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Reactions of [(~S-C~H~)Re(NO)(PPh3)(C1CeH~)l+BF4-with cis-alkenes (a, 2-butene; b, 3-hexene; 
c, stilbene; d, 1,2-dichloroethylene; -45 "C to  room temperature) give the adducts 
(2)- [ ($-CsHs)Re(NO) (PPh3) (RHC=CHR)I +BF4- ((2)- la-d) in 67-95 % yields after workup. 
Reactions with trans-alkenes are much slower, and (E)-la-c are isolated in 86-98% yields after 
12-24 h a t  85-95 "C. Complexes (2)-la-d are obtained as 70-84:30-16,85:15,93:7, and 5941 
equilibrium mixtures of diastereomers that differ by ca. 180" rotations about the Re-(C-C) 
axes. Variable-temperature and 2D NMR experiments establish rotational barriers of >17.5- 
11.0 kcal/mol and exclude alternative isomerization pathways. Complexes (E)-la-c are obtained 
as >99-98:<1-2 equilibrium mixtures of diastereomers that differ in the C=C enantioface 
bound to rhenium. Kinetic selectivities, obtained from syntheses conducted a t  25-60 "C, are 
lower, although the diastereomers of (E)-lc slowly equilibrate in CDCl3 a t  25 "C. Complexes 
(E)-la-c undergo rotation about the Re-(C-C) axes with barriers of 18.6-11.6 kcal/mol. The 
crystal structures of (&la and (E)-la are determined, and the NMR and dynamic properties 
of all compounds are analyzed in detail. 

Simple achiral alkenes are now frequently utilized as 
substrates for metal-mediated enantioselective syntheses 
of organic molecules.' In most cases, the alkene initially 
binds to a chiral metal fragment. This transforms one or 
both of the C-C carbons into formal stereocenters-a 
consequence readily envisioned in the Cahn-Ingold-Prelog 
framework when the complex is drawn in a metallacy- 
clopropane resonance form, as exemplified by structures 
A-F in Scheme I.2 Thus, over the last five years we have 
systematically studied the stereochemistry of binding of 
various classes of alkenes to the chiral rhenium Lewis acid 
[(sS-CsHdRe(NO) (PPM 1 + 

(1) This literature is extensive. Some recent references: (a) Coates, 
G. W.; Waymouth,R. M. J.  Am. Chem. SOC. 1991,113,6270. (b) Sharpless, 
K. B.; Amberg, W.; Beller, M.; Chen, H.; Hartung, J.; Kawanami, Y.; 
Liibben, D.; Manoury, E.; Ogino, Y.; Shibata, T.; Ukita, T. J. Org. Chem. 
1991,56,4585. (c) Noyori, R. CHEMTECH 1992,12, 360. 

(2) (a) The absolute configuration at rhenium is specified first, and is 
aasigned by a modfication of the Cahn-Ingold-Prelog rules in which the 
t+C& and RHC=CHR ligands are considered pseudoatoms of atomic 
numbers 30 and 12, respectively. This gives the priority sequence 75- 
C a s  > PPha > RHC=CHR > NO. See: (b) Stanley, K.; Baird, M. C. 
J. Am. Chem. SOC. 1975,97,6598; Sloan, T. E. Top. Stereochem. 1981, 
12,l; Lecomte, C.; Dusausoy, Y.; Protas, J.; Tirouflet, J.; Dormand, J. J. 
Organomet. Chem. 1974,73,67. (c) The absolute configurations of the 
two R H C 4 H R  stereocenters are given following that of the metal, and 
are assigned as illustrated by A-F in Scheme I (priority sequence Re > 
CHRRe > CHHRe > R > H; =CHR anti to the PPha ligand given first). 
See: (d) Paiaro, G.; Panunzi, A. J.  Am. Chem. SOC. 1964,88, 5148. (e) 
Note that as long as cis or trans stereochemistry is maintained, the 
configurations of the RHC=CHR centers are fixed relative to each other. 

(3) (a) Bodner, G. S.; Peng, T.-S.; Arif, A. M.; Gladysz, J. A. 
Organometallics 1990,9, 1191. (b) Peng, T.-S.; Arif, A. M.; Gladysz, J. 
A. Helu. Chim. Acta 1992, 75,442. (c) Peng, T.-S.; Gladysz, J. A. J. Am. 
Chem. SOC. 1992,114,4174. 

(4) Kowalczyk, J. J.; Arif, A. M.; Gladysz, J. A. Chem. Ber. 1991,124, 
729. 

(5) Peng, T.-S.; Arif, A. M.; Gladysz, J. A. manuscript in preparation. 
(6) Alkene complexes of enones: Wang, Y.; Agbossou, F.; Dalton, D. 

M.; Liu, Y.; Arif, A. M.; Gladysz, J. A. OrganometaZlics, following paper 
in this issue. 

(7) Analogous alkyne complexes: (a) Kowalczyk, J. J.; Arif, A. M.; 
Gladysz, J. A. Organometallics 1991,10,1079. (b) Ramsden, J. R.; Weng, 
W.; Gladysz, J. A. Organometallics 1992, 11, 3635. 

The rhenium fragment I possesses the high-lying d 
orbital HOMO shown in Scheme I, in which pairs of lobes 
aredirectedsynandantitothe bulkyPPbligand.9 Alkene 
ligands adopt Re-(C-C) conformations that allow high 
degrees of overlap of their ?r* acceptor orbitals with this 
donor orbital, as verified by NMR experiments in solution 
and several crystal structures.~b~4~6 For the ethylene 
complex of I, the barrier to rotation about the Re- 
(C-C) axis is 16.4 kcal/mol (96 OC)." In monosubsti- 
tuted alkene complexes of I, Re-(C-C) conformations 
that place the larger 4 H R  terminus anti to the PPhs 
ligand are greatly preferredSs 

Monosubstituted alkenes give two configurational di- 
astereomers upon binding to I, as illustrated by the 
idealized structures I1 and I11 in Scheme 1.3 These differ 
in the C=C enantioface bound to the rhenium. Although 
kinetic binding selectivities are modest (ca. 2:1), equilib- 
rium can be established at  95-100 OC, and thermodynamic 
selectivities are high (II/III 1964  for R = alkyl).sb The 
lower stability of I11 can be attributed to steric interactions 
between the cyclopentadienyl ligand and the 4 H R  
substituent. 

We sought to acquire analogous binding data for cis 
and tram disubstituted alkenes. These can also give two 
configurational diastereomers upon complexation to I, 
although certain differences deserve emphasis. For ex- 
ample, the C=C faces of symmetrical cis-alkenes are 
homotopic or identical. Binding to a chiral moiety lifts 
this degeneracy, giving in the case of I the idealized 
structures IV and V, which can interconvert by exchange 
of the ligating C-C faces. However, in contrast to I1 and 
(8) Analogous allenecomplexes: Pu, J.; Peng, T.-S.; Arif, A. M.; Gaidyez, 

J. A. Organometallics 1992,11, 3232. 
(9) (a) Schilling, B. E. R.; Hofiinann, R.; Faller, J. W. J. Am. Chem. 

SOC. 1979, 101, 592. (b) Kiel, W. A.; Lin, G.-Y.; Constable, A. G.; 
McCormick, F. B.; Strouse, C. E.; Eieenstein, 0.; Gladysz, J. A. J. Am. 
Chem. SOC. 1982,104,4865. (c) Czech, P. T.; Gladysz, J. A,; Fenske, R. 
F. Organometallics 1989,8, 1810. 
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A 1 k ene Comp 1 en: es of [( $ - CJ35)Re (NO) (PPh3)] + 

Scheme I, I, d-Orbital HOMO of the Pyramidal 
16-Valence-Electron Rhenium Fragment 

[ (+C5H6)Re(NO)(PPh3)]+; 11,111, Idealized 
Structures of Diastereomeric Monosubstituted 

Alkene Complexes of I; IV, V, Idealized Structures 
of Diastereomeric &-Alkene Complexes of I; VI, VII, 
Idealized Structures of Diastereomeric trans-Alkene 

Complexes of I 

ON PPh3 

I 

R?R 

C IV V D 
(RSR, SRS) (RRS,SSR) 

E VI VI1 F 
(RSS,SRR) (RRR,SSS) 

111, IV and V are also conformers that differ by a 180" 
rotation about the Re-(CuC) axis. 

The C-C faces of symmetrical trans-alkenes are 
enantiotopic. Hence, the resulting adducts with I (VI, 
VII) bear a relationship similar to those encountered with 
monosubstituted alkenes (11,111). We thought it likely 
that, in both trans- and cis-alkene complexes of I, alkyl 
substituents in either position on the C-C carbon syn to 
the PPh3 ligand would experience comparable repulsive 
steric interactions.1° Thus, we anticipated that the position 
of the substitutent on the carbon anti to the PPh3 ligand 
would be the primary determinant of diastereomer sta- 
bilities, as with I1 and 111. 

In this paper we report (1) the isolation of a series of 
acyclic, symmetrical cis- and trans-alkene complexes of 
the formula [ (v5-C5H5)Re(NO) (PPh3) ( R H M H R ) ]  +BF4- 
(l), (2) equilibrium data for the binding modes illustrated 
in Scheme I, (3) energy barriers for the interconversion of 
diastereomeric cis-alkene complexes, and related dynamic 
processes of trans-alkene complexes, and (4) crystal 
structures of cis- and trans-2-butene complexes, Com- 

(10) However, the interstice between the PPhS and nitrosyl ligand is 
more congested than that between the PPhs and cyclopentadienyl 
ligand: (a) Crocco, G. L.; Lee, K. E.; Gladysz, J. A. Organometallics 1990, 
9, 2819. (b) Davies, S. G.; Dordor-Hedgecock, I. M.; Sutton, K. H.; 
Whittaker, M. J. Am. Chem. SOC. 1987, 109, 5711. (c) Mackie, S. C.; 
Baird, M. C. Organometallics 1992,11, 3712. (d) Polowin, J.; Mackie, S. 
C.; Baird, M. C. Organometallics 1992,11, 3724. 
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Scheme 11. Synthesis of Symmetrical &-Alkene 
Complexes (2)- 1 

2 IV V 
(mixture of isomers) (RSR,SRS) (RRS, SSR) 

(4-1 

yield ("A) ratio (temp, "C; solvent) 

R =a. CH, 84 71 : 29 (-1 00. CD.XI.4 . . .  

ON' 'PPh3 1" 
CICH9CI 

BF,- d, C i  - 83 59 : 41 ( 22, CDCl;) 

3 

plementary studies of analogous cis-cycloalkene complexes 
have been described el~ewhere.~ 

Results 

1. Synthesis of &-Alkene Complexes. Chlorohy- 
drocarbon complexes of the formula [ (v5-C5H5)Re- 
(NO) (PPh3) (ClR)] +BF,- are substitution-labile and serve 
as convenient functional equivalents of the chiral Lewis 
acid 1.l1J2 Thus, the chlorobenzene complex [ (v5-C5H5)- 
Re(N0) ( P P ~ ~ ) ( C ~ C G H ~ ) ] + B F ~ -  (2) was generated in C6H5- 
C1 at  -45 "C as described earlier.ll In separate experi- 
ments, excesses of (a) cis-2-butene, (b) cis-3-hexene, (c) 
cis-stilbene, or (d) cis-1,2-dichloroethylene were added. 
After 5-24 h at  room temperature, workup gave the 
corresponding cis-alkene complexes (Z)-[ (v5-C&&,)Re(NO)- 
(PPh3)(RHC=CHR)]+BF4- ((2)-la-d) in 67-95 % yields 
(Scheme 11). 

