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Abstract

Motivation. Catalytic processes involving prochiral unsaturated species frequently involve the stereoselective
binding of the prochiral moiety by a chiral organometallic catalyst. The precise factors that govern the transfer of
chirality from the organometallic catalyst to the substrate are largely unknown.
Method. In this study, the chiral recognition abilities of the coordinatively unsaturated [( 5–C5R5)Re(NO)(L)]+

(R = H, Me; L = PMe3, PPh3) fragments towards prochiral –olefins, CH2=CHR  (R  = Me, n–Pr, CH2Ph (Bn),
Ph, i–Pr, t–Bu, SiMe3), are investigated using a combined molecular mechanics/semiempirical quantum
mechanics approach. Semiempirical quantum mechanics (genetics–algorithm optimized PM3(tm) Hamiltonian)
is used to obtain an accurate geometry of the [( 5–C5R5)Re( 2–prochiral olefin)(NO)(L)]+ complexes and
molecular mechanics (ligand repulsive energy methodology with modified MMP2 force field) is used to analyze
the steric interaction between prochiral –olefin and [( 5–C5R5)Re(NO)(L)]+ fragment.
Results. A computationally derived diastereoselective excess, deSEQM, is developed. Computed diastereoselective
excess is compared to experiment for the [( 5–C5H5)Re(NO)(PPh3)]+ fragment. Computed diastereoselective
excesses are compared across all [( 5–C5R5)Re(NO)(L)]+ fragments order to derive ligand design criteria
pertaining to the effect of the steric nature of the cyclopentadienyl and phosphine ligands on diastereoselectivity.
Conclusions. Geometries predicted by semiempirical quantum mechanical methods agree favorable with 
structural elements from the Cambridge database. Ligand repulsive energies are found to be sensitive measures
of the steric demand of the –olefins in the [( 5–C5R5)Re(NO)(L)]+ environments. Diastereoselective
discrimination increases linearly with increasing steric demand of the [( 5–C5R5)Re(NO)(L)]+ fragments.
Keywords. Chiral recognition; PM3(tm); molecular mechanics; steric effects; ligand repulsive energy;
cyclopentadienyl complexes of rhenium.

Abbreviations and notations
Cp, ( 5–C5H5) the [CpRh(CO)] fragment
Cp*, ( 5–C5Me5) E R, ligand repulsive energy computed using an SEQM–
de, diastereoselective excess optimized geometry 
deSEQM, diastereoselective excess computed using SEQM HOMO, highest occupied molecular orbital
DFT, density functional theory GA, genetic algorithm
ER, ligand repulsive energy computed with the Cr(CO)5 LUMO, lowest unoccupied molecular orbital
fragment MM, molecular mechanics
E R(CpRh(CO)), ligand repulsive energy computed with SEQM, semiempirical quantum mechanics

# Dedicated on the occasion of the 70th birthday to Professor Alexandru T. Balaban.
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1 INTRODUCTION

Many important catalytic processes involve the stereorecognition of prochiral molecules. For 
example, asymmetric hydrogenation, used to produce the anti–Parkinson’s agent L–DOPA, the 
anti–inflammatory Naproxen and the immunosuppressant Tacrolimus, requires the stereoselective 
binding of a prochiral olefin [1]. The asymmetric hydrogenation reaction has been the subject of 
several elegant computational studies at the molecular mechanics (MM) and ab initio DFT levels
[2–4]. Although these studies have allowed for the understanding of the mechanism of asymmetric 
hydrogenation, there are few studies that address the role of steric effects in the recognition of a 
prochiral unsaturated species by a chiral Lewis acid [5]. 

Experimental work from the Gladysz laboratories has shown that the coordinatively unsaturated, 
17–electron [( 5–C5R5)Re(NO)(PPh3)]+ (R = H, Me) fragments are capable of stereoselectively
binding prochiral unsaturated species [6]. Gladysz hypothesized that the steric interaction between 
ligands on Re and substituents on the olefin is responsible for the stereoselective binding. For 
simplicity consider the binding of a prochiral –olefin, CH2=CHR , to chiral Lewis acids, [( 5–
C5R5)Re(NO)(L)]+ (R = H, Me; L = PMe3, PPh3). There are four possible isomers that result when a 
prochiral olefin binds to the organometallic fragments, designated I – IV in Figure 1. 

