had been 
used in preparing several bimetallic compounds that 
are relevant to the present study. Thus, the bis-Fp 
p-(1,3-propenyl) 4 [16d,el and the bis-Fp p-(#: 7’) 
butenyl 5 [10,16g,171 were obtained by treating the 
appropriate u-complex with Fp(THF)+ or another Fp+ 
Lewis acid precursor. Giering also briefly communi- 
cated the synthesis of the bis-Fp p-($ : v’jbutadienyl 
6 [18], the vinylogous homolog of 3, from protonating 
the bis-Fp (Id-butadienyl) complex Fp-CH=CHCH= 
CH-Fp 1181. 
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TABLE 1. IR and 13C NMR spectral data 

Compound IRa 13C NMR b 
V(C0) (cm - ‘I 

SK,) ]‘J(C,H)] 6(C@) [‘J(C$-I)I 

CHz 
FpLll CH BY 

‘FP 
CH2 

FP~II CH BF,- 

‘CH,-Fp 

f=2 
FpLli CH W- 

‘CH,CI-I, 

m2 
FpL-li CH W- 

‘CH, 

-FP 

(332 - 
FpLII cH BE- 

‘OCH, 

Fp-!: 
CH3 

Fp-! 
%I, 

HA 
HM 

\ /,c: 
/” I Hx 

CPT,~,FTC~ + PF,- 

oc 0 co 

2059 2029 
2018 1972 

2056 
1969 ’ 

2012 2034 
2007 1949 

2066 

2001 1942 -2.8 

2018 1960 130.5 * 140.7 

2037 8 
1863 

63.2 

2020 26.8 

52.6 

2036 55.8 

2012 64.2 185.8 

26.5 

[153.6] 133.2 [148.9] 

192.0 d 

1161.71 81.4 

]167] 85.7 [1591 e 

i160.1, 165.21 145.0 L190.91 

21.3 

a Data recorded in CH,CI,. b Acetone-d,. ’ 
two v(CO) bands. d 

f&NO,; relative m-s-m intensities consistent with the 2020 cm-’ absorption as a supposition of 
CH,NO,, rapid exchange on NMR time scale affords equivalent C, sites and a single Cp resonance 1161. e 13C NMR data 

(CD,NO,) taken from ref. llb. f 13C NMR assignments fCD,Cl,) not verified. g IR and NMR data for c&la/lb 131. 
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Spectroscopic data for CL-($ : 17’1-3 is in accord with 
an unsymmetric ?r-complex, analogous to that estab- 
lished for Fp(n*-CH2=CHOCHJ+ (7) [19], that also 
significantly delocalizes its charge over the two struc- 
turally distinct iron centers. Tables 1 and 2 collect 
spectral data for 3, as well as that of its homologs 
[Fp-(CH ,),CH=CH ,lFp + (4) 

HpFp6+ fiFp 
X H 

b+ 
H Fp 

(3’) 
(n = 1) [10,16], (5) (n = 2) [10,16g,17], and other model 
compounds. Structurally distinct Fp centers on 3 are 
immediately apparent from the presence of separate 

‘H NMR Cp resonances and of separate sets of IR 
v(CO) bands for the two Fp groups. Since the car- 
bonyls on each Fp center are diastereotopic (due to the 
presence of the prochiral, q*-monosubstituted alkene) 
[llbl, the 13C NMR spectrum of 3 shows four carbonyl 
absorptions. 

Charge delocalization involving the two iron centers 
on 3 follows from comparing the IR v(CO) spectral 
data [19a,c,20] with that of its homologs 4 and 5 [16g,21]. 
The bis-Fp CL-($ : q*> butenyl complex 5 has electroni- 
cally isolated cationic Fp(v*-alkene)+ and neutral 
Fp($-vinyl) centers on 5: its IR spectral data matches 
that of the separate Fp(v*-propene)+ and FpCH,CH, 
(or FpCH=CH *) complexes, respectively. In contrast, 
the iron centers on the bis-Fp propenyl cation 4 delo- 
calize the charge: their v(C0) band energies almost 
converge since the Fp groups are nearly equivalent (cf. 
4a) on the IR timescale. For 3, the two higher energy 
Fp(q*-alkene)+ v(C0) bands and the two remaining 
Fp(ql-alkyl) v(C0) bands resemble those for 4. More- 
over, both 3 and 4 exhibit the same 87 cm-’ spread in 
v(C0) frequencies, in contrast to the maximum Av(C0) 
of 123 cm- ’ for 5. It is also worth noting that the 
Fp(n*-alkene)+ v(C0) band energies of 3 are close to 