A similar reaction of dichloromethane complex [ (v5- 
C5H5)Re(NO)(PPh3)(ClCH2Cl)]+BF4- (3)12 and cis-2- 
butene also gave (2)-la (87%). However, 3 has usually 
been found to be less reactive than 2, and gave much poorer 
results with other disubstituted alkenes. Reactions of 2 
with cis-3-hexene and cis-1,2-dichloroethylene were mon- 
itored by 31P NMR spectroscopy. The former was 
complete within 4 h at  -45 "C, but the latter required 24 
h at  room temperature. 

Complexes (2)-la-d, and other new alkene complexes 
described below, were characterized by microanalysis and 
IR and NMR (lH, 13C, 31P) spectroscopy (Experimental 
Section). Most properties were similar to those previously 
reported for monosubstituted and cyclic alkene complexes 
of I. The IR V N O  value of (2)-ld (1755 cm-l) was greater 
than those of (2)-la-c (1716-1722 cm-l), reflecting the 
greater 7r acidity (and diminished basicity)13 of the 
dichloroethylene ligand, and a concomitant decrease in 
back-bonding to the nitrosyl ligand. 

In each case, NMR spectra at  sufficiently low temper- 
ature revealed the presence of two diastereomers. The 
diastereomer ratios increased from 59:41 to 93:714 as the 
size of the C=C substituents increased (C1< CH3 < C2H5 
< CsH5; Scheme 11). In accord with the stability expec- 
tations outlined in the introduction, these were assigned 
as RSR,SRS (IV, major) and RRS,SSR (V, minor) 

(11) Kowalczyk, J. J.; Agbossou, S. K.; Gladysz, J. A. J. Organomet. 

(12) Fernhdez, J. M.; Gladysz, J. A. Organometallics 1989, 8, 207. 
(13) Bursten, B. E.; Green, M. R. hog .  Inorg. Chem. 1988,36,393. 
(14) All isomer ratios are normalized to 100, and error limits on each 

Chem. 1990,397,333. 

integer are f2; e.g., 5941 59 f 2x41 f 2. 
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Scheme 111. Synthesis of Symmetrical trans-Alkene 
Complexes (E)-1 

Pu et al. 

ON' 'PPh3 I 
CIC,H, 

BF~ '  

H\ /R 
R/c=c,H 

room 
tem erature 
or Qs-95 "C 

___) ' R  8 kc R 

ON H PPh3 

H 

ON 

2 VI VI1 
(mixlure of isomers) (RSS,SRR) (RRR,SSS) 

(4-1 
ratio 

r w m  temperature 

8 9  : 11 
85-95 'C (yield, %) 

R - 0 ,  CH3 
b. CzH5 
c,C,H, 76 : 2 4  9 8  : 2 98 

diastereomers, respectively. Further support for these 
structures is given below. The cis-2-butene complex (2)- 
la  gave slightly different diastereomer ratios in CDC13 
and CD2C12. This was reproduced under a variety of 
conditions utilizing integrals of different 'H and 31P NMR 
resonances. Since the cis-1,2-dichloroethylene complex 
(2)-ld gave a diastereomer ratio close to unity, 31P and 
C=C l3C NMR resonance assignments were verified by 
heteronuclear decoupling experiments (supplementary 
material). 

2. Synthesis of trans-Alkene Complexes. The 
chlorobenzene complex 2 and symmetrical trans-alkenes 
were reacted as summarized in Scheme 111. However, 
substitution was much slower than with cis-alkenes. For 
example, the reaction of 2 and a large excess of trans-2- 
butene required 6 days at  room temperature. Workup 
gave a 77:1013 mixture of the RSS,SRR and RRR,SSS 
diastereomers of @)-la (VI, VII) and the cis-2-butene 
complex @)-la (87 % total). Diastereomer assignments 
were based upon the NMR and stability properties 
described below. The (Z)-la was assumed to arise from 
trace quantities of cis-2-butene in the trans-&butene, 
although none could be detected by lH NMR. However, 
in view of the excess alkene employed, the greater 
nucleophilicity of cis-2-butene could lead to a dispropor- 
tionate amount of product.15 

Next, 2 and trans-3-hexene were combined in a NMR 
tube. After 10 days at  room temperature, only a very small 
amount of the corresponding complex (E)-lb was present, 
as assayed by 31P NMR. A sample that was kept for a 
brief period at  60 OC showed ca. 25 76 conversion to a 52:48 
mixture of RSS,SRRIRRR,SSS diastereomers (7.5, 7.0 
ppm). However, reaction of 2 and trans-stilbene was 
complete within 24 h at  room temperature. Workup of a 
preparative experiment gave (E)-lc as a 76:24 mixture of 
RSS,SRR/RRR,SSS diastereomers (53 % ). In all cases, 
no cis isomers were detected. 

As noted above, diastereomers of analogous monosub- 
stituted alkene complexes interconvert at  95 "C (111111, 
Scheme I). Thus, in order to both reduce reaction times 
and directly access equilibrium mixtures of diastereomers, 
samples of 2 and trans-2-butene, trans-&hexene, and 
trans-stilbene were kept at  85-95 OC for 12-20 h. Workup 
gave (E)-la-c in 86-9896 yields as >99-98:<1-2 mixtures 

(16) Many studies have shown that Km for the formation of cis-2- 
butene complexes is greater than that for the formation of tram-2-butene 
complexes: Herberhold, M. Metal r-Complexes; Elsevier: New York, 
1974; Vol. 11, Part 2, Chapter VIII. To our knowledge quantitative 
nucleophilicity comparisons are scarce, although the qualitative ordering 
cis > tram seems aasured from a variety of competition experiments that 
have appeared in the literature. 

Chart I. Summary of 1H Difference NOE 
Enhancements for Alkene Complexes (from 

Cyclopentadienyl Ligand Irradiation) 

3 4 %  <- 
H I  
I Re+ 

un21n-4 J 
B Fq' 

Vlll 
n - 5-8 

3.1 % < 0 
H I  

H BFq' 

Vla 
(RSS,SRR) 

of RSS,SRRIRRR,SSS diastereomers (Scheme 111).16 
However, under identical conditions trans-1,2-dichloro- 
ethylene gave, in addition to a spectroscopically detectable 
quantity of @)-la, a multitude of byproducts. The IR 
Y N O  values of (E)-la-c were consistently 3-10 cm-1 greater 
than those of (2)-la-c, and NMR data are analyzed below. 

A sample of trans-stilbene complex (E)-lc that had been 
prepared at  room temperature was chromatographed. One 
series of fractions was enriched in the less stable diaste- 
reomer (11:89 RSS,SRRIRRR,SSS). This mixture was 
dissolved in CDCl3 and kept at  room temperature. After 
2 days, the RSS,SRRIRRR,SSS diastereomer ratio had 
changed to 56:44. Thus, isomerization of the less stable 
diastereomer of (E)-lc is much more rapid than that of 
the corresponding styrene complex.% 

3. NMR Properties of Complexes. The NMR prop- 
erties of monosubstituted and cis-cycloalkene complexes 
of I have been studied in detail.31~ The 'H NMR resonances 
of groups that are syn to the cyclopentadienyl ligand on 
the C - C  carbon anti to the PPh3 ligand can be assigned 
by difference NOE experiments," as illustrated for 11, 
VIII, and IIIa in Chart I. In the cis complexes VIII, the 
=CH protons on the C=C carbons syn to the PPh ligand 
were shown to be upfield of those on the C=C carbons 
anti to the PPhs ligand. Hence, analogous assignments 
were made for the RSR,SRS diastereomers of cis complexes 
(2)-la-d, and in coalesced spectra in which these dia- 
stereomers provided the dominant contribution. For the 
phenyl and chloride substituted complexes (2)-lc,d, all 
=CH lH NMR couplings were resolved. Importantly, the 
=CH protons syn to the PPh3 ligand gave large J H ~  (11.6- 
13.7 Hz), but those anti to the PPh3 ligand gave small J H ~  
(11.5 Hz). 

The C = C  13C NMR resonances of alkene complexes of 
I exhibit differing 2 J ~ p   value^.^^^ That of the carbon syn 
to the PPh3 ligand is typically 4-6 Hz, whereas the other 
is <2 Hz. In room temperature '3C NMR spectra of (2)- 

(16) Separate NMR experimenta established thatdiastereomer ratioa 
were unaffected by workup, and that no independent thermal decom- 
position occurred. 

(17) Neuhaue, D.; Williamson, M. The Nuclear Ouerhaueer Effect in 
StnrcturalandCOnfOrmatiOhal Analyses; VCH: New York, 198P;Chapbr 
I. 
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Alkene Complexes of ~((rp-C6Hb)Re(NO)(PPhS)IS 

Chart 11. Methyl Resonance 1H NMR Chemical 
Shift Trends in Propene and Butene Complexes. 

2.07bH3C 8 kc H 

ON H PPh3 

0.65" 
1.89 HgC 

ON H PPh? 
1.70 - 
1.645, 1.58' 
IVa V I  

(RSR, SR5) (RRS,SSR) 

2.09 H3C &CH3 1.35 '"&-I 

ON H PPh3 ON H3C PPh3 
1.82 

Vlr VII. 
(RSSSRR) (RRR.SSS) 

1x0 X 

In CDCls and ambient probe temperature unless noted. See 
ref 3a for chemical shifts in CD2C12. At -74 OC. In CD2Cl2 at 
-100 OC. * In CD2C12; see ref 18. 

la-c, the downfield C = C  resonances (53.4-59.0 ppm) were 
either doublets or much broader than the upfield reso- 
nances (50.4-55.7 ppm), which were singlets. For both 
the RSR,SRS and RRS,SSR diastereomers of cis-1,2- 
dichloroethylene complex (2)- Id, the downfield C=C 
resonances were doublets (56.0, 58.3 ppm; J c p  = 7.9,B.B 
Hz), and the upfield resonances were again singlets (54.9, 
49.6 ppm). Thus, the downfield C = C  resonances were 
assigned to the carbons syn to the PPh3 ligand. 
As a check on these =CH group 'H and I3C NMR 

shielding trends, the downfield =CH 'H resonances of 
both diastereomers of (2)-ld were irradiated (6 5.50,6.10; 
supplementary material). In each case, the upfield =CH 
13C resonance was decoupled (54.9,49.5 ppm). Similarly, 
irradiation of the upfield =CH 'H resonances decoupled 
the downfield =CH 13C resonance. Significantly, this 
suggests that the = C H  'H and l3C NMR shielding trends 
also hold for the RRS,SSR series of diastereomers. 

Next, the = C H  'H NMR resonances of cis-2-butene 
complex (Z)-la were irradiated (supplementary material). 
This allowed syn and anti methyl 'H resonances to be 
assigned as shown in IVa, Chart 11. Then l3C NMR spectra 
were recorded while the methyl lH resonances were 
irradiated. These showed the upfield and downfield 
methyl groups (16.2,18.3 ppm) to be on the C-C carbons 
syn and anti to the PPh3 ligand, respectively. Thus, the 
syn/anti-methyl groups exhibit parallel lH and 13C NMR 
shielding trends, in contrast to the =CH groups. 
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Analogous data were sought for trans-alkene complexes 
(E)-la-c. First, a difference NOE experiment was con- 
ducted with the RSS,SRR diastereomer of trans-2-butene 
complex (E)-  la. Irradiation of the cyclopentadienyl 'H 
NMR resonance gave a 3.1 '3% enhancement in the down- 
field = C H  'H resonance (6 4.50), but none in the upfield 
resonance (6 3.08). Hence, the former was assigned to the 
=CH proton anti to the PPh3 ligand, as indicated in VIa 
(Chart I). The-CH lH NMR resonances of the RSS,SRR 
diastereomers of trans-3-hexene and trans-stilbene com- 
plexes (E)-lb,c were assigned similarly. No NOE en- 
hancements were observed in either methyl resonance 
(compare IIIa, Chart I). 

