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Table 11. Important Distances (A) and Angles (deg) for 
Molecule la 

Bond Distances 
Snl-Cl1 2.624 (2) Sn2-Cl1 2.607 (2) 
Snl-C12 2.627 (2) Sn2-Cl2 2.633 (2) 
Snl-C112 2.890 (3) Sn2-C111 2.891 (2) 
Snl-C122 2.986 (3) Sn2-C124 2.880 (3) 
Snl-D1 3.24 Sn2-D3 3.26 
Snl-D2 3.11 Sn2-D4 3.20 

A11-Cl11 2.177 (4) A12-C124 2.164 (4) 
All-C112 2.167 (4) A12-C122 2.169 (4) 
All-C113 2.098 (4) A12-C121 2.104 (4) 
All-C114 2.100 (4) A12-C123 2.116 (4) 

Bond Angles 
Snl-C11-Sn2 101.9 (1) Snl-Cl2-Sn2 101.1 (1) 
Cll-Snl-Cl2 78.4 (1) Cll-Sn2-Cl2 78.6 (1) 
C112-Snl-C122 169.1 (1) Clll-Sn2-C124 166.5 (1) 
Dl-Snl-D2 101.9 D3-Sn2-D4 99.7 
Snl-C112-A11 120.7 (1) Sn2-Clll-All 117.8 (1) 
Snl-Cl22-Al2 115.6 (1) Sn2-Cl24-Al2 122.3 (1) 

interplane angles ClO-C15/C2O-C25 66.3 
C3O-C35/C4O-C45 65.3 

angle Sn-D/ring plane normal ClO-Cl5 8.8 
C2O-C25 5.0 
c 3 0 4 3 5  10.4 
c40-c45 6.9 

a Dl-D4 are centroids of the respective benzene rings. 

phosphate)? All these compounds have in common that 
only one arene molecule is attached to the group 14 metal 
center. In an attempt to obtain a first example of bis- 
(arene) complexes, the reaction of Sn(AlCl,J, with aromatic 
hydrocarbons was reinvestigated, and the results are 
presented in this communication. 

Treatment of the freshly prepared molten salt Sn(AlC4), 
with benzene under reflux conditions, followed by cooling 
the resulting solution, affords a benzene-containing col- 
orless crystalline product, mp 110 OC, which is stable a t  
room temperature. The crystal structure analysis' of this 
compound revealed the presence of a dimeric species of 
the composition [ (q6-C6Hd2SnCl(NCl4)l2-C6H6 (1) with two 
$-coordinated benzene rings at  each tin atom and one 
molecule of crystal benzene with no specific metal contacts 
(Figure 1). Two (q6-C6&),Sn dications are bridged by two 
1,3-bidentate tetrahedral AlC14- anions and by two two- 
coordinate C1- anions. The Sn(I1) centers adopt a distorted 
octahedral coordination geometry. The structure can also 
be described as an eight-membered ring in an elongated 
chair form composed of Sn(l)-Cl(l2)-A1(1)-Cl(ll)-Sn- 
(2)-C1(24)-A1(2)-C1(22) (Figure 2). The tin and the 
chlorine atoms of this ring are almost coplanar (maximum 
deviation from planarity 0.11 8, for Sn2), and the Al atoms 
lie above and below this plane, respectively (inclination 
angles of 116.17 and 112.43' with the planes Clll-All412 
and C12242-Cl24, respectively). Although the molecule 
has no crystallographic symmetry, its structure approaches 

(6) Lefferts, J. L.; Hossain, M. B.; Molloy, K. C.; Van der Helm, D.; 
Zuckerman, J. J. Angew. Chem. 1980,92, 326; Angew. Chem., Int .  Ed. 
Engl. 1980, 19, 309. 