TABLE 2. ‘H NMR spectral data a 

Compound CNCP) 

‘=z 
FpL-ll BF, 

CH, 
FP 

5.72 b 3.36 4.79 7.72 16.4 8.1 c 

5.49 

5.85 b 
4.98 

5.85 3.63 

3.49 3.93 

4.04 

5.38 

5.33 

14.7 

14.7 

8.1 

8.4 

d 
FP~II a2 BF,- 5.68 2.88 3.14 8.01 4.5 11.9 2.4 CH 

‘OCH, 

Fp-! 
+CH, 

4.71 d 5.24 5.71 6.80 17.1 8.9 0.95 

CHz 
FP~II CH BF,- 

‘CH,-Fp 

5.50 e 

CpF,C,F”\Cp + PF,- 5.79 b 3.01 5.19 12.70 13.2 7.4 c 

5.58 
oc 0 CO 

a Data recorded in acetone-d,. b Downfield Cp singlet assigned to CpFe(q’-vinyl)+ group. ’ Not observed. d CDCl,. e Data taken from ref. 

16b; fluxional: C,H, is AX, at 20°C and A,B,X between - 10°C and -70°C. 
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those of the charge delocalized Fp(n2-vinyl .ether)+ 
salt 7. 

‘H NMR spectral data for 3 are also consistent with 
charge delocalization between the two Fp centers 1201. 
Chemical shifts for the Cp ligands on 3, S 5.72 for the 
Fp(n2-alkene)+ and 6 5.49 for the Fp(#-vinyl) groups, 
lie between those for the Cp ligands on (FpCH,CH,- 
CH=CH,)Fp+BF,- (5) (Table 2) or on Fp(q2- 
propene) + and FpCH,CH, complexes (6 5.85 and 
4.87, respectively, all in acetoned,). Also, the Fp(q2- 
alkene)+ 6 Cp value of 3 is close to that of the charge 
delocalized Fp(v2-vinyl ether)+ salt 7. 

The carbenoid resonance form 3’ evidently does not 
significantly contribute to 3, as deduced from ‘H and 
i3C NMR spectral data. ‘H NMR spectral data for 3 
identifies a vinyl AMX spin system that resembles 
those of other Fp(monosubstituted alkene)+ [ll] and 
vinyl [22] complexes. Both the presence of this spin 
system on 3 and especially its Hx chemical shift are 
inconsistent with the carbenoid resonance form 3’, 
which should afford a downfield shift greater than 6 10 
[23] for Hx. The 13C NMR chemical shift for the vinyl 
C, site on 3, 6 133, falls in between values (Table 1) 
for similar Fp(alkene)+ sites on 5 or Fp(propene)+ and 
on Fp(CH2=CHOCH3)+ (7). This 13C NMR chemical 
shift should approach 300 ppm if a carbenoid site [24] 
analogous to that on 3’ significantly contributes to 3. 

Structures analogous to 3’ are known in which re- 
placing an a-H by a heteroatom favors the carbenoid 
resonance form. For example, Akita et al. [25] have 
used NMR spectral data in describing the structure of 
FpCH,C(OCH,)Fp+. Its 13C NMR chemical shift for 
the C, (carbenoid) site at 299 ppm is consistent with 8 
as the predominate resonance contributor. Other 
FpCH ,C(X)Y+ complexes containing a single Fp cen- 
ter delocalize the C, charge through one or more 
heteroatoms and a through-space interaction with the 
iron center (the p-effect) [26]. These complexes typi- 
cally exhibit lower chemical shifts for C,: FpCH,C- 
(OCH3)2+ (6 200) and FpCH,CH[N(CH,),]+ (S 178) 
[19cl. 

FP-C~, t--, 

b,p + 
CH,O 

(8) 

3 kC:?OCH, 
CH,O 

The chemical reactivity of 3 resembles that of a 
Fp(alkene)+ complex. Thus, treatment of 3 with triph- 

enylphosphine cleanly afforded Fp(viny1) and FpPPh3+ 
[13] (eqn. (6)) as the only detectable organoiron prod- 
ucts by IR and ‘H NMR spectroscopy. 

H 

Fp_ C’ 
+ Fp 

+ PPh, - 

,+H 
BF,- 

(3) 
H 

Fp -C’ 
\ 

+ Fp-PPh3+ (6) 

C-H 

A 
The isolated yields were 81% and 87% respectively. 
Similar nucleophilic displacement of alkene from 
Fp(v2-alkene)’ complexes is well established; PPh,, 
for example, readily displaces propene from Fp(CH,= 
CHCH,)+ [lla,27]. Fp(alkylidene)+ complexes, in con- 
trast, would add PPh, to the carbenoid carbon, as has 
been demonstrated for Cp[P(OPh),](CO)Fe=CHCH,+ 
transforming to Cp[P(OPh),](CO)Fe-CH(PPh,)CH,+ 
La. 