The RSS,SRR diastereomers of trans-2-butene and 
trans-stilbene complexes (E)-la,c exhibited resolved-CH 
lH NMR couplings. The downfield =CH 1H NMR 
resonances gave smaller JHP (61.7 Hz) than the upfield 
=CH resonances (5.4-7.6 Hz), consistent with the NOE 
result. The downfield C - C  13C NMR resonances of (E)-  
la-c (56.2-61.8 ppm) were either doublets ( J c p  = 5.3-3.1 
Hz) or much broader than the upfield resonances (50.2- 
56.3 ppm, 8). Hence, they were attributed to the carbons 
syn to the PPh3 ligand. 

Decoupling experiments with the RSS,SRR diastere- 
omer of trans-2-butene complex @)-la (supplementary 
material) allowed syn- and anti-methyl lH NMR reso- 
nances to be assigned as shown in VIa (Chart 11). Then 
13C NMR spectra were recorded while the methyl 'H 
resonances were irradiated. These showed the upfield and 
downfield methyl groups (22.4, 23.9 ppm) to be on the 
C-C carbonssyn and anti to the PPh3 ligand, respectively. 
Thus, the synlanti-methyl groups exhibit parallel lH and 
I3C NMR shielding trends, as found for @)-la. 

As a result of the small quantities produced, only partial 
NMR data were obtained for the RRR,SSS diastereomers 
of trans-2-butene and trans-3-hexene complexes (E)-la,b. 
For the former, methyl group lH NMR resonances were 
assigned as depicted in VIIa (Chart 11). This gave the 
best match with the methyl group shielding patterns 
exhibited by the RSR,SRS diastereomer of (,@la, the 
RSS,SRR diastereomer of @)-la, and related propene and 
isobutene complexes (IIa, IIIa, IX; Chart II).hJ* Com- 
plete NMR data were acquired for the RRR,SSS diaste- 
reomer of trans-stilbene complex (E)-lc. As in all of the 
above compounds, the downfield C = C  I3C resonance (54.2 
ppm) gave a larger J c p  (5.4 Hz) than the upfield resonance 
(50.5 ppm, s), and the upfield =CH 'H resonance (6 4.21) 
gave a larger JHP (7.8 Hz) than the downfield resonance 
(6 5.38,s). Hence, these were assigned to the =CH group 
syn to the PPhs ligand. 

Due to the small equilibrium concentrations present, 
only partial NMR data were obtained for the RRS,SSR 
diastereomers of (2)-la-c. For the cis-2-butene complex 
(Z)-la, methyl group lH resonances were assigned as shown 
in Va (Chart 11). Many other trends were apparent in the 
NMR properties of (23- and (E)-1. For example, the 31P 
resonances of the RRS,SSR diastereomers of (2)-la,c,d 
(10.8,5.8,6.9 ppm) were downfield of those of the RSR,SRS 
diastereomers (8.2, 3.7, 6.4 ppm). Similarly, the 31P 
resonances of the RSS,SRR diastereomers of (E)-la-c (7.7, 
7.5, 5.4 ppm) were downfield of those of the RRR,SSS 
diastereomers (7.1, 7.1, 4.0 ppm). 

(18) Roger, C.; Bodner, G. S.; Hatton, W. G.; Gladyez, J. A. Organo- 
metallics 1991, 10, 3266. 
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Scheme IV. Possible Pathways for the 
Interconversion of Diastereomers of cis-2-Butene 

Complex (&la 
A I A 1  

Pu et al. 

4. Variable Temperature NMR of cis-2-Butene 
Complex (2)-la. The NMR resonances of the two 
diastereomers of cis-alkene complexes (2)- la-c coalesced 
below room temperature, indicating facile equilibration. 
Importantly, the four sets of =CHR lH and 13C resonances 
in the low temperature limit collapsed to two in the high- 
temperature limit. Interconversion by alkene dissociation 
would simultaneously equivalence all =CHR resonances. 

Two distinct nondissociative pathways can be envi- 
sioned, as diagramed for the cis-2-butene complex (Z)-la 
in Scheme IV. These require either an in-plane rotation 
about the Re-(CuC) axis, or a C-C "face flip" in which 
the rhenium somehow transverses through the K nodal 
plane. The former, which has abundant precedent, 
coalesces the upfield methyl resonance of one diastereomer 
and the downfield resonance of the other. The latter, which 
has precedent in this series of compounds,% coalesces the 
upfield methyl resonance of one diastereomer and the 
upfield resonance of the other. 

Hence, variable-temperature 'H NMR spectra of (2)- 
la were recorded in CDzClz and CDC13, as shown in Figures 
1 and 2. However, pairs of coalescing methyl resonances 
were difficult to assign from 1D spectra due to broadening 
and the possibility of temperature-dependent chemical 
shifts. Furthermore, at  the high temperature limit, two 
methyl resonances were observed in CDC13, but only one 
in CDZClp. 

We sought to unambiguously assign the coalescing peaks 
by2D NMR exchange e~pe r imen t s . l~*~  First, spectra were 
acquired in CDzClz at  -95 "C (178 K). No off-diagonal 
resonances were observed, indicating no exchange or cross 
relaxation between any pair of methyl groups. Thus, the 
absence of cross relaxation can also be safely assumed at  
higher temperatures. Analogous spectra were recorded 
at  -60 "C (213 K), at  which temperature the methyl 
resonances in the 1D spectra were broadened and the 6 
0.65 resonance shifted to 6 0.80. Off-diagonal peaks 
indicative of methyl group exchange were now found, as 
shown in the bottom spectrum in Figure 1. 

Importantly, the off-diagonal peaks occurred only on 
the intercepts of the 6 2.04J0.80 and 1.58J2.28 methyl 
resonances. As analyzed above, this indicates that the 
(2)- la diastereomers preferentially equilibrate by rotation 
about the Re-(CuC) axis.21 Analogous spectra were 
acquired with longer mixing times (-60 "C, 0.010-1.000 8). 

(19) Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear 
Magnetic Resononce in One and Two Dimensions; Clarendon: Oxford, 
1987; Chapter 9. 

(20) (a) Huang, Y.; Macura, S.; Emst, R. R. J. Am. Chem. SOC. 1981, 
103,5328. (b) DiMeglio, C. M.; Ahmed, K. J.; Luck, L. A.; Weltin, E. E.; 
Rheingold, A. L.; Bushweller, C. H. J. Phys. Chem. 1992,96,8785. 

(21) A recent solid-state l*C NMR study of ethylene absorbed on a 
silver surface has ale0 established that rotation about the M - (CUC) axie 
has a lower energy barrier t h a n a C 4  "face flip". However, both dynamic 
processes occur rapidly at room temperature: Wang, J.; Ellis, P. D. J. 
Am. Chem. SOC. 1993,115, 212. 

318 K 

273 K 

253 K 

248 K 

243 K 

233 K 

213 K 

L 

n 

I 

* 

0.6 1 I 

1.2 

s 1 
1.8 l a  
2.4 

6 
Figure 1. 1H NMR spectra of (Z)-la in CD2C12: top, 1D 
spectra at several temperatures; bottom, chemical exchange 
map (mixing time 0.005 8, 213 K). 

No additional off-diagonal peaks were observed. Standard 
analysis using the initial slope approximation gave rate 
constants for the exchange of each pair of methyl groups 

1.58J2.28: kl = 15.8 f 2.7 s-l, kl = 7.28 f 1.25 s - ~ ) . ~ ~  These 
gave the AG* summarized in Table I(ll.l-11.5 kcallmol). 

Using the relationships established by the 2D NMR 
spectra, AG* were also calculated from the 1D NMR 
spectra in Figure 2.2s These agreed with the values from 
the 2D NMR experiments, as well as those obtained from 
the NMR PPh resonances (8.20/10.77 ppm), which 
coalesced a t  -27 "C or 246 K (Table I). Although the 
uncertainties in coalescence temperatures in Figure 2 were 
greater than normal (f5 "C), they translated into relatively 
small error limits. From the frequency difference between 
the two methyl resonances in the high temperature limit, 
a lower bound of 16.3 kcaVmol (60 "C or 333 K) was 
calculated for the AGS of any process capable of effecting 

(6 2.04J0.80: k l  = 16.4 f 3.1 s-', k-1 6.34 f 1.20 E-'; 6 

(22)Rate constants were determined from the s l o p  of plota of 

0.010, 0.020 s), and are represented with 95% confidence limits aa 
calculated by the program Statview (Abacus Concepta, Inc., Berkeley, 
CA, 1992). Standard deviations are Al.1, 0.43, 1.0, and 0.45 8-1, 
respectively. See ref 19, pp 5 1 .  

(23) SandstrOm, J. Dynumrc NMR Spectrometry; Academic Press: 
New York, 1982 (a) Chapter 7; (b) pp 53-59. 

normalized CrOse-pak V O h "  (&(r&/&) v8 ti" (rm; 0.006, 
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A1 kene Complexes of [($ - Cfi.5) Re (NO) (PPhdI + 

293 K 

268 K 

258 K 

251 K 

245 K 
A 

241 K 

235 K 

221 K 

2 . 4  2 . 2  2 . 0  1 . 8  1 . 6  1 . 4  1 . 2  1 . 0  
6 

Figure 2. 'H NMR spectra of (23-1s in CDC13 at several 
temperatures. 

further methyl group exchange. Apparently, the chemical 
shifts of the coalesced pairs of methyl resonances are 
accidentally degenerate in the high-temperature limit in 
Figure 1.24 

5. Variable Temperature NMR of Other Complex- 
es. The dynamic NMR properties of the other cis-alkene 
complexes were examined. The methyl 'H resonances of 
the diastereomers of cis-3-hexene complex ( a - l b  coalesced 
a t  -2.9 "C or 270 K (6 1.24/0.88) and 0.7 "C or 274 K (6 
0.60/1.35) in CDCl3. These data gave AG* of 12.8-12.6 
kcal/mol(270-274 K) for the conversion of the less stable 
RRS,SSR diastereomer to the more stable RSR,SRS 
diastereomer, as summarized in Table I. The cyclopen- 
tadienyl lH resonances of the diastereomers of cis-stilbene 
complex (Z)-lc coalesced at  7.0 "C or 280 K in CDCl3. 
Thisgave a AG* of 13.2 kcaVmol(280 K) for the conversion 
of the RRS,SSR to the RSR,SRS diastereomer (Table I). 

The diastereomers of cis-1,2-dichloroethylene complex 
(Z)-ld exhibited distinct seta of NMR resonances at  room 
temperature. We sought to establish whether they also 
readily interconverted. This would allow the 59:41 ratio 
in Scheme I to be represented as an equilibrium constant. 
Accordingly, when the 6 5.50 = C H  lH NMR resonance of 
the RSR,SRS diastereomer was irradiated, the intensity 

(24) Ae an additional check, a 2D NMR spectrum was acquired at -35 
O C .  Themethylr~nancecloftheRSR~RSdiaetereomer were broadened, 
but no off-diagonal peak indicative of independent exchange waa detected. 

Organometallics, Vol. 12, No. 7, 1993 2691 

of the 6 5.04 =CH 'H resonance of the RRS,SSR 
diastereomer diminished (supplementary material). Ir- 
radiation of the other three =CH 'H NMR resonances 
gave analogous behavior. Patterns were consistent with 
saturation t r a n ~ f e r ~ 3 ~  between diastereomers via rotation 
about the Re-(C-C) axis. Also, the PPh3 31P NMR 
resonances of the diastereomers broadened and began to 
coalesce in C~DSCI at  76 "C or 349 K. However, partial 
decomposition occurred, and accelerated at  higher tem- 
peratures (ca. 50%, 90 "C). These data bounded the AG* 
for diastereomer interconversion as 117.5 kcal/mol (349 
K) . 