(7) Crystal structure data for 1C6H6: Syntex P21 diffractometer; Mo 
Ka radiation; X = 0.71069 A; graphite monochromator; T = -50 O C ;  
C&&lzClloSnz, M, = 1036.477; orthorhombic, s ace group Pbca (No. 
61); a = 19.869 (l), b = 15.941 ( l ) ,  c = 25.954 (2) 1; V = 8220.5 A3; 2 = 
8; duld = 1.675 g/cm3; ~ ( M o  Ka) = 19.4 cm-l; F(000) = 4048; 7144 
independent reflections were measured, 5542 of which with F,, P 4.0 u(FJ 
were deemed "observed" and used for all further calculations (hkl, +23, 
+18, +30; ((sin 8/X)- = 0.595 A-1, w scan, A a  = 0.80). Lp and empirical 
absorption corrections were applied to the data. Solution was by Pat- 
terson methods (SHELXS-86). Anisotropic refinement (H atoms con- 
stant with U, = 0.05 AZ) converged at R (Ew) = 0.052 (0.072) (397 refined 
parameters, function minimized Xw(lF,,I - IFJ)*, w = l /G(Fo),  SHELX- 
76). The final difference map was featureless with Apmulmin = +0.82/ 
-0.95 e/As. 
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symmetry. Each tin atom is situated nearly centroid 
above its two arene rings, which are inclined with respect 
to each other, forming angles of 101.9O (Snl) and 99.7O 
(Sn2), respectively. The angles between the normals to 
the arene planes and the Sn-D (see Table 11) lines in the 
range between 5.0 and 10.4O are evidence for q6-coordi- 
nation. The observed very long distances of the Sn atoms 
from the ring centers (3.11 and 3.24 8, for Sn(1) and 3.26 
and 3.20 8, for Sn(2)) indicate only very weak attractive 
forces between the two components. The Sn-Cl distances 
vary between 2.607 (2) and 2.633 (2) 8, (C1- bridge) and 
2.880 (3) and 2.986 (3) 8, (AlC14- bridge). The packing of 
the molecules in the unit cell is such that there are no 
specific contacts between the individual dimers. 

We note that there is an interesting parallel for the 
structure of 1 in one of the ylide complexes reported 
previously from this laboratory.* In [ (CH30)3Ti(CH2)2- 
P(CH,),],, the Ti(1V) are the centers of a similar pair of 
edge-sharing, doubly-chelated octahedra. 

It is also noteworthy that the analogous reactions be- 
tween freshly prepared Sn(A1C14), melts and arenes of 
higher donor capability like hexamethylbenzene, xylene, 
or mesitylene do not lead to the formation of bis(arene) 
complexes. In the case of hexamethylbenzene, the tet- 
rameric species [ (.r16-C6Me6)SnC1(A1C14)]4 was isolated 
(when chlorobenzene was used as a solvent): whereas no 
crystalline arene complexes were obtained with xylene and 
mesitylene? With lead as the central atom and benzene 
as the donor component, the monoarene complex (q6- 

corresponding Pb(A1Br4), system, benzene-containing 
crystals were formed, which were shown to be composed 
of cross-linked Pb(A1Br4), units without any metal-arene 
 contact^.^ 

Acknowledgment. This work was generously sup- 
ported by Deutsche Forschungsgemeinschaft (Leibniz- 
Proga"), Bonn, and by Fonds der Chemischen Industrie, 
Frankfurt. 

Supplementary Material Available: Tables of atomic co- 
ordinates, anisotropic thermal  parameters, and hydrogen a tom 
coordinates (7 pages); a listing of s t ructural  factors (31 pages). 
Ordering information is given on  any  current  masthead page. 

C6H6)Pb(AlC14)yC& was isolated.4b In the case Of the 

(8) Scharf, W.; Neugebauer, D.; Schubert, U.; Schmidbaur, H. Angew. 

(9) Schmidbaur, H.; Probst, T. unpublished results. 
Chem. 1978,90,628; Angew. Chem., Int. Ed. Engl. 1978, 17, 601. 

When Phenylcyclopropanes Are Generated by 
y-Ionization of erythro- and 
threo -d2-C5H5( CO),FeCHDCHDCH( OCH,)C,H,, 
Cleavage of the Fe-C, Bond Occurs with Inversion 
of Configuration of C, 
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Summary: 2,3-Dideuterio-r- 1 -phenylcyclopropanes are 
stereospecifically generated by abstraction of the y- 
methoxide groups from eryfhro - and fhreo -d,-CSH,- 
(CO),Fe-CHD-CHDCH(OCH,)C,H, using TMSOTf . These 
results established that the cyclopropane ring is formed 
by backside attack of electrophilic C, on C, with net in- 
version of stereochemistry at C,. 
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Scheme I 