I I
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Figure 1. Four isomers that result when a prochiral –olefin, CH2=CHR1,
binds to a chiral Lewis acid, [( 5–C5H5)Re(NO)(PR3)]+.

In [( 5–C5H5)Re(NO)(PPh3)]+, the order of steric size of the ligands is PPh3 (145 ) > Cp (128 )
> NO (90 ) [5,7]. The isomer that contains the olefinic substituent in the interstice with the least
steric congestion is I, the RS,SR isomer. Therefore, I should dominate in the binding of a prochiral 
olefin, which is found experimentally [6]. 

Brown has introduced the Ligand Repulsive Energy, ER, as a quantitative measure of the steric 
demand of a ligand in a prototypical organometallic environment [8]. Ligand repulsive energy is the
amount of van der Waals repulsion between a ligand and its environment. Consider [Cr(CO)5PR3]
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as an example. If the Cr–P bond distance in the geometry optimized complex is re, EvdW,R is the van
der Waals repulsive energy and r is a variable Cr–P distance, then 

r
E

rE Rvdw
e

,
R (1)

The negative sign in equation (1) ensures that ER increases as the ligand increases in steric demand.
Ligand repulsive energies have been computed for a variety of different ligands in a number of 
prototypical environments [8–13] with different molecular mechanics force fields [14]. In general, 
the trend in ligand repulsive energies is independent of both prototypical fragment and force field
[5,7–16].

Previously reported work from our laboratories has demonstrated that MM can be used to 
understand the steric control of prochiral olefin binding to [( 5–C5R5)Re(NO)(L)]+ (R = H, Me; L =
PMe3, PPh3) [5]. A series of prochiral –olefins, CH2=CHR , R  = Me, n–Pr, CH2Ph (Bn), Ph, i–Pr,
t–Bu and SiMe3, are bonded to [( 5–C5R5)Re(NO)(L)]+ to generate the isomers shown in Figure 1. 
Each structure was energy minimized constraining the P–Re–Ccentroid–Cipso torsion angle to 0 or 
180 , which represents the maximal overlap between metal HOMO and olefin LUMO [6]. A 
combination of stochastic mechanics and low temperature molecular dynamics was used to refine
the conformation of the resulting complexes [5]. Ligand repulsive energies were computed for the 
olefins in the [( 5–C5R5)Re(NO)(L)]+ environments. 

The series of –olefins were chosen because there are experimental data in the literature for the
binding of these olefins to [( 5–C5H5)Re(NO)(PPh3)]+ [6]. In the MM study, the RS,SR isomer of 
[( 5–C5H5)Re( 2–CH2=CHR )(NO)(PPh3)]+ had both the lowest total molecular mechanics energy
and the lowest ligand repulsive energy, in agreement with the literature [5]. However, attempts to 
derive a computational model of diastereoselectivity failed, in part because total MM energies are
not good representations of the internal energy of a system and because the agreement between 
computed and X–ray structures could be improved with a more sophisticated computational model
[5]. In this paper, we report the application of semiempirical quantum mechanics (SEQM) methods
to the understanding of diastereoselective binding of prochiral olefins to chiral [( 5–
C5R5)Re(NO)(L)]+ fragments.

2 COMPUTATIONAL METHODS

Molecular mechanics calculations were carried out using Cerius2 4.5 available from Accelrys 
[17] using the Universal Force Field [18] as described earlier [5]. Semiempirical calculations were
carried out using Spartan 5.1 available from Wavefunction [19]. The PM3(tm) Hamiltonian was 
genetics algorithm (GA) optimized for prediction of geometries [20]. Conformational searches for
olefin, [( 5–C5R5)Re(NO)(L)]+ fragments, and [( 5–C5R5)Re( 2–CH2=CHR )(NO)(L)]+ (R = H, 
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Me; L = PMe3, PPh3; R  = Me, n–Pr, Bn, Ph, i–Pr, t–Bu, SiMe3) were performed as reported 
previously [5]. Lowest energy conformers as determined by MM were directly imported without
modification into Spartan 5.1. The structures were subsequently geometry optimized using the 
PM3(tm) level of theory [20]. 