In complexes of I and symmetrical trans-alkenes, rota- 
tion about the Re-(C-C) axis equivalences the =CHR 
substituents, as diagramed in Scheme V. Accordingly, 
the methyl lH NMR resonances of the RSS,SRR diaste- 
reomer of trans-Qbutene complex (E)-la coalesced at  124 
"C or 397 K in CsDsCl. This gave a AG* of 18.6 kcal/mol 
(397 K) for methyl group exchange (Table I). Importantly, 
partial decomposition occurred near the coalescence 
temperature to give some free trans-2-butene (6 1.65 d, J 
= 4.7 Hz, CH3). Since the bound trans-2-butene gave a 
distinct resonance (6 1.81 br d), a dissociative exchange 
mechanism can be excluded. Similar results were obtained 
in CDC12CDCl2. Further heating to 155 "C gave complete 
decomposition without additional coalescence. 

The RSS,SRR diastereomer of trans-stilbene complex 
(E)-lc exhibited two =CH lH and 13C NMR resonances, 
and eight CPh 13C resonances, a t  room temperature. The 
=CH 'H resonances broadened and began to coalesce at  
120 "C or 393 K in CeDsC1. However, complete decom- 
position occurred at  135 "C. Thus, AG* for rotation about 
the Re-(C-C) axis is a t  least 17.6 kcal/mol(393 K). The 
RRR,SSS diastereomer of (El-lc gave only one =CH 1H 
and 13C NMR resonance, and four CPh 13C resonances, a t  
room temperature. However, the number of resonances 
doubled at  -70 "C. The =CH 'H resonances coalesced at  
-15 "C or 258 K in CDC13, giving a AG* of 11.6 kcal/mol 
(258 K) for Re-(CuC) rotation (Table I). 

6. Crystal Structures of cis- and trans-2-Butene 
Complexes la. X-ray data were collected on solvates of 
(2)-la and the RSS,SRR diastereomer of (E)-la as outlined 
in Table 11. Refinement gave the structures shown in 
Figures 3 and 4. The butene ligand = C H  hydrogens were 
located. Atomic coordinates, and selected bond lengths, 
bond angles, and torsion angles, are summarized in Tables 
I11 and IV. 

Figure 3 shows that (Z)-la crystallizes as a RSR,SRS 
diastereomer, consistent with the major isomer present in 
solution, and adopts a Re-(CuC) conformation close to 
that of idealized rotamer IV. In IV, the Re-C-C plane 
defines angles of 0" and &goo, respectively, with the R e P  
and Re-N bonds. In (2)-la, the corresponding angles were 

12.3" and 69.5". The angle of the Re-C-C plane with 
that defined by the cyclopentadienyl centroid, rhenium, 
and C-C centroid also provides a measure of alkene 
ligand conformation. This angle is 45" in IV, and was 
calculated to be 64.2" in (2)-la. 

The alkene substituents in (Z)-la were markedly bent 
out of the a nodal plane of the free alkene. In order to 
quantify this feature, a plane was defined that contained 
the CuC carbons (Cl, C2) but was perpendicular to the 
Re-CUC plane. The angles of the C1-H1, Cl-C4, C2- 
H2, and C2-C3 bonds with this plane were 36.2", 25.7", 

- 
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Table I. Summary of Dynamic NMR Data for Diastereomeric Symmetrical Alkene Complexes 
[ ($-CSHs)Re(NO) (PPM (RHC=CHR)I+BF4- ( 1) 

coalescing resonances 
"pd solvent (chemical shift, ppm) Av, Hz (T, K)" Tc, K AP AG+,E kcal/mol 

CDCl3 'H CHj (1.64/2.36)d 214.7 (199) 24 1 0.688 11 .1  A0.2 

'H CH3' (2.13/0.99)d 276.7 (199) 245 0.678 11.0 A 0.2 

CDzC12 31P PPh3 (8.20/10.77)d 311.1 (173) 246 0.372 1 1 . 1  A 0.1 

CDzClp 'H CH3 ( ~ 5 8 / 2 . 2 8 ) ~  1 1 . 1  

'H CH3' (2.04/0.80)6 1 1 . 1  

11.8 0.2' 

11.7 A 0.2e 

(Z)-la 

'H CH3" (1.90/1.70) 58.2 (293) >333 <0.02 >l6.3f 

11.4 A 0.1' 

11.5' 

11.5' 
(Z)-lb CDCl3 'H CHo (1.24/0.88)d 

'H CH,' (0.60/1.35)d 

(Z)-lc CDClp 'H C5H5 (6.01/5.55)d 

C&Cl O'P PPh3 (6.40/6.71)d 
'H CHI (2.10/1.41) 

(z)- ld 
(Ebla CsDsCl . _  . .  , . 

(RSSJRR) 
(E)-lC CsD5CI 'H =CH (6.44/4.51) 
(RSSSRR) . ,  
(E)-lc CDCl3 'H - C H  (5.38/4.21) 
(RRRJSS) 

108.9 (21 1) 270 0.700 12.8 A 0.1 

224.4 (211) 274 0.700 12.6 0.1 

138.5 (203) 280 0.869 13.2 A 0.1 

13.5 A O.le 

13.3 0.1' 

14.3 A 0.1' 
37.8 (283) >349h 0.070 >17.5 

207.8 (298) 397h <0.02 18.6 A 0.1 

576.9 (298) >393h <0.02 > 17.6 

354.0 (203) 258 <0.02 11.6AO.l 

0 Frquency difference at the low temperature limit (T )  for the two resonances that coalesce at T,. AP = PI - Pz, where PI and Pz are normalized 
areas of the two coalescing resonances, as determined by integration of the low-temperature-limit spectrum. At T,; error limits correspond to an 
uncertainty of A2 K in T,, except with the 'H data for (Z)-la in CDCll (A5 K); see ref 23a. Major (RSRJRS) diastereomer/minor (RRSJSR) 
diastereomer. For the conversion of the major diastereomer to the minor diastereomer. /Lower bound for any process that can exchange the two 
coalesced CH3 and CHI' resonances. Data from 2D NMR exchange experiments (213 K). Some decomposition occurs at this temperature. 

Scheme V. Possible Degenerate and Nondegenerate 
Isomerizations of Symmetrical trans-Alkene 

Complex (E)-1 

I I I 
VI VI1 

(RSS,SR@ (RRR,SSa 

13.8", and 19.3', respectively. These would be 0' in an 
idealized sp2 hybridized alkene. The C-Cl-C2-H 
torsion angles (136', -120') also differed from that of the 
free alkene (180'). In this context, the informative but 
derivationally more complex a, 0, and 8' angles utilized 
by Ibers were also calculated (89.5', 51.7', 36.3°).25 

Figure 4 shows that the RSS,SRR diastereomer of (E)-  
la adopts a Re-(CuC) conformation similar to that of 

idealized rotamer VI. The Re-C-C plane gave angles of 
22.6', 66.4', and 71.8", respectively, with the Re-P bond, 
Re-N bond, and the plane defined by the cyclopentadienyl 
centroid, rhenium, and CuC centroid. The alkene sub- 
stituents in (E)-la were also markedly bent out of the P 
nodal plane of the free alkene. A plane was again defined 
that contained C1 and C2 but was perpendicular to the 
n 

Re-C-C plane. The angles of the C1-H1, Cl-C4, C2- 
H2, and C2-C3 bonds with this plane were 25.0°, 18.2', 
19.5O, and 16.8", respectively. The C4-Cl-C2-C3 torsion 
angle (-139') also differed greatly from that of the free 
alkene (180'1, and the Ibers a, 0, and 8' angles were 
calculated (71.9', 51.3', 57.5'). 

Discussion 
1. Kinetic and Thermodynamic Alkene Binding 

Selectivities. The diastereomers of cis-alkene complexes 

- 

(26) Ittel, S. D.; Ibers, J. A. Adu. Organomet. Chem. 1976, 14, 33. 

(2)-la-d (IV, V; Scheme 11) readily interconvert at  room 
temperature ((Z)-ld) or below ((2)-la-c). Since syntheses 
require extended periods between -45 'C and room 
temperature, it is not possible to measure kinetic alkene 
binding selectivities. However, the thermodynamic bind- 
ing selectivities increase as the sizes of the C-C substit- 
uents increase. In our earlier studies of analogous cis- 
cycloalkene complexes (VIII, Chart 1): all NMR data 
were acquired at  room temperature. Thus, we recorded 
31P NMR spectra in CDCl3 at  low temperatures. In all 
cases, two resonances were observed at  -70 'C. Ratios 
ranged from 95:5 for cyclopentene (8.98/10.92 ppm) to 
85:15 for cyclooctene (9.74D0.67 ppm), with coalescence 
temperatures near -50 "C. Hence, this class of complexes 
exhibits similar diastereomeric equilibria. 

Importantly, alkyl-substituted cis-alkene complexes of 
I give lower equilibrium ratios of diastereomers than the 
corresponding monosubstituted alkene complexes. Thus, 
the IVa/Va ratio for cis-2-butene complex (Z)-la (70- 
84:30-16, -60 to -100 "C; Scheme 11) is less than the IIa/ 
IIIa ratio for the analogous propene complex (96:4,96 
100 'C; Scheme I).Sb The cis-3-hexene complex (Z)-lb 
and the related l-pentene complex show a similar trend 
(85:15 vs 97:3). Hence, differences in the free energies of 
diastereomeric alkyl-substituted cis alkene complexes are 
smaller than those of the corresponding diastereomeric 
monosubstituted alkene complexes. 

This indicates that the addition of a cis C=C alkyl 
substituent to I1 is slightly destabilizing relative to the 
addition of a cis C = C  alkyl substituent to 111. In other 
words, on the C = C  terminus syn to the PPh3 ligand, an 
alkyl substituent anti to the cyclopentadienyl ligand 
("down" in IV) is slightly destabilizing relative to a 
substituent syn to the cyclopentadienyl ligand ("up" in 
V). This follows from the congested nature of the interstice 
between the PPh3 and nitrosyl ligands.l0 However, the 
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Table 11. Summary of Crystallographic Data for the cis and traos-2-Butene Complexes (Z)-la.(CH2C12) and (E)-la.(C&)o~ 
( R W R R  Diastereomer) 

compound 
molecular formula 
formula weight 
crystal system 
space group 
cell dimensions 

a, A 
b, A 

Z' 
dalcd, g/cm3 (15 "C) 
doh, g/cm3 (22 "C) 
crystal dimensions, mm 
diffractometer 
radiation, A 
data collection method 
scan speed, deg/min 
range/indices (hkl) 
scan range 
no. of reflections between stds 
total no. of unique data 
no. of observed data, I > 3 4 4  
abs coeff (p) ,  cm-1 
% minimum transmission 
% maximum transmission 

A/a (max) 
Ap (max), e/A3 

'2 

(a- la.( CHzCI2) 
C Z ~ H ~ ~ B C I ~ F ~ N O P R ~  
771.44 
monoclinic 
P2dn 

12.030(1) 
22.430( 1) 
11.385( 1) 
101.06(1) 
3014.99 
4 
1.699 
1.706 
0.35 X 0.25 X 0.15 
Syntex P1 
X(Mo Ka) = 0.710 73 
8-28 
2.0 
0-14,0-26, -13 to +13 
Kal-1.3 to Ka2 +1.6 
98 
5852 
5559 
43.62 
67.30 
99.00 
353 
0.0408 
0.0438 
3.1606 
0.002 
1.589 (-0.925 A from Re) 

(E)-WCdWo.s  
C B . ~ H ~ ~ B F ~ N O P R ~  
722.59 
monoclinic 

28.703(8) 
14.454(3) 
14.510(4) 
109.64(2) 
5669.94 
8 
1.693 
1.685 
0.23 X 0.20 X 0.17 
Enraf-Nonius CAD-4 
X(Mo Ka) = 0.709 30 
8-29 
variable (1.0-8.0) 
0-32,0-16, -15 to +15 
0.80 + 0.34 tan 8 
1 X-ray h 
4759 

44.48 
71.87 
99.80 
353 
0.0360 
0.0393 
0.5873 
0.002 
0.785 

2820 

cis-stilbene complex (2)-lc gives a IVc/Vc equilibrium 
ratio (93:7) similar to the IIc/IIIc ratio of the corre- 
sponding styrene complex (9010). 

