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The achiral and optically active Fp(dioxene)BF, complexes 2a and 2b (Fp = dicarbonylcyclo- 
pentadienyliron) are readily prepared from Fp(l,2-dimethoxyethylene)BF4 by glycol exchange reactions. 
The barrier to ring inversion in these compounds is estimated to be 7.6 kcal/mol from low-temperature 
13C NMR spectral measurements. A crystal structure determination of 2a shows significant distortions 
due to transannular steric interactions between the Fp carbonyl groups and an axial ring proton. Lateral 
displacement of the Fp group along the C-C double-bond axis is also suggested by the X-ray data and 
is supported by 13C and 'H NMR spectral analyses. Both 2a and 2b add a number of carbon nucleophiles. 
These reactions with 2b are highly regioselective and yield a single enantiomeric product, 4, in which the 
nucleophile and Fp substituents are diaxial on the dioxane ring. An X-ray structure determination of a 
cyano adduct, 4c, has been carried out. The methyl adduct 4b has been converted to optically active 
Fp(cis-propenyl methyl ether)BF, and to Fp(propene)BF,. Ring opening of the phenyl adduct 4d may 
take place through phenyl rather than Fp assistance and, under those circumstances, leads to loss of optical 
activity in the product olefin complex. Fp-assisted ring opening of the dioxene complex 4a is shown to 
be highly dependent on the conformation of the Fp substituent. 

Introduction 

Metal olefin complexes provide unique substrates in 
carbon-carbon bond-forming reactions, since complexation 
renders an olefin center, which would otherwise be un- 
reactive to nucleophile addition, susceptible to such attack. 
Such activation has been observed for a number of tran- 
sition metal-olefii complexes,2 including those of M o , ~  W,2 
Fe,4 R u , ~  Rh,6 Pd,' and Pt,8 and forms an essential step 

(1) Taken in part from the Ph.D. thesis of M. M. Turnbull, Brandeis 
University, Feb 1987. Present address: Department of Chemistry, Clark 
University, Worcester, MA 01610. 

(2) For reviews of this subject, see Collman, J. P.; Hegedus, L. S.; 
Norton, J. R Finke, R. J. Principles and Applications of Organo- 
transition Metal Chemistry; University Science Books: Mill Valley, CA, 
1987. Davies, S. G. Organotransition Metal Chemistry: Applications 
t o  Organic Synthesis; Pergamon: Oxford, England, 1982. 

(3! (a) Knoth, W. H. Inorg. Chem. 1975, 14, 1566. (b) Guilieri, F.; 
Benaun, J. J. Organomet. Chem. 1984,276,367. (c) Benaim, J.; Guilieri, 
F. J. Organomet. Chem. 1980,202, C9. 

(4) Green, M. L. H.; Nagy, P. L. I. J. Organomet. Chem. 1963,1, 58. 
Lennon, P.; Rosan, A. M.; Rosenblum, M. J. Am. Chem. Soc. 1977,99, 
8426 and references therein. Pearson, A. J. In Comprehensive Organo- 
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E. A. H.; Amma, E. L. Organometallics 1982,443,l. Bodnar, T.; LaCroce, 
S. J.; Cutler, A. R. J. Am. Chem. SOC. 1980, 102, 3292. Jenson, J. E.; 
Campbell, L. L.; Nakanishi, S.; Flood, T. C. J.  Organomet. Chem. 1983, 
244,61. Marten, D. J. Chem. Soc., Chem. Commun. 1980,341. Bauch, 
T. E.; Knowitz, H.; Giering, W. P. J. Organomet. Chem. 1976,114, C15. 

(5) Werner, H.; Werner, R. J. Organomet. Chem. 1979, 174, C63. 
(6) Werner, H.; Feser, R.; Werner, R. J. Organomet. Chem. 1979,181, 
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(7) For a recent review, see: Trost, B. M.; Verhoeven, T. R. In Com- 

prehensiue Organometallic Chemistry, Wilkinson, G., Stone, F. G. A., 
Eds.; Pergamon: Oxford, 1982; Vol. 8, p 799. Majima, T.; Kurosawa, H. 
J. Chem. Soc., Chem. Commun. 1977, 610. Kurosawa, H.; Asada, N. 
Tetrahedron Lett. 1979, 255. Kurosawa, H.; Majima, T.; Asada, N. J. 
Am. Chem. SOC. 1980,102,6996. Tsuji, J.; Takahashi, H. J. Am. Chem. 
SOC. 1965,87,3275. Takahashi, H.; Tsuji, J. J. Am. Chem. SOC. 1968,90, 
2387. Wipke, W. T.; Gocke, G. L. J. Am. Chem. SOC. 1974, 96, 4244. 
Agami, C.; Levisalles, J.; Rose-Munch, F. J.  Organomet. Chem. 1974,65, 
401. Green, M.; Hancock, R. I. J. Chem. SOC. A 1967, 2054. Anderson, 
C. B.; Burreson, B. 3. J .  Organomet. Chem. 1967, 7, 181. Stille, J. K.; 
James, D. E. J. Am. Chem. SOC. 1975,97,674; J. Organomet. Chem. 1976, 
108,401. Schultz, R. G.; J. Organomet. Chem. 1966,435,6. Chung, S.-K.; 
Scott, A. I. Tetrahedron Lett. 1975,49. Hines, L. F.; Stille, J. K. J. Am. 
Chem. SOC. 1972,94, 485. 
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in the industrial oxidation of ethylene by Pd(I1) to acet- 
a l d e h ~ d e . ~  A theoretical analysis of factors responsible 
for olefin activation by metal complexation has recently 
been given by Eisenstein and Hoffmann.lo 

For olefins that lack a Cz axis of symmetry in the plane 
of the double bond, metal complexation provides a po- 
tential means of asymmetric bond formation through en- 
antioface selective addition of a nucleophile to an optically 
active complex in which the complex olefin is the sole 
center of asymmetry.'l If the optically active complex is 
not available, asymmetric induction can, in principle, be 
achieved through diastereoface selective addition to an 
olefin complex in which a chiral auxiliary is incorporated 
within either the olefin ligand or another ligand complexed 
to the metal or is present at the metal center itself. 
However, in these cases some mechanism must exist for 
the exchange of diastereomers which results in either 
preferential complexation of one enantioface of the olefin 
or a rapid exchange of the enantiofaces.12 Finally, even 
complexes derived from 1,2-disubstituted olefins that have 
a Cz axis of symmetry may serve as platforms for asym- 
metric bond formation, provided another chiral center is 
present in the molecule. For these interesting cases, the 
diastereoselectivity of nucleophile addition is reduced to 
a problem of regio~e1ectivity.l~ 

(8) Stille, J. K.; Morgan, R. A. J. Am. Chem. SOC. 1966, 88, 5135. 
Segnitz, A.; Badey, P. M.; Maitlis, P. M. J. Chem. SOC., Chem. Commun. 
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Orchin, M. J. Am. Chem. SOC. 1968,90, 4175. Palumbo, R.; De Renzi, 
A.; Panunzi, A.; Paiaro, G. J. Am. Chem. SOC. 1969.91, 3874 and refer- 
ences therein. Segnitz, A.; Bailey, P. M.; Maitlis, P. M. J. Chem. SOC., 
Chem. Commun. 1973, 698. For a review of this subject, see: Hartley, 
F. R. In Comprehensive Organometallic Chemistry; Wilkinson, G., Stone, 
F. G. A., Eds.; Pergamon: Oxford, 1982; Vol. 6, p 664. 

(9) Backvall, J. E.; Akermark, B.; Ljunggren, S. D. J. Am. Chem. SOC. 
1979,101, 2411. 
(10) Eisenstein, 0.; Hoffmann, R. J. Am. Chem. SOC. 1981,103,4308. 
(11) Birch, A. J.; Raverty, W. D.; Stephenson, G. R. J. Org. Chem. 

1981, 46, 5166. Bandara, B. M. R.; Birch, A. J.; Kelly, L. F.; Kfhor, T. 
C. Tetrahedron Lett. 1983, 24, 2491. Bandara, B. M. R.; Birch, A. J.; 
Kelly, L. F. J. Org. Chem. 1984,49, 2496. Birch, A. J.; Kelly, L. F. J. Org. 
Chem. 1985,50,712. Panunzi, A.; DeRenzi, A.; Paiaro, G. Inorg. Chim. 
Acta 1967, 1 ,  475. 

(12) See, for example: Bosnich, B.; Mackenzie, P. B. Pure Appl. 
Chem. 1982,54, 189. 
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Optically Actiue Organoiron Complexes 

We recently reported briefly on the preparation and 
reactions of the optically active iron complex 2b [Fp = 
(q-C5H5)Fe(CO),], a member of this latter class of com- 
plex.14 The present report provides a full account of the 
chemistry of this substance and its congeners and of the 
use of 2b in the synthesis of a number of optically active 
olefin complexes in which the metal-complexed olefin 
center is the sole site of asymmetry. 

Results and Discussion 
The preparation of Fp(q-cis-l,2-dimethoxyethylene)BF4 

(1) by exchange complexation has earlier been reported.15 
Brief treatment of 1 with ethylene glycol in methylene 
chloride solution at 0 "C gave the dihydrodioxin complex 
2a in 92% yield. The facility of this transetherification 
reaction is illustrative of the high reactivity of Fp(q-vinyl 
ether) cations to a variety of nucleophiles. Similarly, 
treatment of 1 with (R,R)-2,3-butanediol gave the optically 
active salt 2b. 

MeOvOMe + H O 4 y " H  R n  

- '-TCoR 
FP R R FP 
1 2 e : R . H  

b: R = Me 

The proton NMR spectrum of 2b shows that the methyl 
groups on the dihydrodioxin ring in this complex are di- 
equatorial (J2,3 = 8 Hz). A lower limit of 0.4 kcal/mol may 
be estimated as the conformational preference for this 
conformer, taking a value of 0.65 kcal/mol as the confor- 
mational energy of a methyl group on a dioxene ring', and 
0.9 kcal/mol for a gauche butane interaction on this ring. 
The energy associated with the interaction of an axial 
methyl group with the complexed Fp group must be added 
to this, and while this steric interaction is difficult to es- 
timate, it is likely to be substantial (vide infra). The vinyl 
protons in t b  are observed as a pair of doublets a t  6 7.70 
and 7.25 (J = 1.5 Hz), while those in the parent complex 
2a appear as a broad singlet a t  6 7.45. Similarly, a pro- 
ton-decoupled carbon-13 spectrum of the parent complex 
shows the vinyl carbon centers as a broad singlet at 6 102.7. 
This signal broadens progressively as the temperature is 
lowered and almost disappears into the base line at  -100 
"C, the lowest temperature for which spectra could be 
recorded in acetone-d,. By contrast, the optically active 
complex 2b shows two resonances at 6 108.6 and 95.5 for 
the vinyl carbon centers, symmetrically displaced upfield 
and downfield from the single peak observed for the parent 
compound. If the 13C spectrum, observed at -100 "C for 
2a, represents a reasonable approximation of the coales- 
cence point associated with the process of ring inversion, 
and the shift difference between the vinyl carbons of 2b 
is taken as equal to that for 2a in the slow-exchange limit, 
a value of 7.3 kcal/mol is derived for the barrier to ring 
inversion in the parent complex. This compares closely 
with the value of 7.6 kcal/mol for the ring inversion barrier 
in l,Cdioxene, determined from its temperature-dependent 
proton spectrum." Since asymmetric induction in 2b is 
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(13) For examples of this general class, see: Faller, J. W.; Chao, K.-H. 
J. Am. Chem. SOC. 1983, 105, 3893. Faller, J. W.; Chao, K.-H. Organo- 
metallics 1984,3, 927. Trost, B. M.; Dietache, T. J. J.  Am. Chem. SOC. 
1973,95,8200. Trost, B. M.; Strege, P. E. J. Am. Chem. SOC. 1977,99, 
1649. Panunzi, A.; DeRenzi, A.; Paiaro, G. J. Am. Chem. SOC. 1970,92, 
3488. Salvadori, P.; Lazzaroni, R.; Merlino, S. J. Chem. SOC., Chem. 
Commun. 1974, 435. 