Communications 

Scheme I1 
(1) LiCH(OCH3)C6H, - C,H,(OCH,)CHCHD-CHD-OH 

D AD (2) H,O 

Backside 
Closure 

l+ H l +  R H  ,.." 
Cp(CO)(LFe- -R / \  

;,a2 

HR'C I\ 
H H  

I 

R R 

R' 
H 

H k R' 

Electrophilic iron carbene complexes, C,H,(CO)(L)- 
Fe=CHR+, react with alkenes to give cyclopropanes.l-* 
The initial stage of the transfer mechanism involves attack 
of the iron carbene on the alkenes to generate positive 
charge at  Cy.1>214*8 For example, in the reaction of C5H5- 
(C0)2Fe----CHCH3+ with CHycHC6H4(-p-OCH3) we have 
demonstrated that a true y-benzyl carbocation interme- 

(1) Brookhart, M.; Studabaker, W. B. Chem. Rev. 1987,87,411. 
(2) (a) Brookhart, M.; Tucker, J. R.; Husk, G. R. J. Am. Chem. SOC. 

1983, 105, 258. (b) Brookhart, M.; Tucker, J. R.; Husk, G. R. J. Am. 
Chem. SOC. 1981,103,979. (c) Brookhart, M.; Studabaker, W. B.; Husk, 
G. R. Organometallics 1987,68 1141. (d) Brookhart, M.; Humphrey, M. 
B.; Kratzer, G. 0.; Nelson, G. 0. J. Am. Chem. SOC. 1980,102,7802. (e) 
Brookhart, M.; Studabaker, W. B.; Husk, G. R. Organometallics 1985, 
4,943. (0 Brookhart, M.; Studabaker, W. B.; Husk, G. R.; Humphrey, 
M. B. Organometallics 1988,8, 132. 

(3) Brookhart, M.; Tmmers, D.; Tucker, J. R.; Williams, G. D.; Husk, 
G. R.; Brunner, H.; Hammer, B. J. Am. Chem. SOC. 1983, 105, 6721. 

(4) Brookhart, M.; Kegley, S. E.; Husk, G. R. Organometallics 1984, 
3, 650. 

(5) (a) Casey, C. P.; Miles, W. H.; Tukada, H.; J. Am. Chem. SOC. 1985, 
107, 2924. (b) Casey, C. P.; Miles, W. H.; Tukada, H.; OConnor, J. M. 
J. Am. Chem. SOC. 1982, 104, 3761. (c) Casey, C. P.; Miles, W. H. Or- 
ganometallics 1984, 3, 808. 

(6) (a) Brandt, S.; Helquist, P. J. Am. Chem. SOC. 1979,101,6478. (b) 
Kremer, K. A. M.; Helquist, P.; Kerber, R. C. J. Am. Chem. SOC. 1981, 
103,1862. (c) Kremer, K. A. M.; Helquist, P. J. Organomet. Chem. 1985, 
285, 231. (d) Kremer, K. A. M.; Kuo, G.-H.; OConnor, E. J.; Helquist, 
P.; Kerber, R. C. J. Am. Chem. SOC. 1982,104,6119. (e) Iver, R. S.; Kuo, 
G.-H.; Helquist, P. J. Org. Chem. 1985, 50, 5898. (f) OConnor, E. J.; 
Brandt, S.; Helquist, P.; Kerber, R. C. J. Am. Chem. SOC. 1987,109,3739. 
(g) Kuo, G.-H.; Helquist, P.; Kerber, R. C. Organometallics 1984,3,806. 

(7) (a) Jolly, P. W.; Pettit, R. J. Am. Chem. SOC. 1966, 88, 5044. (b) 
Riley, P. E.; Capshew, C. E.; Pettit, R.; Davis, R. E. Inorg. Chem. 1978, 
17,408. (c) Davison, A.; Reger, D. J. Am. Chem. SOC. 1972,94,9237. (d) 
Davison, A.; Krussell, W. C.; Michaelson, R. C. J. Organomet. Chem. 
1974, 72, C7. (e) Brookhart, M.; Tucker, J. R.; Flood, T. C.; Jensen, J. 
J. Am. Chem. SOC. 1980,102,1203. (0 Flood, T. C.; DiSanti, F. J.; Miles, 
D. L. Znorg. Chem. 1976, 15, 1910. (9) Bodnar, T.; Cutler, A. R. J. 
Organomet. Chem. 1981,213, C31. (h) Guerchais, V.; Astruc, D. J. Chem. 
Soc., Chem. Commun. 1985,835. (i) Davidson, J. G.; Barefield, E. K. Van 
Derveer, D. G. Organometallics 1985, 4 ,  1178. 0') Barefield, E. K.; 
McCarten, P.; Hillhouse, M. C. Organometallics 1985, 4, 1682. 
c8) Relative rates of the reactions of Cp(CO)*Fe=CHCHs+ with a 

series of para-substituted styrenes have been examined and a good u+-p 
correlation was observed with p = -2.2 which implies that substantial 
positive charge build up at C, in the transition state: Kegley, S. E. Ph. 
D. Dissertation, 1982, University of North Carolina. 