The diastereomers of trans-alkene complexes (E)-la-c 
(VI, VII; Scheme 111) interconvert with much higher 
barriers. Thus, syntheses conducted at  lower temperatures 
give nonequilibrium diastereomer ratios. Possible origins 
of the lower kinetic selectivities have been discussed 
earlier.3c The greatest difference is observed with trans- 
3-hexene complex (E)-lb, for which a 52:48 VIb/VIIb 
mixture is obtained after 25% conversion at  60 "C. The 
much faster reaction of 2 and trans-stilbene suggests that 
a phenyl ring may be the kinetic binding site. 

For all three trans alkene complexes, the VI/VII 
equilibrium ratios (99:1, >99:1,98:2; Scheme 111) are higher 
than the II/III equilibrium ratios of the corresponding 
monosubstituted alkene complexes (96:4, 97:3, 90:10, 
Scheme I)." Thus, diastereomeric trans-alkene complexes 
exhibit greater free energy differences. This trend is 
complementary to that of cis-alkene complexes (2)-la,b, 
and shows that on the C=C terminus syn to the PPh3 
ligand the substituent position in VI1 is destabilizing 
relative to that in VI. Thus, relative to monosubstituted 
alkenes, trans-alkenes give slightly enhanced thermody- 
namic binding selectivities, and cis-alkenes generally give 
slightly diminished thermodynamic binding selectivities. 

To our knowledge, I is the only chiral receptor found 
to date that is capable of binding one enantioface of 
symmetrical trans-alkenes with high thermodynamic 
selectivities. Other chiral metal fragments for which 
diastereomeric trans-2-butene complexes have been re- 
ported are illustrated in Chart III.2d+26 As explicitly 

demonstrated with the corresponding monosubstituted 
alkene complexes,3 all of the compounds described herein 
should be readily available in enantiomerically pure form. 
Thus, there are numerous possibilities for enantioselective 
syntheses of organic molecules.27 

2. Isomerization of Alkene Complexes. As shown 
in Table I, the barriers for isomerization of the less stable 
RRS,SSR diastereomers of cis-alkene complexes (2)-la-c 
to the more stable RSR,SRS diastereomers increase as 
the size of the =CHR substituent increases (R = CH3, 
C2H6, C6H6: 11.0-11.1,12.6-12.8,13.2 kcal/mol). The 2D 
NMR experiments with cis-2-butene complex (2)-la, and 
the spin saturation data for cis-1,2-dichloroethylene 
complex (2)-ld, show that isomerization occurs by a simple 
180" rotation about the Re(CYC) bond axis.21 In all 
cases, ?r back-bonding should diminish along the reaction 
coordinate. Thus, the higher barrier of the cis-l,2- 
dichloroethylene ligand p17.5 kcal/mol) can be attributed 
to its superior ?F acidity, which stabilizes the ground state 
more than the transition state. 

Rotation about the Re(C-C) axis of trans-alkene 
complexes (E)-1 is, in contrast to cis-alkene complexes 
(a-1, a degenerate process. These barriers also exhibit 
several interesting trends (Table I). For example, that of 
the RSS,SRR diastereomer of tram-%-butene complex (E)- 
la (18.6 kcal/mol) is much higher than that of cis-Bbutene 
complex (Z)-la (11.0-11.8 kcal/mol). We propose the 
following explanation. The interconversion of 2 isomers 
IV and V in Scheme I1 can be accomplished by sequential 
passage of the =CHR substituents over the medium-sized 
cyclopentadienyl ligand. No transit over the bulky PPh3 
ligand is required. However, the interconversion of 

(26) (a) Boucher, H.; Bosnich, B. J.  Am. Chem. SOC. 1977,99,6253. (b) 
Shinoda, S.; Yamaguchi, Y.; Saito, Y. Znorg. Chem. 1979,18,673. 

(27) For additions of alkyl copper nucleophiles, seePeng,T.-S.; Ghdysz, 
J. A. Tetrahedron Lett. 1990,31, 4417. 
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C13 

C26 C25 

LI I 
1 7 4 . 0 9  1, f&.Ss\ 
c2 . . 91 
0.62 A 0.80 A 

Figure 3. Structure of the cation of cis-2-butene complex 
(RSR,SRS)- [(v5-C5HdRe(NO) (PPh3)(H3CHC=CH- 
CHs)I+BF,- ((RSR,SRS)-la): top, numbering diagram; mid- 
dle, Newman-type projection with phenyl rings omitted; 
bottom, view of Re-CuC plane. 

n 

degenerate rotamers of tram complexes (Scheme V) 
requires, at  some stage, the passage of a=CHR substituent 
over the bulky PPh3 ligand. Thus, barriers are generally 
higher. 

This comparison holds for stilbene complexes (2)-lc 
and the RSS,SRR diastereomer of (E)-lc (12.8-13.5 vs 
>17.6 kcal/mol). However, the rotational barrier of the 
less stable RRR,SSS diastereomer of (E)-lc (11.6 kcal/ 
mol) is lower than either of these compounds. Since 
substituents are forced into the least favorable position 
on each C-C terminus in RRR,SSS, diastereomers, we 
suggest that the low barrier is primarily due to ground- 
state strain. The transition states for the two (E)-lc 
diastereomers would likely involve comparable repulsive 
interactions between eclipsing =CH phenyl groups and 
PPh3 ligands, with the configuration at  the opposite =CH 
terminus of secondary energetic importance. Ground-state 
strain (and/or ?r acidity effects) may also contribute to the 

CLS 

C13 

C19 

172.19 f7l.O0\ 

0.69 A 0.73 A 
c 2  91 

Figure 4. Structure of the cation of trans-2-butene complex 
(RSS,SRR)-[(v6-C5Hs)Re(NO)(PPh3) (H3CHC=CH- 
CHs)l+BFd- ((RSS,SRR)-la): top, numbering diagram; mid- 
dle, Newman-type projection with phenyl rings omitted; 
bottom, view of Re-CUC plane. 

n 

lower rotational barriers of (2)-la-c compared to the 
corresponding ethylene complex (16.4 kcal/mol).3* 

We presently have no information on the mechanism 
by which the RRR,SSS diastereomers of (E)-la-c isomerize 
to RSS,SRR diastereomers. With analogous monosub- 
stituted alkene complexes (11, 111) this process is non- 
dissociative, and based upon an extensive series of 
experiments an intermediate C-H ''u bond" complex has 
been proposed.3c The isomerization of trans-stilbene 
complex (E)-lc is much faster than those of monosub- 
stituted alkene complexes, and a mechanistic study is 
planned. 

3. Other Spectroscopic and Structural Properties. 
The NMR data presented above establish a number of 
useful correlations that will be important in studies of 
complexes of I and other classes of alkenes.'jI6 For example, 
with all of the diastereomers IV-VI1 in Scheme I (a) the 
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Table III. Atomic &ordinates for (Z)-la.(CH2C12) and (E)-~~*(CSHIZ)O.S 
(2) - h (  CH&I,) (E)-WC~HIZ)O.S 

atom X Y z X Y z 
Re 
P 
F1 
F2 
F3 
F4 
0 
N 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10 
c11  
c12  
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
B 
c11 
c12 
H1 
H2 

0.70905(3) 
0.8224(2) 
0.5029(6) 
0.3287(7) 
0.4381(8) 
0.4666( 8) 
0.8110(8) 
0.7648(7) 
0.5638(8) 
0.5279(8) 
0.497( 1) 
0.562( 1) 
0.816( 1) 
0.753(1) 
0.638( 1) 
0.627( 1) 
0.742( 1) 
0.9532(7) 
1.0259(8) 
1.1247(9) 
1.1 5 20( 9) 
1.080( 1) 
0.9801(8) 
0.763 l(7) 
0.7052(8) 
0.6640(8) 
0.6752(8) 
0.7319(9) 
0.7763(8) 
0.8771(7) 
0.9771(8) 
1.0176(8) 
0.9582(9) 
0.8621(9) 
0.8219(8) 
0.638( 1) 

0.4308(6) 
0.7670(3) 
0.6376(3) 
0.5000 
0.4707 

0.78 13 l(2) 
0.87 12( 1) 
0.1635(4) 
0.1354(5) 
0.1556(5) 
0.0780(4) 
0.7317(4) 
0.7549(4) 
0.8450(5) 
0.7849(6) 
0.7568(7) 
0.8865(7) 
0.7348(5) 
0.7780(5) 
0.7641 ( 5 )  
0.7111(5) 
0.6930(5) 
0.8629(4) 
0.8165(5) 
0.8079(6) 
0.8451(6) 
0.8900(6) 
0.8992(5) 
0.9407(4) 
0.9393(4) 
0.9919(5) 
1.0455(4) 
1.0469(5) 
0.9945(4) 
0.8900(4) 
0.9231(4) 
0.9409( 5) 
0.9253(5) 
0.8915(5) 
0.8735(5) 
0.0391(8) 

0.1336(3) 
0.0561 (2) 
0.0366(2) 
0.8613 
0.7793 

0.94111(3) 
0.9778(2) 
0.4763(7) 
0.4750(7) 
0.6429(7) 
0.5453(8) 
1.1734(6) 
1.0839(7) 
0.9579(9) 
0.961 (1) 
1.067( 1) 
1.056( 1) 
0.8222(9) 
0.7507(9) 
0.7401(9) 
0.807(1) 
0.852(1) 
0.9207(8) 
0.9659(9) 
0.924( 1) 
0.838( 1) 
0.793( 1) 
0.8334(9) 
0.9099(8) 
0.7905(8) 
0.7352(8) 
0.797( 1) 
0.914(1) 
0.9717(8) 
1.1355( 7) 
1.1633(8) 
1.2817(9) 
1.3696(9) 
1.3436(9) 
1.2260(8) 
0.366(1) 

0.5347(6) 
0.4519(3) 
0.2157(3) 
0.8887 
0.8594 

C-C 13C NMR resonance of the carbon syn to the PPh3 
ligand is downfield of that anti to the PPh3 ligand, and 
gives a larger Jcp; (b) the lH NMR resonance of the =CH 
group syn to the PPh3 ligand is upfield of that anti to the 
PPh3 ligand, and (when resolved) gives a larger JHP. The 
lH NMR chemical shifts of the methyl groups in diaster- 
eomeric 2-butene, propene, and isobutene complexes of I 
follow the shielding patterns summarized in X (Chart 11). 
Many trends other than those explicitly noted above can 
also be discerned. 
As expected from the resonance forms in Scheme I, the 

C-C bond lengths in crystalline 2-butene complexes (2)- 
la and (E)-la [1.417(9), 1.42(2) AI are between those of 
the CHz-CHz bond in n-butane [1.531(2) and the 
C=C bonds in the free alkenes [1.348(1), 1.347(3) AI .28 In 
(Z)-la, the Re-Cl bond is longer than the R e C 2  bond 
[2.293(7) vs 2.234(6) AI, and the Re-Cl4.72 angle is smaller 
than the Re-C2-C1 angle [69.5(4)' vs 74.0(4)'1. Thus, 
the cis-&-butene ligand is not bound symmetrically, but 
is "slipped" slightly toward C2. However, the correspond- 

(28) Calloman, J. H.; Hirota, E.; Iijima, T.; Kuchitau, K.; Lafferty, W. 
J. In Landolt-Bbrnatein Numencal Data and Functional RelotLonship 
in Science and Technology; Madelung, O., Ed. in Chiefi Spring-Verlag: 
New York, 1987; Vol. 15; Structure Data of Free Polyatomic Molecules; 
Hellwege, K.-H.; Hellwege, A. M., volume Eds.; p 428,442,478. 