(14) Rosenblum, M.; Tumbull, M. M.; Foxman, B. M. Organometallics 
1986, 5, 1062. 

(15) Marsi, M.; Rosenblum, M. J. Am. Chem. SOC. 1984, 106, 7264. 
(16) Ayras, P.; Nikkila, A.; Nurmi, T.; Pihlaja, K. Finn. Chem. Lett. 

1974, 237. 

Figure 1. Molecular structure of 2a, showing labeling scheme 
and 50% probability ellipsoids for atoms refined by using an- 
isotropic temperature factors. 

n 

Figure 2. Molecular structure of 2a, showing positions of C(11) 
[+0.182 (9) A] and C(10) [-0.493 (9) A] relative to  the C(8)-C- 
(9)-0( 3)-0 (4) plane. 

dependent upon the regioselective addition of nucleophiles 
to this cation, we were pleased to observe the large dif- 
ference (13 ppm) in chemical shielding for the vinyl carbon 
centers in this compound. Such differential shielding had 
earlier been associated with unsymmetrical bonding of the 
metal to olefin in Fp(q2-vinyl ether) complexes18 and with 
the characteristic high regioselectivity of nucleophile ad- 
dition to these comple~es. '~ 

In order to shed some light on the character of metal- 
olefin bonding in the dioxene complexes, we attempted to 
carry out a crystal structure determination on 2b. How- 
ever, satisfactory crystals suitable for X-ray analysis could 
not be obtained, and we therefore turned to an examina- 
tion of the parent complex 2a. This substance gave sat- 
isfactory crystals for an X-ray analysis. Details of the 
experimental procedure, in outline form, are given in Table 
I, while atomic coordinates appear in Table 11. A view 
of the molecular cation and labeling scheme are shown in 
Figure 1. The steric interactions between the Fp group 
and the ligand are significant and are principally reflected 
in the movement of C(l1) nearly into the plane defined 
by the olefinic carbon atoms O(3) and O(4) (see Figure 2). 
This deformation may be associated with a corresponding 
bending of the Fp group away and out from under the 
dioxene ligand, as reflected by the Fe-C(9)-C(8)-0(4) and 

(17) Larkin, R. H.; Lord, C. J. Am. Chem. SOC. 1973, 95, 5129. 
(18) Chang, T. C. T.; Foxman, B. M.; Rosenblum, M.; Stockman, C. 

J. Am. Chem. SOC. 1981,103,7361. For example, the complexed carbon 
centers in Fp(ymethy1 vinyl ether)BF, show a chemical shift difference 
of 119 ppm. 

(19) Rosenblum, M. J. Organomet. Chem. 1986, 300, 191. 
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Table I. Data for the X-ray Diffraction Study of 
[(?5-C5H~)Fe(C0)2(C,H~O~)lBF~ ( 2 4  

(A) Crystal Data at  21 (1) "C 
crystal system: monoclinic z = 4  
space group: ml/c [C:,); No. 141 
a = 7.459 (2) A 
b = 6.999 (2) A 
c = 25.887 (5) 8, 
6 = 96.80 (1)" 
V = 1342.0 A3 

cryst size: 0.40 X 

fw: 349.86 
pobd = 1.725" g cm-3 
pcdcd = 1.73 g cm-3 
p = 11.8 cm-' (Mo K n )  

0.40 X 0.15 mm 

Cell constant determination: 12 pairs of &(hkl) and refined 20, 
w ,  x values in the range 18 4 1201 4 24O (X(Mo Ka) = 0.71073 A) 

(B) Measurement of Intensity Data 
radiation: Mo Ka,  graphite monochromator 
reflctns measd: &h,k,l (to 20 = 50') 
scan type, speed: 8-28 vble, 2, 66-5.33"/min 
scan range: symmetrical, [2.0 + A ( q  - aJ]"  
no. of reflectns measd: 2653; 2378 in unique set 
std reflctns: 006, 200, 020; period 60 
absorptn correctn: empirical, normalized transmission factors 

data reductn: as before;* linear decomposition correction 

statistical informatn: R,, = 0.012 (Okl reflections) 

refinement," with 1677 data for which I > 1.96u(Z) 
weighting of reflctns: as before: p = 0.04 
solution: Patterson, difference Fourier 
refinementf full-matrix least squares, with anisotropic 

0.817-1.000 

appliede 

(C) Refinement 

temperature factors for Fe, C, B, E, and 0 atoms; isotropic 
temperature factors for H atoms; R = 0.072; Rw = 0.086; SDU 
= 2.57; R (structure factor calcn with all 2378 reflections) = 
0.111 

final difference map: 10 peaks, 0.949-0.500 e/A3 near BF,; other 
peaks random and 40.46 e/A3 

aMeasured by neutral buoyancy in C2H4Br2-CCl,. bFoxman, B. 
M.; Goldberg, P. L.; Mazurek, H. Znorg. Chem. 1981,20,4381. All 
computations in the present work were carried out by using the 
Enraf-Nonius structure determination package. A linear decom- 
position correction was applied to all data; the total decay correc- 
tion reached a maximum of 18%. The correction factors on I 
ranged from 1.029 to 1.105 with an average value of 1.064. 
dCorfield, P. W. R.: Doedens, R. J.: Ibers, J. A. Znorg. Chem. 1967, 

number of parameters. 

Fe-C(8)4(9)-0(3) torsion angles (111.0 (7) and 114.7 ( 7 ) O ,  

respectively). The principal contributor to these defor- 
mations may be assigned to steric interactions between the 
Fp carbonyl ligands and the axial hydrogen atom at C(l1). 
These interactions may also be responsible for the small 
displacement of the Fe center laterally along the olefin 
bond. The internuclear distances Fe-C(8) and Fe-C(9) 
(Table 111) differ by 0.038 (11) A, with the iron atom 
displaced in the direction expected. However, the dis- 
tortion is small in absolute terms and may not be highly 
significant. The distortion of Fe-olefin bonding no doubt 
contributes to the relative kinetic instability of both 2a 
and 2b toward displacement by coordinating solvents.20 
Such instability is reminiscent of that earlier observed for 
Fp(v-cyclohexene)+, which on the basis of models had been 
attributed to transannular interaction of an axial hydrogen 
atom with the Fp group.21 The free dioxene and (R,- 

(20) In acetone-d, at 37 "C, the half-life of the parent complex is about 
15 min. A 'H NMR spectrum of the decompoaition mixture indicates 
that Fpacetone(l+), free dioxene, and the oxygen-coordinated cationic 
Fp complex are present. The latter complex is transitory and is converted 
completely to free dioxene and Fp-acetone(l+) within a few hours. 

(21) Cutler, A.; Ehntholt, D.; Lennon, P.; Nicholas, K.; Marten, D. F.; 
Madhavarao, M.; Raghu, S.; Rosan, A.; Rosenblum, M. J. Am. Chem. SOC. 
1975,97, 3149. 

atom X Y 2 B, b2 
Fe 0.3135 (1) 0.0831 (2) 0.12116 (4) 2.83 (2) 
F(1) 0.758 (2) 0.471 (2) 0.0382 (3) 18.6 (4) 
F(2) 0.786 (2) 0.364 (2) 0.1119 (4) 18.8 (4) 
F(3) 0.953 (1) 0.565 (2) 0.0955 (6) 22.6 (5) 
F(4) 0.693 (2) 0.630 (2) 0.0955 (6) 34.5 (5) 
O(1) 0.324 (1) 0.4727 (8) 0.1598 (3) 6.9 (2) 
O(2) 0.6402 (8) -0.025 (1) 0.1870 (3) 6.2 (2) 
O(3) 0.0766 (8) 0.1853 (8) 0.2104 (2) 4.6 (1) 

C(1) 0.315 (1) 0.322 (1) 0.1459 (3) 3.7 (2) 
C(2) 0.509 (1) 0.016 (1) 0.1624 (3) 3.9 (2) 
C(3) 0.159 (1) -0.049 (2) 0.0575 (3) 6.6 (3) 
C(4) 0.174 (1) 0.151 (1) 0.0487 (3) 5.9 (2) 
C(5) 0.365 (2) 0.186 (2) 0.0487 (4) 6.9 (3) 
C(6) 0.450 (2) 0.025 (2) 0.0583 (4) 8.6 (4) 
C(7) 0.335 (2) -0.117 (2) 0.0630 (4) 8.3 (3) 
C(8) 0.166 (1) -0.107 (1) 0.1757 (3) 3.7 (2) 
C(9) 0.081 (1) 0.063 (1) 0.1702 (3) 3.8 (2) 
C(10) 0.113 (1) 0.099 (1) 0.2601 (3) 4.4 (2) 

B 0.798 (1) 0.516 (2) 0.0841 (4) 4.4 (2) 

a Atoms refined by using anisotropic temperature factors are 
given in the form of the isotropic equivalent displacement param- 
eter defined as 1.33[a2& + b2Bzz + c ~ B ~ ~  + ab cos y BIZ + ac cos 6 
B,, + bc cos a BZ3]. bNumbers in parentheses in this and following 
tables are estimated standard deviations in the least significant 
digit. 

R)-2,3-dimethyldioxene ligands were cleanly displaced 
when acetone solutions of 2a or 2b were allowed to stand 
overnight a t  room temperature. 

The direction of lateral distortion of the Fe-olefin bond 
in the crystal structure of 2a is supported as well for 2b 
by the NMR spectrum of this compound. Displacement 
of an Fp group along the axis of the coordinated double 
bond in 2b should lead to increased deshielding at  the 
saturated carbon center, across the ring, bonded to the 
distal oxygen atom, as positive charge builds up at this 
center. Hence the carbon resonances in 2b at 6 75.4 and 
76.4 may be assigned to proximate and distal carbon 
centers, respectively ((2-5 and C-6, respectively, in structure 
3). The proton spectrum of 2b shows the two methine 

O(4) 0.2624 (8) -0.1654 (8) 0.2209 (2) 4.7 (1) 

C(l1) 0.279 (1) -0.021 (1) 0.2619 (3) 4.4 (2) 

d. 2 1 

' O - s = F . 9  - +I e R 
FP 

3, R = H. Me 

proton resonances at  these centers at 6 3.60 and 3.45. We 
had earlier shown that protons lying along the Cp-Fe axis 
in Fp(o1efin) cations are shielded,22 and models as well as 
the crystal structure of 2a show that H-6 lies significantly 
closer to the Cp-Fe axis than does H-5. It remained now 
to associate each of these protons with the two carbon 
centers. This was done by single-frequency proton-coupled 
I3C NMR spectra that identify the carbon bearing the more 
highly shielded proton as the more deshielded. Thus the 
spectral data for 2b is in accord with the crystal structure 
of 2a in suggesting a displacement of the Fp group laterally 
along the olefin axis away from the axial proton at C-6. 