3 RESULTS AND DISCUSSION

3.1 Comparison Between Computed and Predicted Structures 
Structures computed with PM3(tm) compare favorably to structural elements from the CSD

(Tables 1 and 2) [21]. 

Table 1. Comparison of Experimental and Computed Bond Distances (in Å), Angles (º), and Torsion Angles (º)
for [( 5–C5H5)Re( 2– –olefin)(NO)(L)]+ (L = PMe3, PPh3) Complexes Generated Using PM3(tm)

Bond or Angle X–Ray Number of Data Points in CSD21 L = PMe3 L = PPh3
Re–Cp (centroid) 1.95(3) 138 1.994(6) 1.997(7)
Re–P 2.43(5) 1806 2.44(6) 2.47(1)
Re–N 1.76(4) 207 1.80(2) 1.81(2)
Re–CH2 (olefin) 2.24(7) 56 2.08(1) 2.08(1)
Re–Cipso (olefin) 2.26(10) 56 2.10(2) 2.10(2)
Re–Centroid (olefin) 2.13(8) 56 1.95(1) 1.95(1)
N–O 1.19(3) 207 1.22(3) 1.204(2)
C=C 1.41(4) 56 1.502(6) 1.499(3)
Re–N–O 174(3) 207 171(3) 169(3)
Cp(centroid)–Re–P 120(3) 57 117(1) 117(1)
Re–C(olefin centroid)–Cipso 91(1) 9 90.9(8) 90.8(9)
Re–C(olefin centroid)–Cipso–P –2(16) 9 –172(2), 10(2) –175(2), 9(5)

Table 2. Comparison of Experimental and Computed Bond Distances (in Å), Angles (º), and Torsion Angles (º)
for [( 5–C5Me5)Re( 2– –olefin)(NO)(L)]+ (L = PMe3; PPh3) Complexes Generated Using SEQM (PM3(tm))
Bond or Angle X–Ray Number of Data Points in CSD21 L = PMe3 L = PPh3
Re–Cp* (centroid) 1.97(2) 146 2.03(4) 2.04(1)
Re–P 2.43(5) 1806 2.45(1) 2.475(9)
Re–N 1.76(4) 207 1.79(2) 1.79(2)
Re–CH2 (olefin) 2.24(7) 56 2.080(7) 2.079(8)
Re–Cipso (olefin) 2.26(10) 56 2.11(2) 2.11(1)
Re–Centroid (olefin) 2.13(8) 56 1.954(9) 1.957(7)
N–O 1.19(3) 207 1.207(2) 1.207(3)
C=C 1.41(4) 56 1.501(7) 1.498(3)
Re–N–O 174(3) 207 173(2) 173(2)
Cp*(centroid)–Re–P 126(4) 41 120.2(7) 120(1)
Re–C(olefin centroid)–Cipso 91(1) 9 91.0(8) 91.3(7)
Re–C(olefin centroid)–Cipso–P –2(16) 9 –166(5), 11(4) –171(6), 11(8)

Agreement between computed and experimental structures follow the same trends for both Cp 
and Cp* complexes. For example, PM3(tm) overstates both the Re–Cp(centroid) and Re–
Cp*(centroid) distances, although the computed distances are within three standard deviations of 
the X–ray structures. Similarly, PM3(tm) understates the Re–olefin distances. Problems with 
modeling the –effects of the ligands are also reflected in the N–O and C=C bond distances, which
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are overstated in the PM3(tm) structures. The elongation of computed N–O and C=C bonds implies
that PM3(tm) places too much electron density on the metal, which overestimates the amount of –
backbonding in the complexes.

Literature reports that the olefin coordinates to the metal to maximize the overlap between metal
HOMO and olefinic LUMO [6,22–24]. Gladysz has noted that this electronic arrangement overrides 
the steric preference for the olefin to adopt different orientations. Therefore, the Re–C(olefin)–
Cipso–P torsion angle should be either 0  or 180 . Tables 1 and 2 indicate that the PM3(tm)
calculations reliably reproduce these torsion angles, which is impossible with MM calculations [5]. 