0.13053( 1) 
0.10518(9) 
0.2280(3) 
0.2175(4) 
0.1637(4) 
0.1686(4) 
0.0653(3) 
0.0895(3) 
0.0822(4) 
0.0862(4) 
0.0443(4) 
0.1063(5) 
0.2099(4) 
0.2077(4) 
0.1963(4) 
0.1922(4) 
0.2012(4) 
0.1165(4) 
0.07 8 3 (4) 
0.0887(5) 
0.1356(6) 
0.1739(5) 
0.1643(4) 
0.0401 (3) 
0.0043(3) 

-0,0448 (4) 
4.0595(4) 
4).0244(4) 
0.0244(4) 
0.1 366(4) 
0.1510(4) 
0.1734(5) 
0.1808(5) 
0.1675( 5 )  
0.1447(4) 
0.0533(5) 
0.0266(6) 

-0.0498( 5 )  
0.1953( 5 )  

0.0488 
0.1074 

0.1 106 l(3) 
0.2474(2) 

4.1717(7) 
-0.2944(7) 
4,1906(8) 
4.268(1) 

0.1635(7) 
0.1425(6) 
0.0414(8) 

4 . 0  168( 8) 
-0).0352(9) 
0.0 1 33(9) 
0.162 1 (9) 
0.086( 1) 
0.009( 1) 
0.039( 1) 
0.1 31( 1) 
0.2464(8) 
0.2459(9) 
0.245(1) 
0.245( 1) 
0.243(1) 
0.246(1) 
0.2785(7) 
0.2221 (8) 
0.2492(9) 
0.3303(9) 
0.387( 1) 
0.3624(8) 
0.3501 (8) 
0.4200(8) 
0.4995(9) 
0.509( 1) 
0.442( 1) 
0.3616(8) 
0.5 1 77 (9) 
0.584( 1) 
0.532( 1) 

-0.229( 1) 

0.0625 
-0.0820 

0.49826(3) 
0.5654(2) 
0.7649(6) 
0.6756(9) 
0.6327(7) 
0.7556(8) 
0.3023(5) 
0.3832(5) 
0.5716(7) 
0.4958(8) 
0.4036(9) 
0.6775(8) 
0.557(1) 
0.6136(8) 
0.554(1) 
0.460( 1) 
0.4642(8) 
0.6964(7) 
0.7350(8) 
0.8339(9) 
0.8954(8) 
0.8601(9) 
0.7611(9) 
0.5139(7) 
0.4499(7) 
0.4150(8) 
0.4433(8) 
0.5076(9) 
0.541 5(8) 
0.5453(8) 
0.612(1) 
0.592(1) 
0.506( 1) 
0.438(1) 
0.456( 1) 
0.2747(9) 
0.773(1) 
0.732( 1) 
0.706( 1) 

0.5625 
0.5214 

ing bond lengths and angles are identical within experi- 
mental error in the trans complex (E)-la. 

Monosubstituted alkene complexes of I usually show a 
small amount of slippage in the opposite d i r ec t i~n .@~#~  
We speculate that in 1,2-disubstituted alkene complexes 
of I, steric repulsion between the PPhs ligand and syn 
=CHR terminus serves to slightly lengthen the corre- 
sponding R e 4  bond. The crystal structure of the 
methy lcyclopentadienyl cyclopentene complex [ ($-C& 

CHs)Re(NO)(PPhs)CH=CH(CH2)31+BF4- (4) has also 
been determined! It exhibits equal Re-C bond lengths. 

The 2-butene ligand conformations in crystalline (2)- 
la and @)-la deviate from those shown in idealized 

structures IV and VI. The angles of the Re4-C planes 
with the Re-P and Re-N bonds, which are Oo and f90° 
in IV and VI, provide one of several measures. In (,@la, 
these angles (12.3O, 69.5O) are comparable to those of 
cyclopentene complex 4 ( 8 . 8 O ,  73.6'), and monosubstituted 
alkene complexes of I (15-18', 71-70°).*b*6 In all cases, 
the deviation is in a counterclockwise torsional direction 
from the projections in Scheme I. The distortion in (E)- 
la (22.6O, 66.4O) isthelargestobservedtodate. Wesuggest 
that this is driven by repulsion between the PPh3 ligand 
and the syn = C H  methyl group (C4). Indeed, when (2)- 

- 
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Table IV. Selected Bond Lengths (A), Bond Angles (des), 
and Torsion Angles (deg) in (Z)-la.(CH2Cl2) and 

(E~-~~Q(C~HI~)OJ 

Pu et al. 

Re-P 
Re-N 
R e C l  
R e C 2  
RGC5 
R e C 6  
R e 4 7  
R e 4 8  
R e 4 9  
P-ClO 
P-Cl6 
P-C22 
0-N 
Cl-c2 
C1-C4 
C2-C3 
C5-C6 
c 5 4 9  
c d c 7  
C7-C8 
C8-C9 

P-RGN 
P-ReC 1 
P-RGC2 
N-ReC 1 
N-Re-C2 
Cl-ReC2 
Re-P-ClO 
Re-Pa16 

Re-N-O 
R&l-C2 
Re-Cl-C4 
C2-Cl-C4 
R e 4 2 4 1  
RGC2-C3 
Cl-C2-C3 
c d c 5 - C 9  
c5-c6-c7 
C6-C7-C8 
C7-C8-C9 
C5-C9-C8 

ReP-C22 

C4-C 1-C2-C3 
C4-C 1-C2-H2 
H 1-C 1-C2-C3 
Hl-Cl-C2-H2 

2.293(7) 
2.234(6) 
2.286(7) 
2.3 29 (6) 
2.317(6) 
2.286(7) 
2.291(6) 
1.824(5) 
1.823(5) 
1.839(5) 
1.184(6) 
1.41 7(9) 
1.454(9) 
1.471(9) 
1.39 l(9) 
1.377(9) 
1.406(9) 
1.428(9) 
1.44( 1) 

9 1.1(2) 
83.1(2) 

118.7(2) 
107.3( 2) 
97.3(2) 
36.4(2) 

110.4(2) 
118.5(2) 
116.3(2) 
170.9(5) 
69.5 (4) 

125.8(5) 
122.8(6) 
74.0(4) 

118.0(5) 
123.5(7) 
108.6(7) 
108.0(6) 
109.2(6) 
104.4(6) 
109.7(6) 

136 
-120 

23 

- 7 ~  

2.25( 1) 
2.23(1) 
2.27(2) 
2.31( 1) 
2.31(2) 
2.27(2) 
2.26(2) 
1.82(1) 
1.82(1) 
1.81(2) 
1.18(1) 
1.42(2) 
1.51(2) 
1.49(2) 
1.39(2) 
1.36(3) 
1.38(3) 
1.40(3) 
1.35(3) 

88.4(4) 
81.7(4) 

115.7(4) 
104.2(6) 
90.3 (6) 
37 .O( 5)  

1 l6.2(5) 
116.3(5) 
1 1  1.8(5) 
174(1) 
71.0(8) 

117(1) 
120(1) 
72.1(8) 

116(1) 
123(1) 
107(2) 
109(2) 
106(2) 
108(2) 
1 lO(2) 

-139(1) 
0 

-7 
131 

Chart 111. Binding Selectivities of Other Chiral 
Metal Fragments and trans-2-Butenea6 

60 : 40 50 : 50 53 : 47 

la and @)-la are superimposed via their N-Rep linkages 
in stereo, the conformational "response" of the PPb ligand 
to this C4 methyl group is vividly illustrated. 

4. Conclusion. This study has provided efficient 
syntheses of symmetrical cis- and trans-alkene complexes 
of the chiral rhenium Lewis acid I. Four configurational 
diastereomers are observed, and their NMR properties 
have been carefully defined. Rotation about the Re- 
(CYC) axis interconverts cis-alkene complex diastereo- 
mers, and makes equivalent the =CHR termini within 
each trans-alkene complex diastereomer. Diastereomeric 
trans-alkene complexes interconvert by a higher energy 
process, the mechanism of which remains to be probed. 

These efforta also lay the needed groundwork for (1) 
studies of analogous optically active complexes, which may 
have use in enantioselective organic syntheses, (2) syn- 
theses and structural analyses of adducts of I and 
unsymmetrical cis- and trans-alkenes, where there is the 
potential for twice as many configurational diastereomers, 
and (3) investigations of complexes of I and @-unsat- 
urated organic carbonyl compounds. The first two are in 
progress, and the third is described in the following paper.6 

Experimental Section" 

(z) 4 (+-CsHs)WNO W P 4 )  (CWC=CHC&)I+BFi ((0 
la). A Schlenk tube with an 0-ring-sealed Teflon stopcock was 
charged with (~6-CaHa)Re(NO)(PPhs)(CH3) (5, 0.172 g, 0.310 
mmol),% C&ISCl(9 mL), and a stirbar. The tube was cooled to 
-45 O C  (CH&N/COz bath) and HBF40OEta (33 pL, 0.31 mmol) 
was added with stirring. After 0.5 h, excess cis-2-butene was 
added and the stopcock was closed. The cold bath was removed 
and the solution was stirred for 6 h. The mixture was fiitered 
and solvent was removed in uacuo. The residue was dissolved 
in CHzClz (2 mL) and the solution was added dropwise to stirring 
hexane (80 mL). The resulting tan powder was collected by 
fiitration, washed with pentane (2 x 1 mL), and dried in uacuo 
to give (Z)-la (0.179 g, 0.260 mmol, 84%). Dec pt: 97-98 O C .  A 
CHzClz solution of (Z)-la was layered with ether. This gave 
(Z)-la.(CH2C12) as red-brown prisms that were used for X-ray 
analysis. Anal. Calcd for CnH&F,NOPReCH2Clz: C, 43.59; 
H, 3.92. Found: C, 43.46; H, 3.83. IR (cm-', thin film): VNO 1717 

NMR, (Z)-la:sl lH (6) 7.78-7.26 (m, PPb), 5.70 (8,  CaH& 
4.29 (m, =CH anti to PPb), 3.51 (m, =CH syn to PPb), 1.89 

PPb); 13C(lH) (ppm) 133.4 (d, Jcp = 9.8, o-Ph), 132.0 (8, p-Ph), 
130.3 (d, Jcp = 56.3, i-Ph), 129.4 (d, Jcp = 10.7, m-Ph), 97.6 (8,  

CsHs), 53.4 (d, JCP = 3.3, =C syn to PPhs), 50.4 (8, =C anti to 
PPb), 18.3 (8 ,  CHS anti to PPhS), 16.2 (8,  CH3 syn to PPh3); 
alP(1H) (ppm) 8.0 (8 ) .  

NMR (CDzClz, -100 OC), RSR,SRS diastereomer: 'H (6, 
referenced to CHDC12) 7.76-6.88 (m, PPb), 5.62 (8, CsHs), 4.18 
(m, =CH anti to PPb), 2.86 (m, =CH syn to PPha), 2.04 (d, JHH 
= 5.1, CH3 anti to PPb), 1.58 (d, JHH = 5.0, CH3 syn to PPb); 
31P(1H) (ppm, referenced to H8Ol at 25 O C )  8.2 (8 ) .  RRS,SSR 
diastereomer: lH (6) 5.64(s, Cas), 3.91 (m,=CHantitoPPb),82 
3.79 (m, =CH y n  to PPha)t2 2.28 (d, JHH = 4.9, CHs anti to 
PPb), 0.65 (d, JHH = 4.9, CH3 syn to PPhs); slP(lH) (ppm) 10.8 
(8). 