Both complexes 2a and 2b, like their acyclic analogue 
1, were found to undergo nucleophilic addition with a 
number of carbon and heteroatomic nucleophiles (Table 
IV). Nucleophilic addition to 2b gave a single diaste- 
reomeric adduct as determined by 13C NMR, and hence 

(22) Cutler, A.; Ehntholt, D.; Giering, W. P.; Lennon, P.; Raghu, S.; 
Rosan, A.; Rosenblum, M.; Tancrede, J.; Wells, D. J. J. Am. Chem. SOC. 
1976, 98, 3495. 
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Table 111. Bond Lengths (A) and Angles (deg) for [ (qs-CsH5)Fe(CO)2(C4H602)]BF4 

Fe C(1) 1.787 (8) O(1) C(1) 1.117 (10) 
Fe C(2) 1.764 (8) O(2) C(2) 1.141 (10) 
Fe C(3) 2.110 (9) O(3) C(9) 1.351 (10) 
Fe C(4) 2.090 (9) O(3) C(10) 1.417 (10) 
Fe C(5) 2.088 (10) O(4) C(8) 1.361 (9) 
Fe (36) 2.063 (11) O(4) C(11) 1.458 (10) 
Fe C(7) 2.075 (11) C(3) C(4) 1.43 (2) 
Fe C(8) 2.308 (8) C(3) C(7) 1.39 (2) 
Fe C(9) 2.270 (8) C(4) C(5) 1.44 (2) 
F(1) B 1.23 (1) C(5) C(6) 1.31 (2) 
F(2) B 1.29 (2) (36) C(7) 1.33 (2) 
F(3) B 1.21 (2) C(8) C(9) 1.35 (1) 
F(4) B 1.18 (2) C(10) C(11) 1.50 (1) 

atom 1 atom 2 dist atom 1 atom 2 dist 

atom 1 atom 2 atom 3 angle atom 1 atom 2 atom 3 angle 
Fe 93.6 (4) 123.5 (7) 

107.6 (3) 
80.3 (3) 
84.0 (3) 

106.0 (3) 
176.3 (8) 
176.4 (8) 
105.2 (9) 
105.3 (9) 
108 (1) 
111 (1) 
111 (1) 
117.4 (6) 
71.3 (5) 

a single enantiomer, for all of the reactions examined, but 
the reaction product was not that anticipated on the basis 
of olefin bond polarization. However, bond polarization 
in 2b is relatively small compared with that observed in 
the Fp(methy1 vinyl ether) cation, which exhibits a high 
degree of nucleophile stereoselectivity.18 Instead, ster- 
eoelectronic factors associated with a preference for a chair 
conformation transition state for nucleophile addition to 
2b appear to control the regioselectivity of these reactions, 
leading in all of the cases examined to the adducts 4. The 
axial conformation of nucleophile and Fp substituents in 
these adducts is supported by their proton spectra, which 
show coupling constants J2,3 of less than 1 Hz, in accord 
with literature values for eq-eq coupling in 1,4-dio~anes.~ 
By contrast 2a, which also reacted well with the same 
nucleophiles, gave adducts 5, all of which showed coupling 
constants J2,3 of 6-9 Hz, as expected for a diequatorial 
conformation of substituents. 

-0 
O W F P  

Sa-g 

40 R 
FP 

4a-0 

a ,  R =  H; b ,  R =Me: c ,  R =  CN; d, R Ph; e, R = CH2=CH: 
f ,  R =  PhCH2S: 0 ,  R =  2-oxocyclohexyl 

Further support for the structures of the adducts 4 is 
provided by a single-crystal X-ray diffraction study of the 
cyano addition product 4c. Pertinent data relating to the 
crystal, data collection, and refinement are given in Table 
V, while atomic coordinates are listed in Table VI and 
bond lengths and angles appear in Table VII. Bond 
lengths and angles in the compound lie within normal 
ranges. The absolute configuration of this compound was 
established by the known stereochemistry of the backbone 
carbon atoms as well as by a Hamilton R-factor test. 

(23) Chen, C. Y.; LeFevre, R. J. W. J. Chem. SOC. B 1966,544. Gatti, 
G.; Segre, A. L.; Morandi, C. Tetrahedron 1967, 23, 4385. Fuchs, B.; 
Ellenoweir, A. N o w .  J. Chem. 1979,3, 145. 

118.9 i5j 
74.4 (5) 

122.0 (7) 
109.7 (7) 
111.6 (6) 
114.3 (6) 
114.1 (6) 
107 (1) 
115 (1) 
109 (1) 
103 (1) 
109 (1) 
113 (1) 

Table IV. Nucleophilic Reagents and Product Yields from 
the Reaction of 2a,b 

yield, % 
reagent 4 5 

a. Na13H3CN, NaOMe 49 67 
b. LiMeCuCN 55 72 
c. EtlNCN 94 93 
d. PhMgBr 80 58 
e. CH2=CHMgBr 57 
f. PhCHzSNa 81 

95" 96" 

g* ( Y O L '  

'Reference 24. 

0 (4) 
2? 

'Fe 

Figure 3. Molecular structure of 4c, showing labeling scheme 
and 50% probability ellipsoids for atoms refined by using an- 
isotropic temperature factors. Atoms H(8) and H(9) (attached 
to C(8) and C(9), respectively) are drawn at an arbitrary size to 
show their near-orthogonality. 

As can be seen from the molecular structure (Figure 3), 
the Fp and cyano groups occupy diaxial positions on the 
dioxane ring, but with a dihedral angle of 154' rather than 
180'. This has the effect of rotating the C(8)-C(9) bond 
so that the protons on C(8) and C(9) are nearly orthogonal 
(dihedral angle 86O), which accounts for the lack of ob- 
served coupling between these protons. A similar distor- 
tion is likely to be responsible for the absence of coupling 
in the proton NMR spectra of the remaining adducts 4. 
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Table V. Data for the X-ray Diffraction Study of 
(s6-C~H,)Fe(CO)z(C1HlnOzN) (4c) 

(A) Crystal Data at 21 (1) "C 
cryst system: monoclinic 2 = 2  
space group: PZ1 [(C;); No. 41 
a = 7.859 (2) A 
b = 7.625 (2) 8, 

cryst size:O 0.40 X 0.80 

fw: 317.12 
X 0.05 mm 

c = 12.212 (3) A Pobad = 1.45 g 
p = 99.54 (3)" Pcdcd = 1.459 g 
V = 721.72 A3 p = 10.9 cm-' (Mo Kn) 

Cell constant determination: 12 pairs &(hkl) and refined 28, w ,  x 
values in the range 23 I l2el I 25" (X(Mo Ka = 0.71073 A) 

(B) Measurement of Intensity Data 
radiation: Mo Kn, graphite monochromator 
reflections measured: h, k, &1 (to 28 = 60') 
scan type, speed: 8-28, vble, 3.08-6.51°/min 
scan range: symmetrical, [2.0 + A(az  - aJ]" 
no. of reflctns measd: 2416, 2270 in unique set 
std reflctns: 600, 060, 006; measured after each 60 reflections; 

absorptn correctn: empirical, normalized transmission factors 

statistical informatn: R, = 0.010; R,, = 0.006 (OkE reflections) 

variation <f3u(4 for each 

0.868-1.000 

(C) Solution and Refinement with 2104 Data for Which F > 
3.92u(F) 

weighting of reflections: as before: p = 0.035 
solution: Patterson, difference Fourier, routine 
refinemenkd full-matrix least squares, with anisotropic 

temperature factors for Fe, C, N, 0 atoms; H atoms at fixed 
positions (0.95 A); R = 0.022;O R, = 0.032; SDU = 0.809; R 
(structure factor calcn with all 2270 reflections) = 0.025 

final difference map: 2 peaks, 0.20, 0.23 d/A3 near Fe; other 
peaks random and 50.18 e/A3 

weighting scheme analysis: no systematic dependence on 
magnitude of IFoI, (sin 8)/A, or indices 

OThis size is within the uniform beam area as determined ex- 
perimentally in this laboratory. The crystal was optically centered 
with great care. bMeasured by neutral bouyancy in CC14/hexane. 
?Foxman, B. M.; Mazurek, H. Inorg. Chem. 1979, 18, 113 and ref- 
erences therein. d R ,  = ~ ( u ( ~ F o ~ ) / ~ ~ F o ~ ;  R,, = X I  - I , J / X f i  R = 

{xw[lFol  - IFcl12/(m - r ~ ) ) ' / ~  where m (= 2104) is the number of 
observations and n (= 180) is the number of parameters. e Without 
H atoms included in the calculation, the correct enantiomer had R 
= 0.036 and R, = 0.054; the opposite chirality had R = 0.039 and 
R, = 0.057. 

A predominance of an axial Fp conformer for com- 
pounds 4b-g may be attributed to a combination of a low 
axial conformational energy for the Fp group coupled with 
a significant gauche F p R  interaction in these compounds. 
However, the latter factor cannot contribute to the con- 
formational energy balance in 4a, which also appears to 
exist largely in the axial Fp conformation, as indicated by 
the presence of a doublet resonance (J = 3 Hz) for the 
FpCH proton. The low conformation energy of the Fp 
group, not withstanding its size, is no doubt largely a 
consequence of the length of the Fe-C bond in Fp-R 
complexes (2.07 A in 4c). 

A further illustration of the low conformational energy 
of the Fp group is provided by the diastereoisomeric mo- 
nomethyl dioxene complexes 6 and 7, formed as a 1:l 
mixture in the reaction of 1 with propylene glycol. This 
mixture of diastereomers reacts with tetraethylammonium 
cyanide to give a 1:l mixture of products 8 and 9, with no 
evidence in the proton NMR spectrum for the presence 
of axial methyl conformers of 8 and 9. 

The observation that each of the diastereoisomers 6 and 
7 gives a single product, resulting from stereoelectronic 
control in the addition reaction, has another more inter- 
esting consequence. Although these products are derived 
from a mixture of diastereomeric Fp(o1efin) cations, the 
absolute configuration at  each of the new chiral centers 

CllFol - IFcll/CIFoI; Rw = {C4lFol - IFc112/C~l~01211'2~ SDU = 

- o+o.--" - 0 -  T- L O H  + 1 - 0 - 7 .  
+ '  I 
FP 
8 7 

CN CN 

0% + 0 9  

FP FP 

in the products 8 and 9 are identical for any given con- 
figuration in the propylene glycol starting material. This 
greatly increases the number of potentially useful diols 
from which optically active dioxene complexes should be 
preparable and eliminates the need for the diol to possess 
Cz symmetry. Furthermore, although complexes such as 
8 and 9 can be separated chromatographically, they need 
not be, if in the course of asymmetric synthesis the 
ethylenedioxy backbone is removed, as is illustrated by 
some of the transformations described below. 

As with the addition of lithium cyclohexanone enolate 
to Fp(q-ethy1 vinyl ether)BF,, a single diastereomeric 
product, 10, is obtained from the reaction of this enolate 
with 2a and a single enantiomeric product 11 from the 
reaction with 2b. Proof for the structures of these products 
and their transformation to tricyclic tetrahydrofurans was 
recently reported by us.24 

8 9 

10 11 

The optically active complexes 4a-g may serve as 
starting materials for the synthesis of optically active 
Fp(viny1 ether) and Fp(o1efin) cations of defined absolute 
configuration, and several such transformations have been 
examined. 