The ~(7~: q2iCH=CH2) or cr,r-structure that we 
assign to the ~-vinyl compound (Fp-CH=CH,)Fp+ 
BF,- (3) differs from that previously established for 
the bis-Fp Cc-(1,3-propenyl) salt 4 [16]. IR spectral 
evidence and the results of an X-ray crystallographic 
structure determination of 4 are consonant with the 
presence of nonequivalent $-bonded Fp groups, both 
evidently interacting with the C, carbocation center 
(Fe-C,., distances are 2.59 and 2.72 A) [16c]. Tautomer 
4a bearing two antiperiplanar Fp groups is a plausible 
structure [16b]. Results of variable temperature NMR 
spectral studies are in accord with both hindered rota- 
tion about the Fe-C, bonds [16b] (higher energy pro- 
cess) and a fluxional motion that renders the iron 
groups equivalent on the NMR time scale. A syn- 
chronous bending displacement of the Fp groups that 
both maintains their lruns antiperiplanar array [16b] 
and alternates the short-long Fp-C, bonding interac- 
tions accounts for the low temperature fluxionality of 
4. 

The bis-Fp ~~(77~ : q2) vinyl 3 and p-(1,3-propenyl) 4 
compounds represent a class of organobimetallic 
molecules that polarize charge across an intervening 
organic ligand system [29]. A number of these systems 
that also have considerable charge delocalization be- 
tween CpFe groups include Casey’s ~(7’ : TJ~)- 
butadiene complex 9 [30], a series of p(nl-C : q’-O)-acyl 
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compounds 10 [29b], and several p(nl-C: v’-Ol-en- 
olate (R = H, Ph, OCH,) or p&$-C: $-O)-ketene 
(R = Fp) complexes 11 [25]. Effective charge polariza- 
tion through these conjugated ligand systems derives in 
part from the neutral Fp group serving as a powerful 
net electon donor [29a]. 

qAFp Fp&:bu-,p 

+ 

c$YFQC(-) 
R, R* 

(10) 

(9) 

FP -C\” z 

R/c\O+ 
\ 
‘FP 

(11) 

3.2. Magnetization transfer studies 
The anticipated p-vinyl ligand oscillation for 3 (eq. 

(7)) must be very slow on the NMR time scale, since 
separate, narrow Cp resonances are observed in its ‘H 
and 13C NMR spectra. Attempts to increase this ex- 
change rate and detect the equilibrium through peak 

km 
3a =ik 3b 

ks* (7) 

broadening/coalescence of the Cp resonances proved 
unsuccessful. ‘H NMR spectra of 3 in CD,NO, up to 
65°C just prior to it decomposing, showed no broaden- 
ing. Fortunately, the dynamics of slowly exchanging 
organometallic systems [311 (such as 3) are accessible 
by using NMR magnetization transfer procedures 
[ 14,151. These magnetization transfer procedures are 
particularly useful for equilibrating systems with ex- 
change rates that are the same order of magnitude as 
l/T, (Ti = spin lattice relaxation time) 1321 and are 
slow enough to retain resolved spectral lines for the 
exchanging species. 

We used two ‘H NMR magnetization procedures, 
spin saturation transfer and inversion transfer, for 
quantifying the rate of vinyl ligand oscillation on 3. 
Since this chemical exchange 3a * 3b (eqn. (7)) inter- 
converts the CpFe environments, the separate Cp reso- 

nances of 3 thus define an equally populated, two-spin 
exchange system. In the spin saturation transfer experi- 
ment, one Cp absorption is saturated during a pro- 
grammed time, and the decrease in peak intensity for 
the other Cp singlet (attributed in part to magnetiza- 
tion transfer) is measured. Analysis of this peak pertur- 
bation provides both the Ti relaxation time and the 
exchange rate constant k, = k,,. The inversion 
transfer procedure differs in that one Cp absorption is 
selectively inverted with a 180” pulse, and after a preset 
interval, a nonselective 90” observation pulse is ap- 
plied. Relating peak intensities for both the inverted 
Cp absorption and the other Cp resonance that is 
receiving the magnetization as a function of delay 
interval also provides values for T, and for the ex- 
change rate constant. 