For electronic reasons, the Re–olefin bond vector should be normal to the plane of the olefin, 
which is reflected in the Re–C(olefin centroid)–Cipso angle, which is reproduced in the PM3(tm)
structures (Tables 1 and 2). Molecular mechanics optimized structures with the Universal Force
Field have an average Re–C(olefin centroid)–Cipso angle of 101(5) , indicating that there is an 
unfavorable steric interaction between olefinic substituent and metal fragment that forces the
deviation from normality [5]. The difference between the two Re–C(olefin) distances is 0.28 Å with
MM/UFF [5], but only 0.02 Å with SEQM/PM3(tm).

The Cp(centroid)–Re–P angle is a good indication of the difference in steric demand of the Cp
versus Cp* structures. X–Ray structures show that the cyclopentadienyl(centroid)–Re–P angle is
120(3)º for the Cp ligand and 126(4)º for the Cp* ligand. SEQM understates both these angles 
(117(1)º for the Cp ligand and 120(1)º for the Cp* ligand), which implies that SEQM can understate 
the steric bulk of the Cp* ligand. 

In summary, PM3(tm) provides better structures than MM for the [( 5–C5R5)Re( 2–
olefin)(NO)(L)]+ complexes, which is in agreement with previously reported results for the 
PM3(tm) method [20]. 

3.2 Steric Sizes of Olefins from SEQM-Optimized Structures 
To our knowledge, there are no reports of ligand repulsive energy calculations on structures

optimized using PM3(tm). The ligand repulsive energy computed from an SEQM–optimized
geometry is called E R. (The label ER is reserved for ligand repulsive energies computed in the
Cr(CO)5 environment.) Ligand repulsive energies are computed as follows: the PM3(tm)–optimized
structure is exported from Spartan as a pdb file and converted into a Cerius2 bgf file. The bgf file is 
submitted to ERCODE, which was produced in our laboratories to compute ligand repulsive
energies [14]. ERCODE uses the van der Waals parameters from either the Universal Force Field
[18,25] or the MMP2 force field [26,27]. Tables 3 and 4 list the ligand repulsive energies and 
PM3(tm) enthalpies of formation for the complexes studied. 

In general, the ligand repulsive energies show the expected increase as the steric bulk of the 
olefin increases. Consider the RS,SR isomers (Figure 1): if the benzyl datum is excluded [5], then
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there is an excellent linear relationship between ligand repulsive energies computed for the –
olefins in the [( 5–C5R5)Re(NO)(L)]+ (R = H, Me; L = PMe3, PPh3) environments and Brown’s 
ligand repulsive energies, ER computed in the Cr(CO)5 environment (Figure 2) [12]. Previously, we 
noted that the ligand repulsive energies for the RS,SR isomers correlate better with ER (computed in 
the Cr(CO)5 environment) than the other three olefin isomers illustrated in Figure 1 (r = 0.566 – 
0.944 for plots of E R versus ER for the RS,SR2, RR,SS, and RR,SS isomers) [5]. 

Table 3. Comparison of Ligand Repulsive Energies, E R in kcal/mol, and PM3(tm) Heats of Formation, H in kcal/mol,
Boltzmann Weights, wi, and Boltzmann Averaged E R Values for 2–Olefins, CH2=CHR, in the [( 5–
C5H5)Re(NO)(L)]+ (L = PMe3, PPh3) Environments
R Isomera L = PMe3 L = PPh3

H E R wi
b <E R>c H E R wi

b <E R>c

Me RS,SR –231.4 31.0 0.7916 0.7916 –110.4 42.4 0.7387 0.7387
RS,SR2 –229.9 36.0 0.0683 2  10–5 –108.1 55.9 0.0171 2  10–12

RR,SS –230.3 44.1 0.1327 3  10–11 –109.7 50.2 0.2441 5  10–7

RR,SS2 –228.6 34.2 0.0074 3  10–5 –105.4 55.9 0.0002 2  10–14

n–Pr RS,SR –241.6 31.1 0.8284 0.8284 –120.5 42.6 0.9997 0.9997
RS,SR2 –239.9 36.8 0.0513 4  10–6 –113.9 68.4 0.0000 2  10–24