Treatment of 4a with trimethylsilyl triflate a t  -78 "C 
converts this compound to the optically active salt W-12. 
The 13C spectrum of this compound, taken at 18 "C, shows 
it to be a single diastereomer, and the CD spectrum of this 
compound shows a large positive Cotton effect band cen- 
tered at 480 nm, with AE = 1.34 mol-' cm-'. The assign- 
ment of absolute stereochemistry to 12 follows from the 
stereochemistry of 4a and its conversion, either directly 
or possibly through its high-energy conformer 4'8, in which 
the Fp and leaving group are antiperiplanar, by a concerted 
ring-opening process to the olefin complex. Racemization 
of the asymmetric olefin center in 12 through rotation 
about the carbon-carbon bond15J8 occurs slowly, and an 
equilibrium value of Ac = 0.03 (k 0.0006) in the CD 
spectrum is reached after 19 h at room temperature. 

4a  1 2  

(24) Rosenblum, M.; Foxman, B. M.; Turnbull, M. M. Heterocycles 
1987, 25, 419. 
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Fe 0.01938 (3) 0.250 0.23647 (2) 2.568 (4) 
0(1) 0.1497 (3) 0.5980 (3) 0.2978 (2) 5.53 (5) 
O(2) -0.0413 (4) 0.1542 (4) 0.4565 (2) 5.95 (6) 
O(3) -0.2410 (2) 0.6429 (2) 0.1867 (1) 3.24 (3) 
O(4) -0.3361 (2) 0.3351 (2) 0.2825 (1) 2.83 (3) 
N -0.5717 (3) 0.4939 (4) -0.0010 (3) 5.57 (6) 
C(1) 0.0906 (3) 0.4644 (3) 0.2744 (2) 3.49 (4) 
C(2) -0.0194 (3) 0.1926 (3) 0.3696 (2) 3.70 (4) 
C(3) 0.1491 (3) 0.2413 (5) 0.0985 (2) 3.97 (4) 
C(4) -0.0040 (3) 0.1434 (4) 0.0750 (2) 3.71 (4) 
C(5) 0.0041 (3) 0.0070 (3) 0.1526 (2) 4.01 (5) 
C(6) 0.1665 (4) 0.0201 (3) 0.2239 (2) 4.35 (5) 
C(7) 0.2556 (3) 0.1648 (4) 0.1906 (3) 4.26 (5) 
C(8) -0.2380 (2) 0.3211 (3) 0.1943 (1) 2.50 (3) 
c(9) -0.2645 (2) 0.4875 (3) 0.1237 (2) 2.83 (3) 
C(10) -0.3473 (3) 0.6500 (3) 0.2724 (2) 3.55 (4) 
C(11) -0.3057 (3) 0.4915 (3) 0.3466 (2) 3.10 (4) 
C(l2) -0.3086 (5) 0.8232 (5) 0.3295 (3) 5.76 (8) 
C(13) -0.4137 (4) 0.4767 (5) 0.4391 (2) 4.73 (6) 
C(14) -0.4401 (3) 0.4901 (4) 0.0534 (2) 3.75 (5) 

Atoms refined by using anisotropic temperature factors are 
given in the form of the isotropic equivalent displacement param- 
eter defined as 1.33[a2Bll + b2BZ2 + c2B33 + ab cos y BIZ + ac cos @ 

Similarly, treatment of 4b with either BF3 etherate or 
trimethylsilyltriflate a t  -78 "C gave the trans-propenyl 
complexes 13a,b, which were converted to the cis-ethoxy 
and cis-methoxy complexes 14a15 and 14b, respectively, 
by dissolution in ethanol or methanol and reprecipitation 
of the salt with ether. Reduction of this salt with sodium 
borohydride in methanol containing sodium methoxide 
gave 15, and this was converted by protonation with 
fluoroboric acid etherate a t  -78 "C to the optically active 
propene complex 16. Complex 16 exhibits a CD band at  
4.85 nm (A€ = -0.34 mol-' cm-l) and owes its optical activity 
entirely to the asymmetry of metal complexation. 

An attempt was made to determine the optical purity 
of 14 through an examination of the 13C NMR spectrum 
of an appropriate diastereomeric salt. To this end, the 13C 
NMR spectrum of racemic Fp-propene with a chiral ge- 
genion, (R)-10-camphorsulfonic acid, was examined. 

4 3  + bc COS a 

+ '  

13s: R = H :  X 8 BF4 

FP Fp X- 

4 b  
b: R = Me3S.i: X = CF3S.03 

1 4 a : R = E t ;  X=BF4 
b: R = Me; X = CF3SO3 

16 

However, these spectra, determined in CD3N02, CD,CI2, 
or acetone-d, at varying concentrations showed no evidence 
for the presence of ion-paired diastereomers. 

The synthesis and conversion of the adduct 4d to the 
methoxystyrene complex 19 provides an interesting 
counterpoint to the reactions of the methyl analogue 4b. 
Addition of phenylmagnesium bromide to 2b at  -78 "C 
gave a 1:l mixture of 4d and a second (a1kyl)Fp complex, 
which was separated from 4d and identified as the di- 
oxolane complex 18. A close examination of this reaction 
showed that, depending on the reaction conditions, either 
of these compounds could be made the predominant or sole 
product of the reaction. These results are summarized in 
Table VIII. 

The formation of the dioxolane complex 18 most likely 
occurs by Lewis acid catalyzed ring opening of the initial 
product 4d through the intermediate cationic vinyl ether 
complex 17. Evidence for this is provided by conversion 
of 4d to 18 in the presence of a number of Lewis acids such 
as MgCI,, AgBF,, or BF, etherate. The isomerization of 
4d to 18 in the presence of BF, etherate is complete within 
a half-hour at room temperature but is only 50% complete 
after 12 h at 55 "C in the presence of MgC12. The complex 
salt MgBrBF,, generated in the course of the Grignard 
addition to 4d must be more effective than these (runs 
1-3), but the presence of an amine base or of a mildly basic 
solvent is sufficient to prevent the isomerization reaction 

Table VII. Bond Lengths (A) and Angles (deg) for (q5-C6H5)Fe(C0)2(C,HloOzN) 
atom 2 
C(11) 

dist 
1.425 (3) 
1.133 (3) 
1.404 (4) 
1.412 (4) 
1.401 (4) 
1.424 (4) 
1.402 (4) 
1.529 (3) 
1.500 (3) 
1.513 (3) 
1.501 (4) 
1.526 (4) 

atom 1 
C(1) 
ciij 
C(2) 

atom 3 
C(2) 

angle 
94.8 (1) 
94.41 (9) 
89.06 (9) 

113.4 (1) 
109.1 (2) 
111.1 (2) 
108.1 (2) 
105.8 (2) 
112.8 (2) 
114.5 (2) 
174.3 (2) 
178.7 (2) 

atom 2 atom 3 - angle 
108.5 (3) 
108.4 (3) 
107.3 (2) 
108.5 (2) 
107.3 (2) 
108.8 (2) 
114.7 (2) 
109.9 (2) 
106.4 (3) 
114.3 (2) 
178.8 (3) 
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Table VIII. Product Distribution from the Reaction of 2b 
with PhMgBr 

temp, rxn time, yield, 
run solvent "C h 70 4b:18 
1 10% CH,CN/CHZClz -78 0.5 71 1:1 
2 CHzClZ -78 0.5 58 3:2 
3 CHzClz -78' 1.5 85 18 only 
4 THF -78 4.0 35-55 4b only 
5 7% py/CHzClz -78 1.0 72 4b only 
6 THF -78 8.0 76 l:lb 
7 THF -78 8.0 90 8:l' 

' Reaction solution allowed to warm to room temperature before 
workup. *Product distribution after chromatography. Product 
distribution by fractional crystallization. 

over a short period of time (runs 4 and 5). Finally, it 
appears that isomerization may also occur during chro- 
matography (runs 6 and 7). 

b - O E  

17 

1 
18 

Ph/T'OMe 

+FP 
19 

Of further interest with respect to the detailed mecha- 
nism of Lewis acid promoted ring opening of 4d is the 
observation that the dioxolane complex 18, formed by 
treatment of 4d with either AgBF4 or BF3 etherate, is a 
mixture of diastereomers. Racemization of the chiral 
tertiary carbon center bonded to the Fp group is evident 
from the lH NMR spectrum of the product, which shows 
the acetal proton as a pair of doublets near 6 5.30 (J = 5 
Hz). Similarly, the (meth0xystyrene)Fp complex, formed 
by treatment of 4d with trimethylsilyl triflate, followed by 
exposure of the salt to methanol to effect alkoxy1 exchange, 
gave a cis-methoxystyrene complex, 19, which exhibited 
only a weak Cotton effect at 480 nm. By contrast, the 
dioxolane isolated either directly from the reaction of 4d 
with phenylmagnesium bromide at low temperature or by 
treatment of 4d with magnesium chloride at higher tem- 
peratures is formed as a single enantiomer. 

It seems likely that the transformation of optically active 
4d to racemic 18 or 19 is due to phenyl participation in 
the ring-opening process, which promotes ring opening 
through the phenonium ion 20, in which the stereochem- 
istry a t  the chiral center is lost. Those reactions, which 
yield optically active 18, must then proceed through the 
high-energy conformer 4'd in which an equatorial Fp group 
is better able, through its antiperiplanar relationship with 
the leaving group, to assist in the ring-opening process. 

The importance of the phenyl group in the ring opening 
of 4d is seen in the contrasting behavior of the methyl- 
substituted dioxane complex 4b. On treatment with BF, 
etherate this substance undergoes quantitative conversion 
to the dioxolane complex 21 with no apparent racemiza- 
tion. Furthermore, the reaction is almost 2 orders of 
magnitude slower than is the conversion of 4d to 18 in the 
presence of BF3 etherate, suggesting that opening of the 
ring in 4b may take place preferentially through the minor 
conformer in which the Fp is equatorial. 

Finally, the importance of the stereochemistry of the Fp 
group in promoting ring-opening reactions in dioxane 
complexes may be inferred from the reactions of 2a and 

46 20 

J T  

*+:?+:: H Me H 

4 '6 

2b with sodium cyanoborohydride. In the presence of this 
reagent, 2b yields a mixture of 4a and (ethy1)Fp (22). The 
latter product must derive from 4a through cyanoborane 
promoted ring opening, followed by further reduction of 
the Fp(viny1 ether) cation formed in this reaction. 

4b - "R. ox 
FP 

21 

By contrast, 2a reacts with sodium cyanoborohydride 
under similar conditions to give only the fully reduced 
complex 22. The dioxane complex 5a is a likely inter- 
mediate in this reaction as well, but unlike the methylated 
analogue 4a, in which the predominant conformer has an 
axial Fp substituent, the Fp substituent in 5a is equatorial 
and consequently ring opening is greatly accelerated. 

NaBH3CN BHZCN 14-0~ BHSCN- - 
2b - 48 t 4's - 

I 
L'FD 

r' f-  
FP FP FP 

22 

Overreduction of both 2a and 2b can be avoided by 
carrying out the reaction with sodium borohydride in the 
presence of sodium methoxide, a procedure first introduced 
by Brookhart and Tucker to prevent overreduction of 
metal-stabilized cationic carbenes.26 Under these con- 
ditions 4a and 5a are obtained in good yield, free of 22. 

Further examination of the chemistry of Fp(dioxene)BF, 
complexes and of their use in asymmetric synthesis is in 
progress. 

Experimental Section 
Reactions were carried out by using standard Schlenk technique 

under an argon atmosphere. THF and EgO were distilled under 
nitrogen from sodium/benzophenone. Methylene chloride was 
distilled from CaHz under Nz. IR spectra were recorded on a 
PE-683 spectrophotometer in methylene chloride solution and 
referenced to polystyrene. 'H NMR spectra were recorded on 
a Varian EM-390 or Varian XL300 spectrometer and referenced 
to internal TMS. 13C NMR spectra were recorded on a Varian 
XL300 spectrometer and referenced to solvent. CD spectra were 
recorded on a JASCO 5-20 recording Spectrophotometer. Alumina 
refers to basic alumina, activity four, unless otherwise noted. 