t rans-d ,  
cis-d, 

3 a , b .  erythro-d2 
4a ,b -  threo-d, 

D HD H k D  H P h  
1) BsCl 

2) Fp' K' FP OMe 
3a.b 

1 : l  

5a  threo-d,  5 b  

6 a  e ry th ro -d2  6 b  

BsCl = p-BrC6H,S02CI; 
Fp- K' = C,H,(C0)2Fe. Ki 

diate, C,H,(C0)2FeCH(CH3)CH2C+(H)(C6H40CH3), is 
generated.4 Two mechanisms for attack of electrophilic 
C, on C, which result in C,-C, bond formation and Fe-C, 
bond cleavage are shown in Scheme I. One involves 
frontside attack of electrophilic Cy at the Fe-C, bond and 
retention of C, stereochemistry while the other involves 
backside attack of Cy and inversion of C, stereochemistry. 

The latter possibility was first suggested by usb based 
on the close analogy with cyclopropane formation from 
solvolysis of y-tin derivatives in which the Sn-C, bond is 
cleaved with inversion at Ca.9*10 Mechanism 2 is further 
supported by stereochemica13J1 and relative reactivity 
studiesl1J2 which strongly suggest that C,H,(CO)(L)Fe= 
CHR+ systems react with alkenes via the minor synclinal 
isomers (eq 1 )  with backside attack of electrophilic C, on 
ca. 

I 
PR3 PR3 

To further probe the stereochemistry of FeC,  cleavage, 
we have examined ionization of y-iron derivatives stereo- 
specifically deuterium labeled at  C, and C,. As noted 
above, this method for generating cyclopropanes is well 
established for y-tin,9J3 y-silicon,14 and y-boron15 deriva- 

syncl ina l  an t ic l ina l  

(9) (a) Davis, D. D.; Johnson, H. T. J .  Am. Chem. SOC. 1974,96,7576. 
(b) McWilliam, D. C.; Balasubramanian, T. R.; Kuivila, H. G. J. Am. 
Chem. SOC. 1978,100,6407. (c) Fleming, I.; Urch, C. Tetrahedron Lett. 
1983,24,4591. (d) Fleming, I.; Urch, C. J. Organomet. Chem. 1985,285, 
173. 
(10) In contrast to the observations with y-Sn derivatives, Grubtm, Ho, 

and Straus have shown that thermolysis of deuterium-labeled Cp,Ti- 
(I)-CH2-CH(R)-CH2I derivatives leads to cyclopropane formation with 
retention a t  C,: Ho, S. C. H.; Straus, D. A.; Grubbs, R. H. J. Am. Chem. 
SOC. 1984,106, 1533. 

(11) Brookhart, M.; Liu, Y. NATO Aduanced Research Workshop. 
Advances in Metal Carbene Chemistry; Schubert, U., Ed.; D. Reidel: 
Boston, 1989; in press. 

(12) Brookhart, M.; Liu, Y.; Buck, R. C. J. Am. Chem. SOC. 1988,110, 
2337. 

(13) (a) Davis, D. D.; Chambers, R. L.; Johnson, H. T. J. Organomet. 
Chem. 1970,25, C13. (b) Davis, D. D.; Black, R. H. J. Organomet. Chem. 
1974,82, C30. (c) Kadow, J. F.; Johnson, C. R. Tetrahedron Lett. 1984, 
25,5255. (d) Peterson, D. J.; Robbms, M. D. Tetrahedron Lett. 1972,21, 
2135. (e) Peterson, D. J.; Robbins, M. D.; Hansen, J. R.; J. Organonet. 
Chem. 1974, 73,237. (f) Nicolaou, K. C.; Claremon, D. A.; Barnette, W. 
E.; Seitz, S. P. J. Am. Chem. SOC. 1979, 101, 3704. 