RR,SS –240.4 42.8 0.1150 3  10–10 –115.1 64.5 0.0001 9  10–21

RR,SS2 –238.6 36.0 0.0054 2  10–6 –115.4 60.8 0.0002 1  10–17

Bn RS,SR –202.7 30.5 0.8437 0.8437 –81.6 42.0 0.7782 0.7782
RS,SR2 –200.9 37.2 0.0361 5  10–7 –78.7 62.1 0.0059 1  10–17

RR,SS –201.6 39.7 0.1149 2  10–8 –80.9 51.7 0.2158 2  10–8

RR,SS2 –199.7 36.5 0.0053 2  10–7 –76.6 61.7 0.0002 7  10–19

Ph RS,SR –197.0 37.4 0.9103 0.9103 –75.8 49.6 0.8790 0.8790
RS,SR2 –194.1 65.1 0.0071 4  10–23 –70.8 91.9 0.0002 2  10–35

RR,SS –195.6 79.5 0.0798 1  10–32 –74.6 81.6 0.1208 4  10–25

RR,SS2 –193.5 65.2 0.0028 1  10–23 –67.6 57.5 0.0000 1  10–12

i–Pr RS,SR –236.2 43.6 0.0208 0.0208 –114.4 59.6 0.0255 0.0255
RS,SR2 –235.7 59.5 0.0092 2  10–14 –114.0 68.5 0.0128 4  10–9

RR,SS –238.5 48.3 0.9694 0.0004 –116.6 61.5 0.9616 0.0420
RR,SS2 –234.1 49.9 0.0006 1  10–8 –110.9 71.2 0.0001 2  10–13

t–Bu RS,SR –241.3 44.5 0.9232 0.9232 –120.1 56.7 0.8275 0.8275
RS,SR2 –239.4 68.1 0.0378 2  10–19 –113.6 100.4 0.0000 1  10–37

RR,SS –239.4 65.1 0.0390 3  10–17 –119.2 72.8 0.1725 3  10–13

RR,SS2 –235.4 54.3 0.0000 3  10–12 –111.2 98.1 0.0000 1  10–37

SiMe3 RS,SR –275.3 35.5 0.0085 0.0085 –153.5 47.2 0.1767 0.1767
RS,SR2 –278.1 49.4 0.9845 6  10–17 –153.7 85.6 0.2750 2  10–29

RR,SS –275.1 63.9 0.0065 9  10–24 –154.2 74.9 0.5484 3  10–21

RR,SS2 –273.5 50.6 0.0005 3  10–15 –147.3 79.0 0.0000 3  10–29

a The stereochemistry of the isomer is illustrated in Figure 1.
b See equation (3).
c See equation (4).

Better correlations are observed when the ligand repulsive energies for the RS,SR SEQM–
optimized isomers are plotted against E R(CpRh(CO)) instead of ER(Cr(CO)5) (Figure 3). The 
geometric similarity between [CpRh(CO)] and [( 5–C5R5)Re(NO)(L)]+ fragments is the most likely 
cause of the improved correlations. The other three isomers illustrated in Figure 1 correlate as
poorly with E R(CpRh(CO)) as with ER(Cr(CO)5) (r between 0.562 and 0.927). 
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Table 4. Comparison of Ligand Repulsive Energies, E R in kcal/mol, and PM3(tm) Heats of Formation, H in kcal/mol,
Boltzmann Weights, wi, and Boltzmann Averaged E R Values for 2–Olefins, CH2=CHR, in the [( 5–
C5Me5)Re(NO)(L)]+ (L = PMe3, PPh3) Environments
R Isomera L = PMe3 L = PPh3

H E R wi
b <E R>c H E R wi

b <E R>c

Me RS,SR –265.3 39.2 0.9672 0.9672 –141.4 54.4 0.9967 0.9967
RS,SR2 –263.2 44.1 0.0293 8  10–6 –137.9 68.4 0.0031 2  10–13