(25) Brookhart, M.; Tucker, J. R. J .  Am. Chem. SOC. 1981,103,979. 



Optically Active Organoiron Complexes 

Petroleum ether refers to the fraction boiling a t  20-40 "C. L- 
Selectride and n-butyllithium were purchased from Aldrich 
Chemical and used without further purification. (R,l?)-2,3-B~- 
tanediol was purchased from Strem Chemical and used without 
further purification. Elemental analyses were performed by 
Galbraith Laboratories, Inc., Knoxville, TN. 

Dicarbonyl(q-cyclopentadienyl)(q-cis -l,2-dimethoxy- 
ethene)iron(II) Tetrafluoroborate (1). Fp(isobuty1ene) tet- 
rafluoroborate (5.00 g, 16 mmol) and cis-dimethoxyethene% (2.50 
mL, 2.32 g, 26 mmol) were dissolved in 20 mL of CH2C12 and 
refluxed for 4 h. Workup of an aliquot, as described below, showed 
the exchange was complete by the absence of isobutylene peaks 
in the 'H NMR. The reaction mixture was cooled to 0 "C, and 
30 mL of ether was added to precipitate an orange solid. The 
solid was collected by filtration, washed with ether, and dried 
under vacuum to give an orange powder: 4.81 g (86%); IR (C- 
H,Cl,) 2080,2030 ( C 4 )  cm-'; 'H NMR (CD3N0,) 6 6.4 (s,2 H, 

Dicarbonyl(q-c yclopentadien yl)  (q-5,6-dihydrodioxin)- 
iron(I1) Tetrafluoroborate (2a). Fp(cis-dimethoxyethene) 
tetrafluoroborate (1) (2.00 g, 5.7 mmol) was slurried in 10 mL of 
CH,Cl, at 0 "C, and ethylene glycol (1.56 mL, 1.76 g, 28.5 mmol, 
5 equiv) was added. After about 5 min the slurry dissolved and 
then a precipitate formed. The mixture was stirred for an ad- 
ditional 15 min, then 10 mL of ether added, and the solid collected 
by filtration. The precipitate was washed with 3 X 5 mL of ether 
and dried under vacuum to give a bright yellow solid: 1.92 g 
(97%); IR (CH,NO,) 2070,2030 ( C 4 )  cm-'; 'H NMR (CD3N02) 
6 7.75 (b s, 2 H, CH=CH), 5.50 (s, 5 H, Cp), 4.05 (m, 4 H, 
CH,CH,); 13C NMR (CD3N02) 6 210.9 (C=O), 102.7 (CH=), 89.3 
(Cp), 67.4 (CH,). Anal. Calcd for CIIH11BF4Fe04: C, 37.76; H, 
3.17. Found: C, 37.76; H, 3.17. 
Dicarbonyl(q-cyclopentadienyl)[~-(5R,6R)-5,6-dimethyl- 

5,6-dihydrodioxin]iron(II) Tetrafluoroborate (2b). A slurry 
of Fp(cis-dimethoxyethene) tetrafluoroborate (1) (1.87 g, 5.3 "01) 
in 15 mL of CH2C12 a t  0 "C was treated with (R$)-2,3-butanediol 
(0.97 mL, 0.95 g, 10.6 mmol). After the solution was stirred for 
1 h, the solvent was removed in vacuo. CH2C12 (15 mL) was then 
added, the mixture stirred an additional 0.5 h, and the solvent 
again removed. A third 15-mL portion of CH2C12 was added, the 
mixture stirred for 0.5 h, and then 30 mL of ether was added. The 
resulting precipitate was collected by filtration and washed with 
10 mL of 30% CH,Cl,/ether followed by 10 mL of ether. The 
solid was dried under vacuum to give an orange powder: 1.78 g 
(89%); CD (CH2C12) AcM = +0.114 M-' cm-'; IR (CHzC12) 2060, 
2025 (C=O) cm-'; 'H NMR (CD,NO2) 6 7.70 (d, 1 H, J = 1.5-Hz, 
CH=), 7.25 (d, 1 H, J = 1.5 Hz, =CH), 5.50 (s, 5 H, Cp), 3.60 
(m, 1 H, OCH), 3.45 (m, 1 H, OCH), 1.30 (d, 3 H, J = 4.5 Hz, CH3), 

(C=O), 108.6, 95.5 (CH=CH), 89.1 (Cp), 76.4, 75.4 (OCHCHO), 
16.7 (b, CH3). Anal. Calcd for C13H1J3F4Fe04: C, 41.32; H, 4.00. 
Found: C, 40.40; H, 3.67. 

cis - a n d  trans -Dicarbon yl( q-c yclopentadienyl) (q-5- 
methyl-5,6-dihydro- 1,4-dioxin)iron(II) Tetrafluoroborate (6 
and  7). Fp(dimethoxyethene) tetrafluoroborate (1) (1.00 g, 2.88 
mmol) and 1,2-propanediol(l.O5 mL, 1.09 g, 14.4 mmol, 5 equiv) 
were dissolved in 8 mL of CH2C1, at 0 "C and stirred for 1 h. The 
addition of 10 mL of ether produced a red gum that became an 
orange powder on exhaustive trituration with ether. The solid 
was collected by filtration and dried under vacuum to give an 
orange powder, 0.92 g (88%). Spectra show the product to be 
a 1:l mixture of the two possible diastereomers: IR (CH,Cl,) 2073, 
2027 (C=O) cm-'; 'H NMR (CDC13) 6 7.70, 7.65 (two d, 1 H each, 
J = 2 Hz, =CHI, 7.25 (app t, 2 H, J = 2 Hz, =CHI, 5.50 (two 
s, 10 H, Cp's), 4.2-3.2 (m, 6 H, OCH,CHO's), 1.20 (app t, 6 H, 
J = 6 Hz, CH,'s); 13C NMR (CD3N02) 6 210.7b (C=O), 108.21 
107.7 (diast =CH), 96.1/95.9 (diast =CH), 89.1 (Cp), 71.4/70.3 
(diast CH3CH), 69.5/68.5 (diast OCH,), 16.0/15.8 (diast CH3). 
Anal. Calcd for C12H13BF4Fe04: C, 39.61; H, 3.60. Found: C, 
36.60; H, 3.95. 

[ (2R ,5R ,6R)-5,6-Dimethyl-l,4-dioxan-2-yl]dicarbonyl(q- 
cyclopentadienyl)iron(II) (4a). Fp(dimethy1dioxene) tetra- 
fluoroborate (2b) (0.30 g, 0.95 mmol), sodium cyanoborohydride 

=CH), 5.45 (9, 5 H, Cp), 4.0 (9, 6 H, CH3); 13C NMR (CD3NOZ) 
6 210.8 (C=O), 104.9 (=CH), 89.3 (Cp), 62.7 (CH3). 

1.20 (d, 3 H, J = 4.5 Hz, CH3); 13C NMR (CD3N02) 6 211.2, 210.5 
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(0.65 g, 0.794 mmol), and 5 mL of T H F  were combined a t  0 "C 
and stirred for 2 h, a t  which time no Fp salt was detectable by 
IR. Ether (10 mL) was added, the mixture filtered through a short 
plug of alumina, and the solvent removed in vacuo to give a mixed 
solid/oil. The residue was extracted with petroleum ether until 
the extracts were colorless. The organic layers were combined, 
and the solvent was removed in vacuo to give a yellow oil. 
Chromatography on alumina with 25% ether petroleum ether gave 
two fractions, the first being (ethy1)Fp and the second the desired 
product as a bright yellow crystalline solid: 0.114 g (49%); IR 
(CHZC1,) 2004,1945 (C=O) cm-'; 'H NMR (CDCl,) 6 6.15 (d, 1 
H, J = 3 Hz, FpCH), 4.75 (s,5 H, Cp), 4.00 (d of d, 1 H, J = 12, 
3 Hz, FpCHCHcb), 3.55 (d, 1 H, J = 12 Hz, FpCHCH,,), 3.35 
(m, 2 H, CH3CH), 1.15 (d, 3 H, J = 10 Hz, CHJ, 1.10 (d, 3 H, 
J = 10 Hz, CH3); 13C NMR (CDC13) 6 218.0, 217.0 (CEO), 86.4 
(Cp) 77.0 (FpCH), 76.8 (FpCHCHz), 75.5, 71.6 (OCHCHO), 17.8, 
17.4 (CH3's). Anal. Calcd for Cl3Hl6FeO4: C, 53.45; H, 5.52. 
Found: C, 53.03; H, 5.33. 

( 1,4-Dioxan-2-yl)dicarbonyl(~-cyclopentadienyl)iron(II) 
(Sa). Sodium borohydride (0.054 g, 1.43 mmol) and sodium 
methoxide (0.085 g, 1.57 mmol, 10% excess) were slurried in 10 
mL of T H F  and cooled to -20 OC. Solid Fp(dioxene) tetra- 
fluoroborate (%a) (0.50 g, 1.43 mmol) was added. The reaction 
was monitored by TLC (alumina, 30% ether/petroleum ether) 
to detect the formation of product (Rf  0.3, yellow) and of the 
"overreduction" product (Rf 0.9, yellow). When the latter appeared 
(1.5 h), the reaction was quenched by addition of 0.5 mL of HzO. 
The reaction mixture was then stirred for 5 min and filtered 
through alumina and the solvent removed from the filtrate to give 
a yellow solid. Brief trituration with petroleum ether a t  -20 "C 
removed the traces of Fp2, 1, and (ethy1)Fp and yielded a bright 
yellow crystalline solid, 0.255 g (67%). If larger amounts of 
impurities are present, the product may be purified by chroma- 
tography on alumina with 50% ether/petroleum ether: IR (C- 
H,Cl,) 2018,1958 ( C 4 )  cm-'; 'H NMR (CDCl,) 6 5.25 (d of d, 
1 H, J = 9, 3 Hz, FpCH), 4.80 (s, 5 H, Cp), 3.85, 3.60 (two m, 2 
H, JAB = 12 Hz, FpCHCH,), 3.70 (b s, 4 H, OCH,CH,O); 13C NMR 

(FpCH), 71.4, 67.4 (OCH2CH20). Anal. Calcd for C11H12Fe04: 
C, 50.03; H, 4.58. Found: C, 50.04; H, 4.68. 

[ (2R ,3R ,5R ,6R )-3,5,6-Trimethyl- 1,4-dioxan-2-yl]di- 
carbonyl(q-cyclopentadienyl)iron(II) (4b). Cuprous iodide 
(0.45 g, 2.38 mmol, 3 equiv) was slurried in 10 mL of T H F  a t  0 
"C and methyllithium (2.8 mL, 1.7 M, 4.75 mmol, 6 equiv) added 
dropwise. The mixture was cooled to -78 "C and added via 
cannula to a slurry of 2b (0.30 g, 0.794 mmol) in 10 mL of T H F  
a t  -78 "C. After 1 h, the mixture was allowed to warm to room 
temperature and filtered through a short plug of alumina and the 
alumina washed with 2 X 10 mL of ether. The solvent was 
removed from the combined filtrate and washings in vacuo to give 
a reddish/ yellow oil which was chromatographed (alumina, 20% 
ether/petroleum ether). The solvent was removed in vacuo from 
the mobile yellow fraction to give a bright yellow crystalline solid: 
0.135 g (55%); IR (CH,Cl,) 2015, 1950 (C=O) cm-'; IH NMR 
(CDC1,) 6 5.95 (s, 1 H, FpCH), 4.80 (s, 5 H, Cp), 3.75 (9, 1 H, J 
= 6 Hz, FpCHCH), 3.50 (m, 2 H, CH,CHCHCH,), 1.35 (d, 3 H, 

3 H, J = 6 Hz, CH,); 13C NMR (CDCI,) 6 217.8, 217.0 (C=O), 

(FpCHCHCH,), 17.5 (b, CH3CHCHCH3). Anal. Calcd for 
C1,H18Fe04: C, 54.93; H, 5.93. Found: C, 54.83; H, 5.89. 