(14) (a) Apeloig, Y.; Stanger, A. J. Am. Chem. SOC. 1985,107,2806. (b) 
Sommer, L. H.; Van Strien, R. E.; Whitmore, F. C. J. Am. Chem. SOC. 
1949, 71, 3056. 
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Formation of d2-phenylcyclopropanes by ionization of 
5a,b and 6a,b were carried out by addition of TMSOTf 
(1.0 equiv) to CH2C12 solutions of 5a,b or 6a,b at  -78 "C 
containing triethylamine (0.1 equiv) followed by warming 
to 25 OC overnight. The crude d2-phenylcyclopropanes 
were purified by GC; yields were determined to be 70-75% 
by use of an internal standard. 

As illustrated in Scheme 111, the threo-d2 isomers 5a,b 
give a 1:1 mixture of cis-2,cis-3-d2- and trans-2,trans-3- 
d2-r- 1-phenylcyclopropanes while the erythro-d2 isomers 
6a,b yield a single product, cis-2,trans-3-d,-r-l-phenyl- 
cyclopropane. The configurations of labeled cyclopropanes 
are readily assigned by lH NMR analysis. For example, 
upon decoupling H1, the H2 and H3 signals of the cis- 
2,trans-3-d2 isomer appear as doublets (3J~2H3 = 6.4 Hz) 
while similar decoupling of H1 applied to the 1:l mixture 
of cis-2,cis-3-d2 and trans-2,trans-3-d2 isomers results in 
simplification of H2 and H3 to sharp ~ing1ets.l~ 

The deuterium-labeling patterns observed are consistent 
only with cyclopropane ring formation by backside attack 
of electrophilic C, on C, with net inversion of stereo- 
chemistry at  C, (mechanism 2 in Scheme I). Frontside 
attack of C, on the FeC, bond and cleavage with retention 
of configuration lead to the converse labeling results. 
While a discrete benzyl carbocation is shown in Scheme 
111, it is also possible that y-ionization is synchronous with 
C,-C, bond formation and Fe-C, bond cleavage. 

These observations coupled with earlier results14J1J2 
lead to a detailed mechanistic description of the carbene 
transfer reaction: The electrophilic iron carbene, 1, attacks 
the alkene to generate an electrophilic center a t  C,. In 
cases where C, possesses a strongly electron-donating 
group, a stabilized carbocation intermediate is formed with 
sufficient lifetime to allow C,-C, bond r ~ t a t i o n . ~  The 
developing (or full)% y-carbocation then attacks the FeC, 
bond at the backside such that C, stereochemistry is in- 
verted. When substituted carbene complexes of the type 
C5H5(CO)(L)Fe=CHR+ are employed, the transfers pro- 
ceed primarily via the less stable but more reactive sync- 
linal isomers as opposed to the major anticlinal isomers 
(eq 1). In the case of enantiomerically pure systems 
C5H5(CO)(L)Fe*=CHR+, the absolute stereochemistry 
and high enantiomeric excesses of the cyclopropane 
products are completely consistent with reaction through 
the synclinal isomers via mechanism 

Acknowledgment is made to the National Institute of 
Health (GM28938) and the donors of the Petroleum Re- 
search Fund, administered by the American Chemical 
Society, for support of this work. We thank E. L. Eliel for 
helpful discussions. 

Supplementary Material Available: 'H and I3C NMR and 
elemental analysis data for (n-Bu),SnCH(OCH3)CsH5 and cs- 
H5CH(OCH3)CH2CH20H, 'H and 13C NMR, IR, and elemental 
analysis data for C5H5(C0)2FeCH2CH2CH(OCH3)CsH5, 'H NMR 
data for phenylcyclopropane, ('H, 'H) COSY 2D NMR spectra 
for C6H5CH(OCH3)CH2CH20H, C5H5(CO)zFeCHzCH2CH(OC- 