Implementing the spin saturation transfer experi- 
ment on 3 entailed saturating the 6 5.72 (downfield) 
Cp singlet, corresponding to the Fp(~2-vinyl)+ group, 
for O-25 s and then measuring the decay of the 6 5.49 
Cp resonance. Stacked plots of the spectral scans over 
15 time intervals (Fig. 1) illustrate the 39% decrease in 
intensity of the upfield Cp resonance, in contrast to 
< 4% fluctuation in intensity of the vinyl absorptions. 
The bottom spectral scan is the unperturbed iH NMR 
spectrum of 3 in acetone-d,. Analysis of the data as 
outlined in the Experimental section afforded the first 
order rate constant for exchange, k, = 0.045 s-i. 

The magnitude of k,, depends on the value of TIA, 
the spin lattice relaxation time of the Cp resonance (6 
5.49) receiving the magnetization transfer, that is used 
in eqn. (3). The value used, TIA = 12.4 s, came from 
analysis of the magnetization transfer data. A standard 
inversion recovery pulse sequence was used to measure 
independent Tl values for the Cp resonances at 6 5.72 
(9.1 s) and 6 5.49 (10.3 s> for 3. 

Two control experiments were carried out in order 
to validate the results of the saturation transfer experi- 
ment. The first entailed moving the decoupling pulse 
45 Hz upfield of the 6 5.49 Cp signal and irradiating at 
the same (saturating) power level. Irradiating at this 
new position (in a region devoid of extraneous NMR 
signals) maintains the frequency difference between 
the S 5.72 and 6 5.49 Cp signals. Since the intensity of 
the 6 5.49 Cp signal remained unchanged during this 
control, the possibility of stray radiation reducing the 
intensity of the 6 5.49 Cp singlet while saturating the 6 
5.72 Cp absorption can be eliminated. 

A second set of control experiments were needed to 
determine if nuclear Overhauser effects also con- 
tributed to the intensity of the Cp signal for the Fp 
group receiving magnetization transfer. Distinguishing 
between these two contributions to the signal intensity 
requires lowering the sample temperature until chemi- 
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cal exchange stops; NOE enhancements should not be 
effected. We did variable temperature (- 30°C to 
+ 25°C) NOE difference spectroscopy experiments [331 
on 3 (toluene-d,) in which the two Cp and the three 
vinyl absorptions were sequentially and selectively satu- 
rated. The results of these experiments demonstrated: 
(1) that chemical exchange 3a * 3b was not detected 
below - 5”C, (2) that NOE enhancements between the 
Cp groups were absent below -5°C (and presumably 
also at higher temperature), and (3) that the vinyl 
hydrogens exhibited mutual NOE interactions, but did 
not exchange with one another at room temperature. 
Perhaps the best confirmatory evidence for the spin 
saturation transfer results corresponds to the outcome 
of the inversion transfer pulse sequence. 

The inversion (magnetization) transfer experiment 
was carried out by perturbing the other (upfield) Cp 
resonance of 3 at 6 5.49 Cp. The resulting spectral 
data were processed as difference spectra for the pro- 
grammed delay times and were analyzed by the proce- 
dure of Dahlquist et al. [15] (eqns. (4) and (5)). This 
process afforded values of the exchange rate constant 
k, = k, = 0.049 s-l and for the relaxation time TIA = 
7.1 s. 

The reasonable agreement between the k, mea- 
surements (0.045 and 0.049 s-i) that we obtain from 
two different magnetization transfer experiments does 
not carry over to their corresponding TIA results. TIA 
values of 12.4 and 7.1 s originating from the spin 
saturation transfer and inversion transfer experiments, 
respectively, also do not match our independently mea- 
sured (via inversion recovery) TIA = 10.3 s and TIB = 9.9 
s. This discrepancy in measured TI values must repre- 
sent a source of error; furthermore, TIA = TIB is re- 
quired by the analytical procedures [14,15,34] that we 
used for both types of magnetization transfer experi- 
ments. Since we probably have not reduced all system- 
atic errors sufficiently for random errors to dominate, 
statistical limits of errors on the values of k, accord- 
ingly have not been given. 

3.3. ~-tiny1 ligand oscillation on (FpCH=CH,)Fp + (3) 
and on [Cp(CO)Fe12(~-CO)(~-CH=CH,) ’ (1) 

Comparing the p-vinyl ligand oscillation for 1 and 3 
would help assess the role of the iron-iron bond in 1 in 
facilitating this fluxional motion. Presence of the iron- 
iron bond could enhance the p-vinyl ligand oscillation, 
since the bimetallobicyclobutonium structure for 1 re- 
sembles the isolobal organic bicyclobutonium carbo- 
nium ions. These bicyclobutonium ions also enter a 
manifold of rapid degenerate rearrangements [35] that 
resemble in part the p-vinyl ligand windshield wiper 
motion. In addition, the iron-iron bond in 1 engenders 
a lower energy cLs + tram isomerization (with respect 

to the structural disposition of the Cp ligands) that 
does not apply to 3. 