(trans -3-Met hyl- 1,4-dioxan-2-yl)dicarbonyl(q-cyclo- 
pentadienyl)iron(II) (5b). Cuprous iodide (0.29 g, 1.54 mmol) 
was slurried in 10 mL of T H F  a t  0 "C and methyllithium (2.37 
mL, 1.3 M, 3.09 mmol) added dropwise. The mixture was then 
cooled to -78 "C and solid Fp(dioxene) tetrafluoroborate (11) 
(0.360 g, 1.03 mmol) added in one portion. The reaction mixture 
was stirred for 1 h and then allowed to warm to room temperature. 
Ether (10 mL) was added, and the mixture was filtered through 
a short plug of alumina which was washed with 2 X 10 mL of ether. 
The solvent was removed in vacuo from the combined filtrate and 
washings to give a yellow oil: 0.207 g (72% ); IR (CH2ClZ) 2020, 
1958 (C=O) cm-'; 'H NMR (CDCl,) 6 4.85 (s, 5 H, Cp), 4.50 (d, 
1 H, J = 8 Hz, FpCH), 3.70 (m, 5 H, CH3CHOCH2CH20), 1.15 
(d, 3 H, J = 7 Hz, CH,); 13C NMR (CDC13) 6 216 (C=O), 85.5 

(CDC13) 6 216.1, 215.7 (C=O), 88.2 (Cp), 78.3 (FpCHCHZ), 77.0 

J = 6 Hz, FpCHCHCH,), 1.20 (d, 3 H, J = 6 Hz, CH3), 1.10 (d, 

86.4 (Cp), 79.2, 78.2 (FpCHCH), 71.6, 68.7 (CHSCHCHCHJ, 19.1 

(Cp), 83.3,82.5 (FpCHCH), 71.4,67.9 (CH2CHp), 20.3 (CH3). Anal. (26) McElvain, S. M.; Stammer, C. H. J. Am. Chem. SOC. 1951,73,915. 
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Calcd for C12H14Fe04: C, 51.83; H, 5.07. Found: C, 51.44; H, 
5.11. 

[ (2R ,3R ,5R ,6R)-3-Cyano-5,6-dimethyl- 1,4-dioxan-$-yl]di- 
carbonyl(q-cyclopentadienyl)iron(II) (412). Fp(dimethy1di- 
oxene) tetrafluoroborate (2b) (0.90 g, 2.37 mmol), tetraethyl- 
ammonium cyanide (0.407 g, 2.61 mmol), and 10 mL of CH2Clz 
were combined a t  0 "C, and the mixture was stirred for 0.5 h. 
Addition of 10 mL of ether precipitated a white solid (Et4NE%F4). 
The mixture was filtered through a short plug of alumina which 
was washed with 3 X 10 mL of ether. The solvent was removed 
in vacuo from the combined filtrate and washings to give a bright 
yellow crystalline solid: 0.71 g (94%); IR (CH,Cl,) 2340 (CN), 
2015,1958 (C=O) cm-'; 'H NMR (CDCl,) 6 6.10 (s, 1 H, FpCH), 
4.85 (s,5 H,Cp),4.30 (s, 1, CHCN), 3.55 (m, 2 H, CH3CHCHCH3), 
1.20 (d, 3 H, J = 6 Hz, CHJ, 1.10 (d, 3 H, J = 6 Hz, CH,); 13C 
NMR (CDC13) 6 216.7,215.8 ( C d ) ,  118.2 (CN), 86.6 (Cp), 74.1, 
73.8 (FpCHCHCN), 72.6,71.8 (CHSCHCHCH,), 17.5,16.8 (CH,'s). 
Anal. Calcd for Cl4HI5FeNO4: C, 53.02; H, 4.77; N, 4.22. Found: 
C, 52.72; H, 4.54; N, 4.39. 
(3-Cyano- 1,4-dioxan-2-yl)dicarbonyl(q-cyclo- 

pentadieny1)iron (11) (5c). Fp (dioxene) tetrafluoroborate (2a) 
(0.4m g, 1.34 "01) was dissolved in 10 mL of CHzClz and cooled 
to 0 "C and tetraethylammonium cyanide (0.20 g, 1.48 mmol) 
added. After 0.5 h the solvent was removed in vacuo and the 
resulting oily yellow solid was extracted with 5-mL portions of 
ether until the ether layer was nearly colorless. The solvent was 
removed in vacuo from the combined ether extracts to give a bright 
yellow crystalline solid; 0.362 g (93%); IR (CH,Cl,) 2260 (CN), 
2030,1970 (C=O) cm-'; 'H NMR (CDCl,) 6 5.15 (d, 1 H, J = 9 
Hz, FpCH), 4.90 s , 5  H, Cp), 4.55 nd, 1 H, J = 9 Hz, CH-CN), 
3.75 (m, 4 H, 0-CH,CH,-0); 13C NMR (CDCI,) 6 215.6, 214.3 
(C=O), 117.8 (CN), 85.6 (Cp), 76.0, 75.3 (FpCHCH), 69.5, 66.9 
(CH2CH2). Anal. Calcd for C12HlIFeN04: C, 49.86; H, 3.84; N, 
4.85. Found: C, 49.93; H, 3.78; N, 4.82. 

[ (2R ,3R,5R ,6R)-3-Phenyl-5,6-dimethyl-1,4-dioxan-2-yl]- 
dicarbonyl(q-cyclopentadienyl)iron(II) (4d). Fp(dimethy1- 
dioxene) tetrafluoroborate (2a) (1.50 g, 3.97 mmol) was slurried 
in 30 mL of THF a t  -78 "C and phenylmagnesium bromide (1.40 
mL, 3.0 M, 4.17 mmol, 5% xs) added dropwise via syringe, very 
slowly. Too rapid addition of the Grignard causes its precipitation 
and freezing of the stirring bar. The subsequent warming required 
to free the bar significantly increases the Fp, formation a t  the 
expense of product. After 8 h a t  -78 "C, 10 drops of MeOH was 
added and the mixture stirred one additional hour. Ether (20 
mL) was added, and the mixture was fiitered through a short plug 
of alumina. The solvent was removed from the filtrate in vacuo 
to give an oily yellow solid. The mixture was triturated with 20 
mL of petroleum ether and stored for 10 h a t  -10 OC, and the 
supernate was decanted. The remaining bright yellow crystals 
were dried under vacuum to give 1.17 g of 4d (80%). The pe- 
troleum ether was removed from the supernate in vacuo to give 
the isomeric Fp(phenyldioxo1ane) (18) as a bright yellow: 0.12 
g (8%); IR (ad) (CH,Cl,) 2005, 1946 (C=O) cm-'; 'H NMR 
(CDCl,) 6 7.40 (m, 5 H, Ph), 6.75 (b s, 1 H, FpCH), 4.80 (s,5 H, 
Cp), 4.55 (b s, 1 H, PhCH), 3.60 (m, 2 H, CH3CHCHCH3), 1.15 
(d, 3 H, J = 5 Hz, CH3), 1.10 (d, 3 H, J = 5 Hz, CH3); 13C NMR 
(CDCl,) 6 217.5, 217.2 (C=O); 142.0 (ipso-Ph), 128.4, 128.1 (0-, 

69.7 (CH3CHCHCH3), 17.7, 17.3 (CH,'s). Anal. Calcd for 
C19HzoFe04: C, 62.15; H, 5.49. Found: C, 62.09; H, 5.42. 
(trans -%-Phenyl- 1,4-dioxan-2-yl)dicarbonyl(~-cyclo- 

pentadienyl)iron(II) (5d). Fp(dioxene) tetrafluoroborate (2a) 
(0.500 g, 1.43 "01) was slurried in 15 mL of THF a t  -78 "C and 
phenylmagnesium bromide (0.47 mL, 3.0 M, 1.43 mmol) added 
dropwise via syringe. The reaction mixture was stirred for 17 h 
after which time 15 mL of ether and 4 drops of MeOH were added 
and the mixture stirred an additional 1.5 h. The mixture was 
fiitered through a short plug of alumina, the alumina washed with 
3 X 10 mL of ether, and the solvent removed from the combined 
filtrate and washings to give a red oil. Chromatography on alu- 
mina (gradient elution, petroleum ether to 10% ether/petroleum 
ether), after the solvent was removed in vacuo, gave a bright yellow 
solid: 0.283 g (58%); IR (CH2Clz) 2015, 1950 (C=O) cm-'; 'H 
NMR (CDClJ 6 7.35 (m, 5 H, Ph), 5.15 (d, 1 H, J = 9.0 Hz, FpCH), 
4.7 (d, 1 H, J = 9.0 Hz, PhCH), 4.60 (s, 5 H,  Cp), 3.85 (m, 4 H, 

m-Ph), 127.2 (p-Ph), 86.4 (Cp), 83.2 (PhCH), 75.2 (FpCH), 72.0, 

OCHzCHzO); 13C NMR (CDC13) 6 216.4, 214.8 (C=O), 141.0 
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(ipso-Ph), 128.3 (0-, p-Ph), 127.9 (m-Ph), 89.8 (FpCH), 85.5 (Cp), 
81.2 (PhCH), 71.2,67.9 (CH,). Anal. Calcd for C1,Hl6Fe0& C, 
60.03; H, 4.74. Found: C, 58.99; H, 4.74. 