RR,SS –260.8 55.3 0.0005 8  10–16 –136.1 64.7 0.0001 4  10–12

RR,SS2 –261.9 44.4 0.0030 5  10–7 –135.0 68.9 0.0000 6  10–16

n–Pr RS,SR –275.5 39.6 0.9730 0.9273 –151.5 54.5 0.9969 0.9969
RS,SR2 –273.3 45.8 0.0246 7  10–7 –148.1 73.5 0.0029 3  10–17

RR,SS –270.7 57.0 0.0003 5  10–17 –146.2 63.7 0.0001 2  10–11

RR,SS2 –271.9 47.2 0.0022 6  10–9 –144.9 75.0 0.0000 1  10–20

Bn RS,SR –236.8 42.2 0.9782 0.9782 –112.9 58.3 0.9987 0.9987
RS,SR2 –234.5 49.4 0.0197 1  10–7 –108.7 73.1 0.0008 1  10–14

RR,SS –231.9 56.2 0.0002 1  10–14 –108.3 66.6 0.0004 3  10–10

RR,SS2 –233.1 49.5 0.0019 8  10–9 –106.2 79.4 0.0000 4  10–21

Ph RS,SR –229.6 51.1 0.9452 0.9453 –105.1 67.0 0.9980 0.9980
RS,SR2 –227.8 78.8 0.0421 2  10–22 –100.0 127 0.0002 4  10–48

RR,SS –224.7 97.8 0.0002 2  10–38 –101.3 112 0.0018 2  10–36

RR,SS2 –227.0 78.9 0.0125 5  10–23 –98.5 99.6 0.0000 2  10–29

i–Pr RS,SR –271.8 44.9 0.9340 0.9340 –149.1 62.8 1.0000 1.000
RS,SR2 –270.3 65.9 0.0653 3  10–17 –141.2 85.3 0.0000 5  10–23

RR,SS –267.3 64.1 0.0004 4  10–18 –142.1 72.2 0.0000 1  10–12

RR,SS2 –266.9 61.4 0.0002 2  10–16 –140.1 83.2 0.0000 3  10–22

t–Bu RS,SR –274.2 54.5 0.9976 0.9977 –149.7 70.8 1.0000 1.000
RS,SR2 –270.6 84.2 0.0023 4  10–25 –141.1 107 0.0000 2  10–33

RR,SS –262.8 73.9 0.0000 3  10–23 –141.9 92.9 0.0000 1  10–22

RR,SS2 –267.5 69.5 0.0000 1  10–16 –140.1 118 0.0000 1  10–42

SiMe3 RS,SR –308.9 46.4 0.1452 0.1452 –184.2 62.7 1.0000 1.000
RS,SR2 –309.5 66.4 0.4254 9  10–16 –177.6 101 0.0000 2  10–33

RR,SS –309.5 70.4 0.4269 1  10–18 –176.7 85.1 0.0000 1  10–22

RR,SS2 –306.5 68.8 0.0025 9  10–20 –175.5 94.3 0.0000 3  10–30

a The stereochemistry of the isomer is illustrated in Figure 1.
b See equation (3).
c See equation (4).

In the plots of E R versus ER(Cr(CO)5) (Figure 2) the slopes increase as follows
[CpRe(NO)(PMe3)]+ (0.540) < [CpRe(NO)(PPh3)]+ (0.592) < [Cp*Re(NO)(PMe3)]+ (0.598) < 
[Cp*Re(NO)(PPh3)]+ (0.650). In the plot of E R versus E R(CpRh(CO)) (Figure 3) the slopes 
increase [CpRe(NO)(PMe3)]+ (0.829) < [Cp*Re(NO)(PMe3)]+ (0.868) < [CpRe(NO)(PPh3)]+