Scheme I11 
S a , b  

TMSOTf I 
Backside 
Closure I 

Ph 

I 
Ph 

c i s - 2 . ~ i s - 3 - d ~ -  t rans -2 . i rans -3 -d2  

6 a , b  

TMSOTf 1 
FP 

Backside 
Closurc I 

r - I -pheny lcyc lopropane  

tives and recently Casey16 has demonstrated that cyclo- 
propane itself can be generated from reaction of C5H5(C- 
0)2Fe-CH2CH2CH2Br with Ag+. As an extension of our 
earlier work on the intermediacy of y-benzyl carbocations 
in transfer rea~t ions ,~  we report here stereospecific for- 
mation of 2,3-dideuterio-r-l-phenylcyclopropanes by ab- 
straction of the y-methoxide group from erythro- and 
~~~~O-~~-C~H&O)~F~-CHD-CHD-CH(OCH,)C~H~ using 
trimethylsilyl triflate (TMSOTf). These results establish 
FeC, bond cleavage with inversion of configuration at  C,. 

As shown in Scheme 11, the stereospecifically labeled 
y-methoxy iron complexes threo(syn)- and erythro- 
(anti)-d2-C5H5(CO)2Fe-CHD-CHD-CH(OCH3)C6H5, 
5a,b17 and 6a,b,17 respectively, were synthesized from 
trans- and cis-ethylene-d2 oxides.18 Treatment of 
trans-ethylene-d2 oxide with LiCH(OCH3)C6H;' gives 
erythro(anti)-d2 alcohols 3a,b1's2l (75-80% ). Similarly, 
cis-ethylene-d2 oxide leads to threo(syn)-d2 alcohols 4a,- 
b.l7t2l Conversion of 3a,b and 4a,b to brosylates followed 
by SN2 displacement using C5H6(C0)2Fe- yields 5a,b and 
6a,b, respectively (60%). The stereochemistry of each step 
has literature and the expected configurations 
of 5a,b and 6a,b were verified by determination of vicinal 
3&H coupling constants and (lH, 'H) COSY 2D NMR ex- 
p e r i m e n t ~ . ~ ~  

(15) (a) Goering, H. L.; Trenbeath, S. L. J. Am. Chem. SOC. 1976,98, 
5016. (b) Marshall, J. A.; Babler, J. H. Chem. Commun. 1968,993. (c) 
Hawthorne, M. F.; Dupont, J. A. J. Am. Chem. SOC. 1958,80,5830. (d) 
Brown, H. C.; Rhodes, S. P. J. Am. Chem. SOC. 1969, 91, 2149. 

(16) Casey, C. P.; Smith, L. J. Organometallics 1988, 7, 2419. 
(17) See Supplementary Material for complete spectral and analytical 

data. 
(18) (a) Price, C. C.; Spector, R. J. Am. Chem. SOC. 1966,88,4171. (b) 

Nicholas, P. P.; Carroll, R. T. J. Org. Chem. 1968, 33, 2345. 
(19) LiCH(OCH3)CBH, were generated by lithium-tin exchange reac- 

tion between n-BuLi and (~-BU)~S~CH(OCH~)CBH,.'~.~ 
(20) Still, W. C. J. Am. Chem. SOC. 1978,100, 1481. 
(21) MS analysis shows 3a,b and 4a,b to be >95% dz. 
(22) (a) Whitesides, G. M.; Boschetto, D. J. J. Am. Chem. SOC. 1969, 

91,4313. (b) Whitesides, G. M.; Bock, P. L. J. Am. Chem. SOC. 1974,96, 
2826. (c) Bock, P. L.; Boschetto, D. J.; Rasmussen, J. R.; Demers, J. P.; 
Whitesides, G. M. J. Am. Chem. SOC. 1974,96, 2814. 

(23) The p- and a-hydrogens HA, HB, Hc, and HD in Cp- 
(CO)zFeCHzCH&H(OCHq)CnH517 appear at 6 2.15 (HA), 1.95 (Hn), 1.74 
(Hc),-and 1.36 PPm (HD). Deiouplingexperiments establish J(H;Hc) = 

In 5a,b, [lH, 'H) COSY 2D NMR experiments show that HA correlates 
with Hc and HB with HD HA and Hc appear as doublets with J = 4.2 
Hz and HB and HD as doublets with J = 4.7 Hz verifying structures 5b 
and 5a, respectively. In 6a,b, ['H, 'H) COSY 2D NMR experiments show 