[ (2R ,3R ,5R ,6R )-3-Vinyl-5,6-dimet hyl- 1,4-dioxan-2-yl]di- 
carbonyl(q-cyclopentadienyl)iron(II) (4e). Fp(dimethy1di- 
oxene) tetrafluoroborate (2b) (0.55 g, 1.46 mmol) was slurried in 
10 mL of THF a t  -78 "C and vinylmagnesium bromide (1.5 mL, 
1.0 M, 1.5 mmol) added dropwise via syringe. After 4 h, 15 mL 
of ether was added and the mixture filtered through a short plug 
of alumina which was washed with 2 X 10 mL of ether. The 
solvent was removed from the combined filtrate and washings 
in vacuo to give a red/brown oil. The oil was chromatographed 
on alumina with 10% ether/petroleum ether to give a bright yellow 
oil: 0.274 g (57%); IR (CH,Cl,) 2005,1945 (C-) cm-'; 'H NMR 

1 H, FpCH), 5.22 (d, 1 H, J = 17 Hz, =CH,,,,), 5.18 nd, 1 H, 
J = 10 Hz, =CH,&), 4.80 ns, 5 H, Cp), 3.90 (d, 1 H, J = 7 Hz, 
FpCHCH), 3.60 (m, 1 H, CH3CH), 3.45 (m, 1 H, CH,CH), 1.15 
(d, 3 H, J = 5.5 Hz, CH3), 1.10 (d, 3 H, J = 5.5 Hz, CHJ; 13C NMR 

(CDC13) 6 6.25 (d of d of d, 1 H, J = 7,10, 17 Hz, =CH) 6.20 (8 ,  

(CDC13) 6 217.4, 216.8 ( C d ) ,  138.0 (=CH), 116.5 (=CH,), 86.2 
(Cp), 83.5,77.1 (FpCHCH), 71.6,69.7 (CHSCHCHCHS), 17.5,17.3 
(CH,'s). Anal. Calcd for C15H18Fe04: C, 56.63; H, 5.70. Found: 
C, 56.30; H, 5.74. 
[trans -34 (Thiobenzy1)oxy)- 1,4-dioxan-2-yl]dicarbonyl- 

(q-cyclopentadienyl)iron(II) (5f). Sodium hydride (0.10 g, 50% 
dispersion, 2.0 mmol) was washed with 3 X 3 mL of petroleum 
ether to remove the mineral oil and then slurried in 20 mL of THF. 
Benzenethiol (0.19 mL, 0.20 g, 1.60 mmol) was added dropwise 
via syringe. The resulting white slurry was cooled to -78 "C and 
solid Fp(dioxene) tetrafluoroborate (2a) (0.60 g, 1.71 mmol, 5% 
excess) added in one portion. The reaction mixture was stirred 
for 0.5 h a t  which time the thiolate and Fp salt had completely 
dissolved. The solvent was removed from the mixture in vacuo 
and the resulting oily solid extracted with ether until the extracts 
were nearly colorless. The ether layers were combined and fiitered 
through alumina, and the solvent was removed in vacuo to give 
a yellow oil. Chromatography on alumina (50% ether/petroleum 
ether) gave the product as a yellow oil: 0.50 g (81%); IR (CH2C12) 
2013,1954 (CEO) cm-'; 'H NMR (CDClJ 6 7.30 (m, 5 H, Ph), 
5.45 nd, 1 H, J = 5 Hz, FpCH), 4.65 (e, 5 H, Cp), 4.60 (d, 1 H, 
J = 6 Hz, SCH), 4.30-3.50 (m, 6 H, all CH,'s); 13C NMR (CDC13) 
6 216.3,216.1 (M), 138.7 (ipso-Ph), 129.0,128.3 (0-, m-Ph), 126.8 

34.5 (SCH,). Anal. Calcd for C18H18Fe04S: C, 55.97; H, 4.70. 
Found: C, 56.78; H, 4.99. 

(trans -3-Cyano-cis -5-met hyl- 1,4-dioxan-2-yl)dicarbonyl- 
(q-cyclopentadienyl)iron(II) (8) and (trans-3-Cyano-trans - 
6-methyl- 1,4-dioxan-2-yl)dicarbonyl(q-cyclopentadienyl)- 
iron(I1) (9). The mixture of Fp(methy1dioxene) tetrafluoro- 
borates 6 and 7 (0.92 g, 2.53 mmol) was dissolved in 10 mL of 
CH2C12 a t  0 "C and tetraethylammonium cyanide (0.41 g, 2.65 
mmol,5% excess) added. After 0.5 h, 10 mL of ether was added, 
the mixture filtered through a short plug of alumina, and the 
alumina washed with 2 X 10 mL of ether. The solvent was 
removed from the combined filtrate and washings in vacuo to give 
a red oil (0.50 g, 67% crude). The oil was chromatographed on 
alumina with 50% ether/petroleum ether and the product col- 
lected from two adjacent yellow bands, first the trans,trans 
compound (0.129 g) and then the trans,cis compound (0.124 9). 
Total yield: 33%. (A small fraction was collected between the 
bands that contained a nearly 1:l mixture of the isomers. This 
mixture was submitted for elemental analysis). 8: IR (CH2ClZ) 
2350 b (CN), 2012,1954 (C=O) cm-'; 'H NMR (CDC13) 6 6.05 
(b s, 1 H, FpCH), 4.85 (s, 5 H, Cp), 4.35 (b s, 1 H, CHCN), 3.75 
(m, 3 H, OCHCH,O), 1.15 (d, 3 H, J = 6 Hz, CH,); NMR 

(p-Ph), 89.5 (SCH), 86.0 (Cp), 78.0 (FpCH), 65.9,63.0 (CH,CH,), 

(CDC13) 6 216.4, 215.7 (C=O), 117.8 (CN), 86.5 (Cp), 73.4, 72.2 
(FpCHCHCN), 68.5 (CH,), 66.4 (CHZCH). 9 IR (CH2C12) 2350 
b (CN) 2011,1954 (C-) cm-'; 'H NMR (CDCl,) 6 5.90 (d, 1 H, 
J = 1 Hz, FpCH), 4.90 (s,5 H, Cp), 4.40 (d, 1 H, J = 1 Hz, CHCN), 
3.55 (m, 3 H, OCHCHH,O), 1.20 (d, 3 H, J = 6 Hz, CHd; '% NMR 
(CDCl,) 6 216.5, 215.6 (CsO) ,  118.1 (CN), 86.5 (Cp), 74.2, 72.3 
(FpCHCHCN), 68.1 (CH,CH), 67.6 (CH,). Anal. Calcd for 
CI3Hl3FeNO4: C, 51.52; H, 4.32. Found (mixture of 8 and 9): C, 
51.44; H, 4.43. 

[q-(R,R,R)-Vinyl 3-(2-trimethylsiloxy)butyl etherldi- 
carbonyl(q-cyclopentadienyl)iron(II) Trifluoromethane- 
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sulfonate (12). Fp(dimethy1dioxane) (18) (62 mg, 0.21 mmol) 
was dissolved in 5 mL of ether and cooled to -78 "C, and a 
standard solution of Me3SiOTf (0.21 mL, 1.04 mmol/mL in 
CH2C12) was added dropwise via syringe. An oily yellow precipitate 
formed immediately. An additional 10 mL of ether were added. 
The ether layer was decanted and the oil triturated with another 
10-mL portion of ether, still a t  -78 "C. The ether layer was again 
decanted, and the yellow gum was dried under vacuum while the 
temperature was maintained below 0 "C, to give 113 mg of product 
(102%): CD (CH2C12, 0 "C) A" = +1.34 M-' cm-'; IR (CH2C12) 
2065,2025 ( C 4 )  cm-'; 'H NMR (CD3NO2) 6 8.1 (b, 1 H, =CH),  
5.45 (s, 5 H, Cp), 3.75 (m, 2 H, OCHCHO), 2.90 (b d, 1 H, Jap 
= 12 Hz, =CH2 cis), 2.55 (b, 1 H, =CH2 trans), 1.35 (d, 3 H, 
= 6 Hz, CH,), 1.15 (d, 3 H, J = 6 Hz, CH,), 0.10 (s ,9  H, OSiMe,); 
'% NMR (CD,NOd 6 210.2,20..9/213.5,213.1 (M), 154.5/154.8 
(OCHe),  88.3/88.7 (Cp), 71.6b, 71.1 (OCHCHO), 23.9b (=CH2), 
19.4 b, 16.6 b (CH&HCH-CH,), 1.0 b (OTMS). 

[ q-(S ,S )-cis -1-Ethoxypropene]dicarbonyl(q-cyclo- 
pentadienyl)iron(II) Tetrafluoroborate (14a). Complex 4b 
(0.11 g, 0.36 mmol) was dissolved in 8 ml of ether and cooled to 
-78 "C and HBF4.Et20 (0.05 mL, 0.058 g, 0.36 mmol) added 
dropwise via syringe. A yellow precipitate formed that was isolated 
via cannula filtration. The solid turned to an oil as it reached 
room temperature. This was intermediate 13a: 'H NMR (C- 
D3NO2) 6 7.90 (d, 1 H, J = 4 Hz, OCH=), 5.50 (s, 5 H, Cp), 3.80 
(d of q, 1 H, Jd = 4 Hz, Jq = 6 Hz, CH,CH=), 3.45 (m, 2 H, 
OCHCOO), 1.65 nd, 3 H, J = 6 Hz, =CHCH,), 1.35 (d, 3 H, J 
= 6 Hz, CH,), 1.15 (d, 3 H, J = 6 Hz, CH,). The oil was then 
dissolved in ethanol a t  0 "C and reprecipitated with ether to give 
a bright yellow solid: 0.020 g (16% from 4b); CD (CH,CN) Aca 
= +0.488 M-' cm-'; IR (CH2C12) 2070,2025 (d) cm-'; 'H NMR 
(acetone-d& 6 8.05 (d, 1 H, J = 4.5 Hz, OCH=), 5.70 (ne, 5 H, 
Cp), 4.50 (q,2 H, J = 7 Hz, OCHJ, 3.80 (d of q, 1 H, J d  = 5 Hz, 
Jq = 6 Hz, CH,CH=), 1.60 (d, 3 H, J = 6 Hz, =CHCHJ, 1.25 
(t, 3 H, J = 6 Hz, CH2CH3). 

[q-( S ,S )-cis - 1-Methoxypropene]dicarbonyl( q-cyclo- 
pentadienyl)iron(II) Trifluoromethanesulfonate (14b). 
Complex 4b (0.134 g, 0.44 mmol) was dissolved in 10 mL of ether 
and cooled to -78 "C, and a standard solution of Me,SiOTf (0.80 
mL, 0.44 m o l ,  0.55 M in CH2C12) was added dropwise via syringe. 
After 15 min, IR spectra showed the reaction to be incomplete 
and an additional portion of Me,SiOTf was added (0.30 mL, total 
0.61 mmol). After an additional 0.5 h, 10 mL of ether was added 
and most of the solvent was removed via cannula filtration. The 
yellow precipitate was washed with 2 X 5 mL of ether and then 
dried in vacuo while the temperature was maintained below 0 "C. 
This was intermediate 13b: IR (CH2C12) 2060,2020 ( C 4 )  cm-'; 
CD (CH,CN) A€& = +1.41 M-' cm-'. (Compound 13b epimerizes 
rapidly as seen by the decrease in amplitude of the 460-nm band. 
After 45 min Atm = + O M  M-I cm-'.) The oil was then dissolved 
in 2 mL of methanol, the methanol was removed in vacuo, and 
the resulting solid was triturated with ether to give bright yellow 
plates: 0.137 g (78%); CD (CH3CN) Ae4@ = +1.54 M-' cm-'; IR 
(CH2C12) 2080, 2040 (CEO) cm-'; 'H NMR (acetone-d,) 6 7.95 
(d, 1 H , J  = 5 Hz, OCH=), 5.75 (s, 5 H, Cp), 4.15 (s, 3 H, OCH,), 

J = 6 Hz, CHCH,); 13C NMR ?acetone-de) 6 213.1,208.7 (CEO), 
135.0 (OCH=), 62.5 (OCH,), 47.0 (=CHCH,), 13.7 (=CHCH,). 