(Z ) - [  (s6-C,H6)Re( NO) (PP ha) (CIH~HC==CHCIH~)]+BF~- 
((2)-lb). Complex 5 (0.129 g, 0.230 mmol), CeH&l (4 mL), 
HBFrOEb (26 pL, 0.24 mmol), and cis-3-hexene (85 pL, 0.69 
mmol) were combined in a procedure analogous to that given for 
(Z)-la. After 5 h, an identical workup gave (Z)-lb (0.156g, 0.220 
mmol, 95%) as atan powder. Mp: 174-176 O C  dec. Anal. Calcd 
for Cd32BFdNOPRe: C, 48.75; H, 4.51. Found: C, 48.71; H, 
4.49. IR (cm-1, thin film): mo 1716 vs. 
NMR, (Z)-lb31 lH (6, 56 "C) 7.56-7.31 (m, PPb), 5.73 (8,  

CsHa), 4.36 (m, =CH anti to PPb), 2.97 (m, =CH syn to PPb), 
2.18 (m, CHz), 1.79 (m, CH& 1.11 (t, JHH = 7.0, CHs), 0.81 (t, 
Jm = 7.0, CH3'); I3Cl1H) (ppm) 133.5 (d, Jcp = 9.7, o-Ph), 132.0 

vs. 

(d, J a  = 5.1, CHS anti to PPhS), 1.70 (d, JHH = 5.1, CH3 ~ y n  to 

(29) General procedures were identical with thoee described in a 
previous papernab Thecis-3-hexene (TCI: TokyoKasei) andother alkenea 
(Aldrich) were used as received. 

(30) Agboaeou, F.; OConnor, E. J.; Garner, C. M.; QuirC Mbndez, N.; 
Ferntlndez, J. M.; Patton, A. T.; Ramsden, J. A.; Gladysz, J. A. Znorg. 
Syn. 1992,29, 211. 

(31) NMR spectra were recorded in CDC1, at ambient probe temper- 
ature and referenced to Si(CHs)d (IH, 6 0.00), CDC1, (W, 77.0 ppm), or 
external 85 7% I&F'O, (SIP, 0.00 ppm) unless noted. AU coupling constante 
(J) are in Hz. 

(32)Aesigned by analogy to the chemical shift trend rigorously 
established for the RRS,SSR diastereomer of (.%la. 
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Alkene Complexes of Mt15-CsHs)Re(NO)(PPh3)~+ 

97.5 (e, C a s ) ,  58.4 (br a, =C syn to PPhs), 55.7 (a, =C anti to 

slP(lH) (ppm) 9.9 (a). 
1H NMR (6, -62 OC), RSR,SRS diastereomer: 7.70-7.11 (m, 

PPhs), 5.77 (a, CsHs), 4.38 (m, =CH anti to PPhs),M 2.67 (m, 
= C H  syn to PPhg),M 2.47,2.03 (2m, =CHCHz anti to PPh3),M 
1.76 (m, =CHCH2 syn to PPh3),M 1.24 (t, JHH = 6.7, CH3 anti 
to P P ~ s ) , ~  0.60 (t, JHH = 6.7, CH3 syn to PPh3).% RRS,SSR 
diastereomer (partial): 5.73 (a, C&,) ,  3.86 (m, =CH anti to 
PPh),g2 3.48 (m, =CH syn to PPh3),82 1.35 (t, JHH = 6.6, CH3 
anti to PPhs),% 0.88 (t, JHH = 6.8, CH3 syn to PPha).a 

((2)-lc). Complex 5 (0.112 g, 0.200 mmol), CsHsCl (2 mL), 
HBF4.OEh (24 pL, 0.22 mmol), and cis-stilbene (178 pL, 1.00 
mmol) were combined in a procedure analogous to that given for 
(Z)-la. After 16 h, a similar workup gave (Z)-lc (0.109 g, 0.135 
mmol, 67%) as a light tan powder. Mp: 138-141 OC dec. Anal. 
Calcd for C ~ ~ H S ~ B F ~ N O P R ~ :  C, 54.82; H, 3.98. Found C, 54.02; 
H, 3.90. IR (cm-l, thin film): VNO 1722 vs. MS:% 724 (M+, 15%), 
544 (Mt-Ci4H12,100% ). 

'H NMR, (Z)-lc (6,70 OC):3l7.70-6.42 (m, PPh3, ZCPh), 5.88 
(s, CsHs), 5.28 (d, JHH 
= 11.0, J H ~  = 8.7,=CH syn to PPhs). 

PPha and 8H of OCPh), 5.98 (s, CaHs), 5.85 (d, JHH = 7.1,2H of 
2CPh), 5.35 (d, JHH = 11.6, =CH anti to PPhs), 4.48 (dd, JHH = 

= 9.3,o-PPh), 131.9 (s,p-PPh), 129.1 (d, Jcp = 52.2, i-PPh), 129.0 
(d, Jcp = 10.7, m-PPh), 139.8, 137.2, 131.8, 130.2, 128.5, 127.1, 

(s, PPh) ,  130.2 (8,  part of i-Ph),= 129.4 (d, Jcp = 11.3, m-Ph), 

PPha), 25.7 (8,  CH2), 25.1 (s, CH2'), 19.2 (8,  CH3), 17.0 (s, CH3'); 

(z)-[ ( q6-C6H6)b( NO) (PPhs) (C&HC<HC&)]+BF4- 

11.0, =CH anti to PPhs), 4.73 (dd, Jm 

NMR (-30 "C), RSR,SRS diastere~mer:~~ 'H (6) 7.56-6.65 (m, 

11.6, J H ~  = 11.6, =CH syn to PPh3); 13C(lH} (ppm) 133.6 (d, JCP 

127.1, 126.9 (8 a, PCPh), 98.4 (a, CSHS), 59.0 (br a, =C syn to 
PPha), 52.4 ( ~ , = C a n t i t o P P h ~ ) ; ~ ~ P ( ~ H )  (ppm) 3.7 (a). RRS,SSR 
diastereomer (partial): 'H (6) 5.55 (a, CsH6); 13C{lH} (ppm) 101.1 
(e, CsHd; 31P(1H) (ppm) 5.8 (9). 

la). Complex5 (0.169 g, 0.300mmol), CsHsCl(3 mL), HBFcOEh 
(33 pL, 0.30 mmol), and cis-1,2-dichloroethylene (200 pL, 2.60 
mmol) were combined in a procedure analogous to that given for 
(B-la. After 24 h, the resulting ivory powder was collected by 
filtration (0.148 8). Solvent was removed from the filtrate in 
uacuo, and the residue was reprecipitated from CHzCldether as 
with (Z)-la to give a second crop of product (0.032 9). The crops 
were combined, washed with pentane, and dried in U ~ C U O  to give 
(Z)-ld (0.180 g, 0.248 mmol, 83%) as a 59:4114 mixture of 
RSR,SRS/RRS,SSR diastereomers. Mp: 106-107 OC dec. Anal. 
Calcd for Cd22BC12F4NOPRe: C, 41.28; H, 3.05; C1, 9.75. 
Found: C, 41.24; H, 3.09; C1,9.82. IR (cm-l, thin film): QO 1755 

NMR, RSR,SRS diastere~mer:~~ lH (6) 7.64-7.42 (m, PPhs), 

4.68 (dd, JHH = 5.5, J H ~  = 13.7, =CH syn toPPh3); l3C{lH} (ppm) 

(a-[ ($-C6Hs)b(NO) (PPha) (C~HC=CHCI)]+BFI- (( 2)- 

vs. 

5.93 (8,  CsHs), 5.50 (dd, JHH = 5.5, J H ~  = 1.5, =CH anti to PPhS), 

133.8 (d, Jcp = 10.1, 0-Ph), 132.8 (d, Jcp = 2.6, p-Ph), 130.0 (d, 
Jcp = 11.3, m-Ph), 127.7 (d, Jcp = 48.1, i-Ph), 104.0 (8,  CsHs), 56.0 
(d, Jcp = 7.9, =C syn to PPhs), 54.9 (a, =C anti to PPh3); 31P(1H) 
(ppm) 6.4 (a). RRS,SSR diastereomer (partial): lH (6) 6.10 (dd, 

JHH = 6.4, J H ~  = 9.0, =CH syn to PPhs); 13C(lH) (ppm) 133.3 (d, 
JHH = 6.4, J H ~  = 2.1, =CH, anti to PPhs), 5.90 (8,  CsHs), 5.04 (dd, 

Jcp = lO.l,o-Ph), 132.4 (d, Jcp 2.6,p-Ph), 129.5 (d, Jcp = 11.3, 
m-Ph), 128.5 (d, Jcp = 47.3, i-Ph), 99.4 (8,  CsHs), 58.3 (d, Jcp 
8.8, =C syn to PPhs), 49.6 (8 ,  =C anti to PPhs); 31P(1H) (ppm) 
6.9 (a). 

( 9 - 1  (rp-CsHs)WNO)(PPhs) (CHaHMHCHa)I+BF4- ((E)- 
la). A. Complex 5 (0.169 g, 0.303 mmol), C&,Cl (9 mL), 
HBF4.0Eh (33 pL, 0.30 mmol), and excess trans-2-butene were 
combined in a procedure analogous to that given for (Z)-la. After 

(33) IPSO carbon was not located, or one line of doublet was obscured. 
(34)This aeeignment was confirmed by a decoupling experiment 

(36) This assignment is made from the pattern of methyl group 

(36) (+)-FAB, 5 kV, Ar, 3-nitrobenzyl alcohoVCHC13 matrix, m/z 

(supplementary material). 

coalescence with the RSR,SRS diastereomer (text and Table I). 

(relative intensity), 1%. 
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6 days, an identical workup gave pale yellow (E)-la (0.179 g, 
0.260 mmol, 87%) as a 771013 mixture of RSS,SRR/RRR,SSS 
diastereomers and contaminating @)-la. B. Complex 5 (0.112 
g, 0.200 mmol), C&Cl(8 mL), HBFcOEh (24 pL, 0.22 mmol), 
and excess trans-2-butene were analogously combined. The cold 
bath was removed. After 1 h, the tube was transferred to a 95 
OC bath and stirred for 20 h. A 3lP NMR spectrum of an aliquot 
showed no trace of (&la. The mixture was filtered into hexane 
(80 mL). The resulting tan powder was collected by filtration, 
washed with pentane, and dried under oil pump vacuum to give 
(E)-la (0.126 g, 0.184 mmol, 92%) as a 991 mixture of the 
RSS,SRR/RRR,SSS diastereomers. Dec pt: 164-168 OC. Anal. 
Calcd for CnHdFlNOPRe: C, 47.24; H, 4.11. Found C, 47.05; 
H, 4.12. A CH2Clz solution of this sample was layered with 
pentane. This gave yellow prisms of (E)-la.(C6H12)o.S that were 
used for X-ray analysis. IR (cm-l, thin film): VNO 1720 vs. 