Only fragmentary NMR spectral data are available 
for 1, which limits comparing the fluxionality of 1 and 
3. Attempts to quantify the p-vinyl ligand oscillation of 
1 by a dynamic ‘H NMR peak broadening/coalescence 
temperature procedure only established that the sepa- 
rate Cp resonances (of the lower energy cis isomer) 
only began broadening at the 50” decomposition tem- 
perature [3b]. 

A lower limit to the activation energy for the two-site 
exchange of the p-vinyl ligand on 1 can be calculated 
by using the Eyring equation, k, = (KkT/h) exp 
(- AG*/RT), where k is the Boltzmann constant, h is 
Plan&s constant, and K = 1 represents the transmis- 
sion coefficient [14b]. Approximate values for k, are 
conveniently obtained from NMR spectral data and 
the relationship k, = 2.22(Av) (ideally at the coales- 
cence temperature T,), where Av is the stopped-ex- 
change separation of the Cp resonances. Casey used 
this procedure and ‘H NMR spectral data for 1 (Av = 
57 Hz) at 27°C [3fl to approximate a minimum value of 
AGS 2 14.7 kcal/mol, which fortuitously is the same 
minimum value that we calculate for 3 (Av = 45 Hz) at 
25°C. Substituting the higher temperatures that 1 and 3 
were heated (50°C and 65”C), but which apparently are 
still < T,, generate somewhat higher values of AG* 2 
16.6 and 16.8 kcal/mol, respectively. A more accurate 
determination of AG* = 19.3 kcal/mol for vinyl oscilla- 
tion on 3 results from substituting k, = 0.045 s- ’ into 
the Eyring equation (25°C). 

We believe that a minimum value of AG* 2 16-17 
kcal/mol for the vinyl fluxionality of 1 is a reasonable 
approximation. Knox observed that 50°C apparently is 
close to the T, for 1, although another 10°C increase 
for T, only increases AGS to 17.2 kcal. It is worth 
noting that the presence of alkyl and acyl substituents 
on the alkenyl ligand as homologs of 1 enhance the 
rate of this a,r-interchange; typical values of AG* 
range between 10 and 13 kcal/mol. Our value of 
AG* = 19.3 kcal/mol for 3 therefore indicates that a 
constraining metal-metal bond on 1 does not apprecia- 
bly facilitate p-vinyl oscillation, and absence of this 
bond on 3 only raises this fluxional barrier by approxi- 
mately 2-3 kcal/mol. 

4. Conclusions 

The p(q1:q2) vinyl complex (Fp-CH=CH,)Fp+ 
PF,- (31, lacking a Fe-Fe bond, retains an unsymmet- 
ric r-complex structure in which positive charge is 
delocalized over the spectroscopically distinct iron cen- 
ters. A comparison of its IR and NMR spectral data 
with that of appropriate reference compounds (Tables 
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1 and 2) indicates that a carbenoid resonance form 
Fp-CH&H=Fp+ (3’) does not significantly contribute 
to the bonding. In spite of the high charge polarization 
between the Fp centers on 3, its reaction with PPh, 
(displacement of FpCH=CH,, eqn. (6)) resembles that 
of other Fp(T*-alkene)+ compounds. A further assess- 
ment of this charge polarization will be possible once 
samples of [Fp-CH=CH-(CH=CH),-CH=CH*]Fp+, 
homologs of 3, become available. 

The p-vinyl complex 3 is fluxional at room tempera- 
ture, although the p-vinyl oscillates between the Fp 
centers (eqn. (7)) slowly on the NMR time scale. Two 
lH NMR magnetization transfer studies using spin 
saturation transfer and inversion transfer procedures 
for the separate Cp resonances arrived at a first-order 
exchange rate constant k, = 0.045-0.049 s-l. This 
fluxional motion swaps the Fp centers, whereas the 
vinyl hydrogens engage in only mutual NOE interac- 
tions and not site exchange under similar conditions. 
The calculated free energy of activation for this flux- 
ionality, AG* = 19.3 kcal/mol, appears to be 2-3 
kcal/mol higher than is estimated as a minimum value 
for the corresponding p-vinyl complex [Cp(CO)Fel,(p- 
COXp-$ : q*-CH=CH2)+ (l), which retains an iron- 
iron bond. Nevertheless, the presence of a constraining 
metal-metal bond (or indeed of other bridging ligands) 
is not a prerequisite for p-vinyl ligand oscillation. 
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