that HA correlate with HI, and HB with Hc. HA and HD appear as 
doublets with J = 13.2 Hz and HB and Hc as doublets with J = 13.1 Hz, 
establishing structures 6b and 6a, respectively. 

(24) A concerted process can not be distinguished from a mechanism 
involving a discrete y-carbocation with insufficient lifetime to allow C,-C@ 
bond rotation prior to C,-C, bond formation. 

4.2 Hz, J(HAHD) = 13.2 Hz, J(HBHD) = 4.7 Hz, and J ( H B H ~ )  = 13.1 Hz. 
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Hs)CsH6, erythro-dz-3a,b, threo-dz-4a,b, threo-d2-5a,b, and er- 
ythro-d2-6a,b, 13C NMR data for threo-dz-5a,b and erythro- 
d2-6a,b, and 'H NMR data and decoupling results for cis-2,cis- 
3-dz-r-1-phenylcyclopropane, trans-2,trans-3-d2-r-l-phenyl- 
cyclopropane, and cis-2,trans-3-d2-r-1-phenylcyclopropane (13 
pages). Ordering information is given on any current masthead 
page. 

Resolution of the Chlral-at-Iron Acetyl Complexes 
C,H,( CO)( PR,)FeC( O)CH, (R = CH,, CH2CH,). 
Enantloselective Cyclopropane Synthesls Uslng the 
Chlral Carbene Complexes (SF& and 
( R  Fo)-C5Hs( CO)( PR,)Fe=CHCH,+ 
(R = CH,, CH2CHS) 

Maurlce Brookhart" and Yumin Liu 
Department of Chemistty, The University of North Carolina 
Chapel Hill, North Carolina 27599-3290 

Received April 4, 1989 

Summary: A simple and efficient method for resolving 
acetyl complexes C,H,(CO)(PR,)Fe-C(O)CH, (R = CH,, 
CH,CH,) has been developed. These acyl complexes 
were converted to optically pure carbene complexes 
C,H,(CO)(PR,)Fe==CHCH,+ (R = CH,, CH,CH,) which 
transfer ethylidene to vinyl acetate with high enantiose- 
lectivity. The potential utility of C,H,(CO)(PMe,)Fe and 
C,H,(CO)(PEt,)Fe as chiral auxillaries is illustrated by the 
transfer reactions. 

C5H5(NO)(PPh3)Re and C6H6(CO)(PR3)Fe have been 
extensively used as chiral auxillaries to carry out diast- 
ereoselective reactions'+ and, when the auxillary is opti- 
cally pure, enantioselective  reaction^.^-'^ Of particular 

(1) For examples from the Gladysz lab, see: (a) Constable, A. G.; 
Gladysz, J. A. J. Organomet. Chem. 1980,202, C21. (b) Kiel, W. A.; Lin, 
G.-H.; Constable, A. G.; McCormick, F. B.; Strouse, C. E.; Eisentein, 0.; 
Gladysz, J. A. J. Am. Chem. SOC. 1982,104, 4862. (c) Kiel, W. A.; Lin, 
G.-H.; Bodner, G. S.; Gladysz, J. A. J. Am. Chem. SOC. 1983, 105,4958. 
(d) Crocco, G. L.; Gladysz, J. A. J. Am. Chem. SOC. 1985, 107, 4103. 

(2) For examples from the Davies lab, see: (a) Baird, G. J.; Davies, S. 
G. J. Organomet. Chem. 1983,248, C1. (b) Ambler, P. W.; Davies, S. G. 
Tetrahedron Lett. 1985,26,2129. (c) Baird, G. J.; Daviea, S. G.; Maberly, 
T. R. Organometallics 1984,3, 1764. (d) Ayscough, A. P.; Davies, S. G. 
J. Chem. SOC., Chem. Commun. 1986, 1648. (e) Davies, S. G.; Dordor- 
Hedgecock, I. M.; Warner, P. J. Organomet. Chem. 1985,285, 213. (0 
Davies, S. G.; Dordor-Hedgecock, I. M.; Warner, P. Tetrahedron Lett. 
1985,26,2125. (8) Brown, S. L.; Davies, S. G.; Warner, P.; Jones, R. H.; 
Prout, K. J. Chem. SOC., Chem. Commun. 1985,1446. (h) Davies, S. G.; 
Seeman, J. I. Tetrahedron Lett. 1984,25, 1845. 