[ (S )-2-Met hoxy- 1 -met hylet hyl]dicarbonyl( q-cyclo- 
pentadienyl)iron(II) (15). Fp(methoxypropene)BF, (14b) (0.13 
g, 0.326 mmol) was dissolved in 5 mL of MeOH and cooled to -78 
"C, and sodium methoxide (19.3 mg, 0.358 mmol) and sodium 
borohydride (12.5 mg, 0.326 mmol) were added sequentially. After 
15 min the mixture had become a transparent yellow solution and 
TLC (alumina, 50% ether/petroleum ether) showed a single 
mobile yellow spot. Water (0.5 mL) was added and the reaction 
mixture stirred for 10 min. Then the mixture was filtered quickly 
through alumina and the alumina washed with ether until the 
washings were colorless. The solvent was removed from the 
combined organic layers in vacuo, the residue dissolved in ether, 
dried over MgS04, and filtered, and the solvent again removed 
in vacuo to give a yellow oil: 67 mg (82%); 'H NMR (CDCl,) 6 
4.75 (s, 5 H, Cp), 3.45 (m, 2 H, CH2), 3.35 (s, 3 H, OCH,), 2.60 
(m, 1 H, CHI, 1.35 (d, 3 H, J = 6 Hz, CHCHJ; 13C NMR (CDClJ 

3.80 (d of q, 1 H, Jd = 5 Hz, J = 6 Hz, CH&H=), 1.55 (d, 3 H, 
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[q-( S)-Propene]dicarbonyl(q-cyclopentadienyl)iron(II) 
Tetrafluoroborate (16). Complex 15 (67 mg, 0.26 mmol) was 
dissolved in 5 mL of ether and cooled to -78 "C and HBF4.Eh0 
(0.10 mL, 0.12 g, 0.73 mmol) added dropwise via syringe. The 
resulting bright yellow precipitate was isolated via cannula fil- 
tration, washed with ether, and recrystallized from acetone/ether 
to give a yellow powder: 69 mg (84%); CD (CH,CN) AcM = -0.034 
M-' cm-'; 'H NMR (acetone-d,) 6 4.85 (s ,5  H, Cp), 5.35 (m, 1 H, 
CH=), 4.05 (d, 1 H, J = 8 Hz, =CH2 trans), 3.65 (d, 1 H, J = 
14 Hz, =CH2 cis), 1.90 (d, 3 H, J = 6 Hz, CH3); I3C NMR 
(acetone-d,) 6 90.1 (Cp), 85.8 (CH=), 56.0 (=CH2). 

[ [ (R ,R))-4,6-Dihydro-4,5-dimet hyl-l,3-dioxol-2-yl]phenyl- 
methyl]dicarbonyl(q-cyclopentadienyl)iron(II) (18). Com- 
plex 4d (30 mg, 0.082 mmol) was dissolved in CDCl, and a trace 
of BF,.EhO added. The isomerization was monitored by 'H NMR 
and appeared complete after one-half at room temperature. The 
reaction mixture was filtered through alumina, the alumina washed 
with ether, and the solvent removed in vacuo from the combined 
organics to give a yellow oil: 24 mg (80%); IR (CH2Clz) 2010,1950 
(CEO) cm-'; 'H NMR (CDCI,) 6 7.20 (m, 5 H, Ph), 5.35 (app t, 
1 H, J = 4.5 Hz, OCHO), 4.60 (s, 5 H, Cp), 3.80-3.40 (b m, 2 H, 
OCHCHO), 3.55 (d, 1 H, J = 4.50 Hz, FpCH), 1.25 (d, 3 H, J = 

211.8 (C=O), 145.6 (CHO2) 135.7 (ipso-Ph), 128.1, 128.0 (0-, 
m-pH), 125.6 (p-Ph), 105.9 (FpCHPh), 84.5 (Cp), 70.6 (OCHCHO), 
18.3, 16.6 (CH,'s). This material may also be isolated as a by- 
product of the synthesis of Fpphenyl dimethyldioxane 21 either 
chromatographically or from the petroleum ether wash. When 
isolated in this manner, a single epimer is present, presumably 
with the S configuration a t  C(2). Anal. Calcd for ClSH2,FeO4: 
C, 62.15; H, 5.49. Found: C, 61.79; H, 5.58. 
Dicarbonyl(q-cyclopentadienyl) (q-cis -methoxystyrene)- 

iron(I1) Trifluoromethanesulfonate (19). Complex 4d (0.10 
g, 0.272 mmol) was dissolved in CH2C12 and cooled to -78 "C and 
a standard solution of Me3SiTf (0.61 mL, 0.346 mmol, 0.54 M in 
CH2C12) added dropwise via syringe. After 1 h, 0.5 mL of MeOH 
was added and the reaction mixture was warmed to room tem- 
perature, stirred for 10 min, and then recooled to -78 "C. Addition 
of ether caused the slow formation of a precipitate that was 
collected via cannula, filtered, and recrystallized from CH2Clz/ 
ether at -78 "C to give the product as a yellow solid 0.102 g (82%); 
IR (CHzC12) 2065, 2030 (C=O) cm-'; 'H NMR (CD,NO,) 6 7.4 
(b m, Ph), 6.2 n d , J  = 7 Hz, OCH=), 5.5 (s, Cp), 5.4 (d, J = 5 
Hz, OCH=),5.3 (s, Cp), 5.2 ( d , J  = 7 Hz, PhCH=), 4.5 ( d , J  = 
5 Hz,PhCH=O), 3.70 (s,0CH3),3.60 (s, OCH,). This compound 
decomposes rapidly in solution near room temperature, and clean 
spectra were not obtained. The 'H NMR data given above rep- 
resents a mixture of the Fp complex and the free ligand. 

[I-[ (S ,R ,R)-4,5-Dihydro-4,5-dimethyl- 1,3-dioxol-2-yl]- 
ethyl]dicarbonyl(q-cyclopentadienyl)iron(II) (21). The di- 
oxane complex 4b (26 mg, 0.085 mmol) was dissolved in CDC1, 
and a trace of BF3.Et20 added. The reaction, followed by IH 
NMR, appeared complete after 3 days at room temperature. The 
reaction mixture was filtered through alumina, the alumina washed 
with ether, and the solvent removed in vacuo from the combined 
filtrate and washings to give a yellow oil: 19 mg (73%); IR 
(CH2C12) 2005,1947 (CEO) cm-'; 'H NMR (CDC1,) 6 5.15 (d, 1 
H, J = 3 Hz, OCHO), 4.80 (s,5 H, Cp), 3.55 (m, 2 H, OCHCHO), 

CH,'s); 13C NMR (CDCl,) 6 217.5, 217.0 (C=O), 111.6 (OCHO), 

6 Hz, CH3), 1.15 (d, 3 H, J = 5 Hz, CH3); 13C NMR (CDClJ 6 

2.35 (q of d, 1 H, Jq = 8 Hz, Jd = 3 Hz, FpCH), 1.20 (m, 9 H, 

85.3 (Cp), 79.9, 78.5 (OCHCHO), 22.3 (FpCH), 19.2 (FpCHCHJ, 
17.5, 16.7 (CH3CHCHCH3). 
2,3-Dihydrodioxin. A portion of compound 2a was dissolved 

in acetone-d6 a t  room temperature and left overnight. lH and 
13C NMR spectra showed the displacement of the ligand by 
acetone to be complete. The resonances for Fp(acetone-d,) 
tetrafluoroborate did not interfere with those of 62, and the 
compound was not isolated: 'H NMR (acetone-d6) 6 5.85 (s, 1 
H, =CH), 4.0 (b s, 2 H, OCH2); 13C NMR (acetone-d,) 6 127.3 

(2R,3R)- trans-2,3-Dimethyl-2,3-dihydrodioxin. A sample 
of complex 2b was dissolved in acetone-d, and left at room tem- 
perature for 18 h after which time NMR spectra showed the 
displacement of the ligand by acetone to be complete. The 
resonances for Fp-acetone-d, tetrafluoroborate did not interfere 
with those for the product 63, and the compound was not isolated 

(=CH), 65.0 (CH2). 

6 217.4, 217.3 (CzO) ,  85.4 (Cp), 84.5 (CHj ,  57.8 (OCH,), 26.5 
(CH), 17.1 (CHCH,). 
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lH NMR (acetone-de) 6 5.95 (8, 1 H, =CH), 3.55 (m, 1 H, CH3CH), 
1.15 (d, 3 H, J = 6 Hz, CHd; '3c NMR (acetone-d6) 6 126.8 (=CH), 

Structure  Determination of 2a. Single crystals were grown 
by slow diffusion from methylene chloride/diethyl ether. Laue 
photographs and a preliminary X-ray photographic study indi- 
cated the crystal to be of good quality. The crystal was then 
transferred to a Supper No. 455 goniometer and o p t i d y  centered 
on a Syntex P2, diffractometer. Operations were performed as 
described previously.n The analytical scattering factors of Cromer 
and Waber were used; real and imaginary components of anom- 
alous scattering for Fe were included in the calculations.28 All 
computational work was carried out on a VAX 8600 computer 
using the Enraf-Nonius SDP software package. Details of the 
structure analysis, in outline form, are presented in Table I. 
Atomic coordinates for all non-hydrogen atoms appear in Table 
11. 

St ruc ture  Determination of 4c. Single crystals were grown 
by slow diffusion from petroleum etherldiethyl ether. Laue 
photographs and a preliminary X-ray photographic study indi- 
cated the crystal to be of excellent quality. The crystal was then 
transferred to a Supper No. 455 goniometer and optically centered 
on a Syntex P2, diffractometer. Operations were performed as 
described previously.n The analytical scattering factors of Cromer 
and Waber were used; real and imaginary components of anom- 

75.0 (CH,CH), 17.1 (CH3). 

(27) Foxman, B. M. Inorg. Chem. 1978, 17, 1932; Foxman, B. M.; 

(28) International Tables for X-ray Crystallography; Kynoch Bir- 
Mazurek, H. Inorg. Chem. 1979,18, 113. 

mingham, England, 1974; Vol. IV, pp 99-101,148-150. 

1988, 7, 210-214 

alous scattering for Fe were included in the calculations.28 All 
computational work was carried out on a NOVA 1200 computer 
using the Syntex XTL package. Details of the structure analysis, 
in outline form, are presented in Table V. Atomic coordinates 
for all non-hydrogen atoms appear in Table VI. 
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The compounds (Me3Ge)zC(CONMez)2 (A) and (Me3Sn)2C(CONMez)z (B) have been synthesized. They 
are isomorphous and c stallize in the orthorhombic space group P212121 with a = 14.437 (4) A, b = 13.243 
(4) A, and c = 9.826 ( 3 ) l  for A and a = 14.706 (4) A, b = 13.420 (4) 8, and c = 9.920 (3) A for B, respectively. 
The coordination geometry about Ge and Sn is almost undistorted tetrahedral. However two short 
intramolecular contact distances G e - 0  and Sn-0 of 2.89,2.92 A and 2.95, 2.97 A, respectively, are found. 
Structural considerations as well as NMR spectra exclude the possibility that any bond interaction exists 
between metal and oxygen atoms. The shift of CO stretching bands to unusually low frequencies is explained 
in terms of electron withdrawal due to  the presence of the metals. 

Introduction 
Recently two of us started a systematic s tudy  of mo- 

lecular structures of compounds of t h e  type R2MX2 (X = 
Ge, Sn)'$ in order to elucidate the much discussed problem 

(1) Ganis, P.; Valle, G.; Furlani, D.; Tagliavini, G. J. Organomet. 

(2) Molloy, K. C.; Tagliavini, G.; Ganis, P.; Furlani, D., in progress. 
Chem. 1986,302, 165. 
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of t h e  coordination number attributed t o  M when X is a 
The  same problem seems to  be more in dispute 

(3) Harrison, P. G. J. Organomet. Chem. Libr. 1982, 13, 539. 
(4) Davies, A. G.; Milledge, H. J.; Puxley, D. C.; Smith, P. J. J. Chem. 

(5) Alcock, N. W.; Sawier, J. F. J. Chem. Soc., Dalton Trans. 1977, 

(6 )  Green, P. T.; Bryan, R. F. J. Chem. SOC. A 1971, 2549. 

SOC. A 1970, 2682. 

1090. 
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