NMR, RSS,SRR diastere~mer:~~ 'H (6) 7.59-7.27 (m, PPh) ,  

to PPhs), 3.08 (ddq, JHH = 12.5, 6.1, J H ~  = 5.4, =CH syn to 

CH3 syn to PPh) ;  l3C(lH) (ppm) 133.3 (d, JCP = 10.0, o-Ph), 

5.85 (8,  CsHs), 4.50 (ddq, JHH = 12.5, 6.1, J H ~  = 1.7, =CH anti 

PPhs), 2.09 (d, JHH = 6.1, CH3 anti to PPhs), 1.35 (d, JHH = 6.1, 

132.0 (d, Jcp = 2.5, p-Ph), 129.6 (d, Jcp = 10.9, m-Ph),= 97.2 (s, 
CaHs), 56.2 (d, Jcp = 5.3, =C S Y ~  to PPhs), 50.2 (a, 4 anti to 
PPha), 23.9 (a, CH3 anti to PPh), 22.4 (a, CH3 syn to PPh) ;  
31P(1H) (ppm) 7.7 (8).  RRR,SSS diastereomer (partial): lH (6) 

= 5.1, CH3 syn to PPh3); 31P(1H) (ppm) 7.1 (8). 

((E)-lb). A. Complex 5 (0.059 g, 0.100 mmol), CsHsCl(1 mL), 
HBFcOEB (11 pL, 0.10 mmol), and trans-3-hexene (63 pL, 0.50 
mmol) were combined in a 5-mm NMR tube in a procedure similar 
to that given for (Z)-la. The tube was transferred to a NMR 
probe, which was gradually warmed. At 60 "C, a 31P NMR 
spectrum showed that (E)-lb had formed as a 5248 mixture of 
RSS,SRRIRRR,SSS diasteromers (7.5, 7.0 ppm; ca. 25% con- 
version). The sample was chromatographed on a 10 X 0.6 cm 
silicacolumn using acetoneICH~Cl2 (595, vlv). This gave (E)-lb 
(0.014g,0.020mmol, 20%) asa604ORSS,SRR/RRR,SSSmixture 
(with minor impurities), which was used for NMR character- 
ization of the minor diastereomer. B. Complex 5 (0.112 g, 0.201 
mmol), C&Cl(4 mL), HBF4.OEh (22 pL, 0.20mmol), and trans- 
3-hexene (125 pL, 1.01 mmol) were combined in a Schlenk tube 
in a procedure analogous to that given for (Z)-la. The mixture 
was stirred at room temperature for 3.5 h and then 85 OC for 18 
h. A 3lP NMR spectrum showed no trace of the RRR,SSS 
diastereomer of (E)-lb. A workup similar to that used for (Z)-la 
gave (E)-lb (0.123 g, 0.172 mmol, 86%) as a tan powder, >99:<1 
RSS,SRR/RRR,SSS. Dec pt: 164-168 OC. Anal. Calcd for 
C%H32BF4NOPRe: C, 48.75; H, 4.51. Found C, 48.56; H, 4.46. 
IR (cm-1, thin film): QO 1721 vs. 

NMR, RSS,SRR diastere~mer:~~ lH (6) 7.59-7.27 (m, PPhs), 
5.85 (a, C a s ) ,  4.25 (m, = C H  anti to PPhs), 2.83 (m, =CH syn 
to PPhs), 2.05 (dq, JHH = 7.0,7.0, CHz), 1.93 (dq, JHH = 7.0,7.0, 
CH;), 1.17 (t, JHH = 7.0, CH3), 0.81 (t, JHH = 7.0, CH3'); W('H) 
(ppm) 133.2 (d, Jcp = 10.2, o-Ph), 132.1 (a, p-Ph), 129.5 (d, Jcp 
= 10.7, m-Ph),33 97.0 (a, CSHS), 61.8 (br a, =C syn to PPhs), 56.3 

17.9 (a, CH3'): 3lP(lH) (ppm) 7.5 (8 ) .  RRR,SSS diastereomer 
(partial): 1H (6) 5.81 (a, CsHs), 1.19 (t, JHH = 6.9, CHs), 1.12 (t, 
JHH = 6.8, CH&; 3lP(lH) (ppm) 7.1 (a). 
(E)-[ (t)s-C6H6)b(NO)(PPha)(CeHaHC=CHC~Hs)]+BF,- 

((E)-lc). A. Complex 5 (0.112 g, 0.200 mmol), CeH&l(2 mL), 
HBF4.OEh (24 pL, 0.22 mmol), and trans-stilbene (180 pL, 1.00 
mmol) were combined in a procedure analogous to preparation 
B of @)-la. After 16 h, a similar workup gave light tan (E)-lc 
(0.085 g, 0.105 mmol, 53%) as a 76:24 mixture of RSS,SRRI 
RRR,SSS diastereomers. B. The preceding product was chro- 
matographed on a 15 X 1.3 cm silica column using acetoneICH2Cl2 
(2.597.5, v/v). Fractions were combined and solvents removed 
in uacuo to give two light yellow samples: (1) a 11:89 RSS,SRRI 
RRR,SSS mixture (0.019 g, 0.023 mmol) [IR (cm-l, thin film): 
VNO 1732 vs] and (2) a 973 RSS,SRRIRRR,SSS mixture (0.046 

5.68 (s, CsHa), 2.18 (d, JHH = 5.1, CH3 anti to PPh) ,  1.82 (d, Jm 

(E)-[ (q6-C6H6)b( NO) (PPha) ( c ~ H 6 H c ~ H c ~ H 6 ) ] + B F ~ -  

(8,  =C anti to PPhs), 32.5 (8,  CHz), 31.5 (8,  CHi), 20.9 (s, CH3), 
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g, 0.057 mmol) [Mp: 151-153 OC dec (intermediate fractions 
gave samples of intermediate composition)]. Crystallization of 
the latter from layered CHzCldhexane gave brown-yellow needles. 
Mp: 162-164 OC dec. Anal. Calcd for Ca7Hs2BF4NOPRe: C, 
54.82; H, 3.98; N, 1.73. Found: C, 54.11; H, 3.99; N, 1.71. IR 
(cm-1, thin film): UNO 1732 vs. MS:a 724 (M+, 17%), 544 (M+- 
C1,H12,100%). C. A 5-mm NMR tube was charged with CDCls 
(0.5 mL) and the first sample from the previous experiment. 
After 48 h at room temperature, a 1H NMR spectrum showed a 
56:44 RSS,SRRJRRR,SSS ratio. The probe was warmed to 95 
OC. After 10 min, the RSS,SRRJRRR,SSS ratio was W10. D. 
Complex 5 (0.112 g, 0.200 mmol), CsHsCl (2 mL), HBFcOEB (24 
pL, 0.22 mmol), and trans-stilbene (180 pL, 1.00 mmol) were 
combined in a procedure analogous to A. The sample was stirred 
for 12 h at 95 O C .  A similar workup gave (E)-lc (0.159 g, 0.196 
mmol, 98%) as a 98:2 RSS,SRRIRRR,SSS mixture. 

NMR, RSS,SRR diastereomer:311H (6) 7.80-7.00 (m, PPh3and 
8H of BCPh), 6.27 (d, JHH = 7.2,2H of CPh), 6.26 (d, JHH 12.4, 
=CH anti to PPhs), 5.82 (8, CsHd, 4.48 (dd, JHH = 12.4, JHP = 
7.6, =CH syn to PPhs); 13C('HJ (ppm) 133.2 (br s, o-PPh), 132.2 
(s,p-PPh),129.5(brs,m-PPh),9~141.2,140.4,128.8,128.4,127.5, 

=C syn to PPhs), 50.4 (s, =C anti to PPh3); 3lP(lHJ (ppm) 5.4 
(8). RRR,SSS diastereomer: lH (6) 7.80-6.75 (m, PPh3 and 
SCPh), 5.38 (8, C5H6), 4.81 (br s, 2 =CH); 13C(lH) (ppm) 133.7 

127.2,126.9,126.2 (8 8, Scph), 99.1 (8, CsHs), 57.1 (d, Jcp = 3.1, 

(d, Jcp = 10.0, 0-PPh), 131.8 (9, p-PPh), 129.1 (d, Jcp 10.7, 
m-PPh),33 141.3, 128.8, 127.8, 126.2 (4 8, Zcph), 101.4 (8, C&), 
53.0 (br s,2 =C); 31P(1H) (ppm) 4.0 (8). RRR,SSS diastereomer 
(-70 "C): lH (6) 8.05-6.75 (m, PPh3 and 9H of 2CPh), 5.91 (d, 

anti to PPhs), 4.21 (dd, JHH = 12.7, J H ~  = 7.8, =CH syn to PPh3); 
W('H} (ppm) 133.7 (d, JCP = 10.0, o-PPh), 131.8 (8, p-PPh), 

Jm = 7.0,lH of CPh), 5.44 (8, CsHs), 5.38 (d, JHH = 12.7, =CH 

129.1 (d, Jcp = 10.7, m-PPh),s 141.1, 141.0, 128.9, 128.2, 127.3, 
126.2,122.8,122.1(8 8,2cph), 101.1 (8, c&), 54.2 (d, Jcp = 5.4, 
=C anti to PPhs), 50.5 (s, =C syn to PPh). 
NMR Experiments. A. Homonuclear lH NOE difference 

spectra's were acquired at ambient probe temperature in CDC13, 
as reported earlier.8 General procedures for dynamic NMR 
experiments2& have been described previously.37 Near coales- 
cence temperatures, spectra were acquired at 1-2 "C intervals 
after a 15-min thermal equilibration period. The TI values of 
the methyl protons of (2)-la were found to be 0.26-0.15 (-95 "C), 
0.36-0.32 (-60°C),and0.4&0.44s(-350C). B. 2DNMRspectra 
were recorded on a VXR-500 spectrometer with a lH/l9F probe. 

(37) (a) Buhro, W. E.; Zwick, B. D.; Georgiou, S.; Hutchinson, J. P.; 
Gladysz, J. A.J.Am. Chem. SOC. 1988,110,2427. (b) Zwick,B. D.;Dewey, 
M. A.; Knight, D. A.; Buhro, W. E.; Arif, A. M.; Gladysz, J. A. 
Organometallicr 1992, 11, 2673. 

Pu et al. 

The 90° pulse width was determined to be 13.2 ps at -60 "C. The 
spectral width was 5734.8 Hz in both dimensions with 2048 points 
and acquisition time 0.179 s. The pulse delay was 1.321 s a t  -60 
OC, and 1.821 s at  -35 OC. Spectra were acquired with 512 
increments and eight transients per increment. Quadrature data 
were acquired at  each increment and Fourier transformed 
according to a literature procedures to yield a hypercomplex 
spectrum.22 

Crystal Structures. (Z)-la*(CH&la). Data were collected 
on a Syntex PI diffractometer as summarized in Table 11. Cell 
constants were obtained from 35 reflections with 15O < 20 < 26O. 
The space group was determined from systematic absences (h01 
h + I = 2n, OkO k = 2n) and subsequent least-squares refinement. 
Lorentz, polarization, and empirical absorption (q scans) cor- 
rections were applied. The structure was solved by the standard 
heavy-atom techniques with the SDP/VAX package." Non- 
hydrogen atoms were refined with anisotropic thermal param- 
eters. T h e 4 H R  hydrogens were located. Other hydrogen atom 
positions were calculated and added to the structure factor 
calculations but were not refined. Scattering factors, and Af' 
and Ap'values, were taken from the literature." (@-la.(C&)u 
(RSS,SRR diastereomer). Cell constants were obtained from 25 
reflections with 17O < 20 < 33O. The space group was determined 
from systematic absences (hkl h + k = 2n, h01 h,l = 2n) and 
subsequent least-squares refinement. The structure, including 
a severely disordered hemisolvate, was solved in an identical 
fashion. 
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Cryrtullogruphy; Ibers, J. A.; Hamilton, W. C., Ede.; Kynoch Birming- 
ham, England, 1974; Volume IV, pp 72-98, 144-150; tables 2.2B and 
2.3.1. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 3

1,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

1,
 1

99
3 

| d
oi

: 1
0.

10
21

/o
m

00
03

1a
04

4