(3) For examples from the Liebeskind lab, see: (a) Liebeskind, L. S.; 
Welker, M. E.; Fengl, R. W. J. Am. Chem. SOC. 1986, 108, 6328. (b) 
Liebeskind, L. S.; Fengl, R.; Welker, M. E. Tetrahedron Lett. 1985, 26, 
3075, 3079. (c) Liebeskind, L. S.; Welker, M. E.; Goedken, V. J. Am. 
Chem. SOC. 1984, 106, 441. (d) Liebeskind, L. S.; Welker, M. E. Or- 
ganometallics 1983, 2, 194. 

(4) (a) Brookhart, M.; Liu, Y.; Buck, R. C. J.  Am. Chem. SOC. 1988, 
110,2337. (b) Brookhart, M.; Tucker, J. R.; Husk, G. R. J. Am. Chem. 
SOC. 1981,103,979. (c) Brookhart, M.; Tucker, J. R.; Husk, G. R. J. Am. 
Chem. SOC. 1983,105, 258. 

(5) Ojima, I.; Kwan, J. Am. Chem. SOC. 1988,110, 5617. 
(6) Hemdon and co-workere have demonstrated that Michael addition 

reactions of C6H6(CO)(PBuS)FeCOCH4HR exhibit high diastereose- 
lectivity. Thus, PBu3 serves to effectively shield one face of the double 
bond from nucleophilic attack. Herndon, J. W.; Wu, C.; Ammon, H. L. 
J.  Org. Chem. 1988,53, 3875. 

Scheme I 

0 I 

R 3 g F e  'i/ CH3 

0 r a c e m i c  

0 

'F, 

1 41%(4%) 
2 37%(19%) 

SF, 

1 19%(9%) 

I I 

1 SFe, 99% (38%) 1 R,,, 96%(34%) 
2 RFe. 96%(38%) 

synthetic interest are iron acyl complexes of the type 
C,H,(CO)(PR,)FeC(O)R', since these species can be ela- 
borated in many useful wa~s .~-~ ,~JO Brunner has prepared 
several optically pure acyl complexes.l'J2 For example, 
(R)- and (S)-C,H,(CO)(PPh,)Fe-C(O)CH, were resolved 
via separation of the diastereomers of C,H,(CO)(PPh,)- 
Fe-C(O)-0-menthyl followed by reaction with CH3Li."J3 
We have achieved chromatographic separation of the di- 
astereomers of C5H5(CO)(PPh2R*)FeC(0)CH3 (R* = 

(7) Brookhart, M.; Timmers, D.; Tucker, J. R.; Williams, G. D.; Husk, 
G. R.; Brunner, H.; Hammer, B. J. Am. Chem. SOC. 1983, 105, 6721. 

(8) Davison, A.; Krusell, W. C.; Michaelson, R. C. J. Organomet. 
Chem. 1974, 72, C7. 

(9) (a) Memfield, J. H.; Strouse, C. E.; Gladysz, J. A. Organometallics 
1982,1, 1204. (b) Buhro, W. E.; Wong, A.; Merrifield, J. H.; Lin, G.-H.; 
Gladysz, J. A. Organometallics 1983, 2, 1852. (c) O'Conner, E. J.; Ko- 
bayashi, M.; Floss, H. G.; Gladysz, J. A. J. Am. Chem. SOC. 1987, 109, 
4837. 

(10) (a) Davies, S. G.; Walker, J. C. J. Chem. SOC., Chem. Commun. 
1986,609. (b) Davies, S. G. Pure Appl. Chem. 1988,60, 13. (c) Bechett, 
R. P.; Davies, S. G. J. Chem. SOC., Chem. Commun. 1988, 160. (d) 
Bashiardes, G.; Davies, S. G. Tetrahedron Lett. 1988, 29, 6509. 

(11) Brunner, H.; Schmidt, E. J. Organomet. Chem. 1972, 36, C18. 
(12) Diastereomers of Cp'(CO)Fe(COR)P(C6H6)zNR'R* (Cp' = C6H6, 

C9H,(indenyl); R = CH,, C2H6, CH(CH&, CHzC6H6; R' = H, CH3, C2Hc 
C H ~ C ~ H S ;  R* = (S)-CH(CH,)C,Hd have been separated by liquid chro- 
matography and fractional crystallization: Brunner, H.; Vopt, H. J. 
Organomet. Chem. 1980, 191, 181. 

(13) Optically pure complexes (S)- and (R)-C6H6(CO)(PPh,)FeC(O)- 
CH:, are commercially available from BP Chemicalsl0 and Fluka. Pro- 
cedures used for their preparation have not been published. 
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