(0.942) < [Cp*Re(NO)(PPh3)]+ (0.962). Brown and White have shown that when the ligand 
repulsive energies for one set of ligands computed with one fragment are plotted against the ligand 
repulsive energies for the same ligands computed with a different fragment, then the steric demand
of the two fragments can be compared [5,10–14]. In Figure 2, the slopes of the regression lines all 
are less than unity, which means that the organorhenium fragment is, on average, less sterically
congested than the Cr(CO)5 fragment from the perspective of the 2–bound –olefins. However, the 
slopes of the regression lines in Figure 3 are all above 0.8, which implies that the relative steric 
demand of the [CpRh(CO)] and [( 5–C5R5)Re(NO)(L)]+ fragments are similar on average, as 
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computed from the perspective of 2–bonded olefins. 
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Figure 2. Plot of ligand repulsive energy computed for the RS,SR isomers of the olefins with the
[( 5–C5R5)Re(NO)(L)]+ fragments (R = H, Me; L = PMe3; PPh3) versus Brown’s ER values
computed with the Cr(CO)5 fragment [12].
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Figure 3. Plot of ligand repulsive energy computed for the RS,SR olefin isomers with the [( 5–C5R5)Re(NO)(L)]+

fragments (R = H, Me; L = PMe3; PPh3) versus Brown’s E R values computed with the [CpRh(CO)] fragment [12].

As the prototypical fragment bonded to the –olefins gets larger from Cr(CO)5 to [CpRh(CO)], 
the steric demand of the [CpRe(NO)(PPh3)]+ and [Cp*Re(NO)(PMe3)]+ fragments experienced by 
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the 2–bonded olefins swap. When ligand repulsive energies for the [CpRe(NO)(PMe3)]+ and 
[Cp*Re(NO)(PMe3)]+ fragments are plotted against each other, the slope is 1.04 (r = 0.967), which 
implies that from the average perspective of all the 2–olefins, the [Cp*Re(NO)(PMe3)]+ fragment
is larger than [CpRe(NO)(PMe3)]+, as expected. Similarly, when E R computed with the 
[CpRe(NO)(PPh3)]+ is plotted against E R computed with the [Cp*Re(NO)(PPh3)]+ fragment, the 
slope of the line is 1.09 (Figure 4), which implies the [Cp*Re(NO)(PPh3)]+ fragment is more
sterically demanding than the [CpRe(NO)(PPh3)]+ fragment, also as expected.
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Figure 4. Plot of ligand repulsive energy computed for the olefins listed in Table 3 computed with the
[Cp*Re(NO)(PPh3)]+ fragment versus the ligand repulsive energies computed with the [CpRe(NO)(PPh3)]+ fragment.

To determine which of the [CpRe(NO)(PPh3)]+ and [Cp*Re(NO)(PMe3)]+ fragments is larger
from the perspective of our set of –olefins, the ligand repulsive energies computed in these two
environments are plotted against each other (Figure 5). The correlation coefficient for the plot, r = 
0.758, is lower than those for the other correlations (Figures 2 – 4) since some olefins experience 
greater steric repulsion from the [Cp*Re(NO)(PMe3)]+ fragment, while others experience greater 
steric repulsion from the [CpRe(NO)(PPh3)]+ fragment. However, on average the 
[Cp*Re(NO)(PMe3)]+ fragment is more sterically demanding than the [CpRe(NO)(PPh3)]+

fragment across the full range of -olefins studied.

In summary, ligand repulsive energy data indicate that the steric demand of the fragments increase:
[CpRe(NO)(PMe3)]+ < [CpRe(NO)(PPh3)]+ < [Cp*Re(NO)(PMe3)]+ < [Cp*Re(NO)(PPh3)]+. If we 
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sum the cone angles [7,16,28,29] of the ligands attached to the metal in each of the above 
fragments, assuming that the cone angle of the linear NO ligand is approximately the same as that 
for CO [5], then we find the total fragment cone angles follow the same trend as ligand repulsive 
energies: [CpRe(NO)(PMe3)]+ (246º) < [CpRe(NO)(PPh3)]+ (273º) < [Cp*Re(NO)(PMe3)]+ (300º) < 
[Cp*Re(NO)(PPh3)]+ (327º). Ligand repulsive energies provide a quantitative measure of the steric
demand of an 2–bonded olefin in the [( 5–C5R5)Re(NO(L)]+, R = H or Me, L = PMe3 or PPh3,
environments geometry optimized using PM3(tm).
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Figure 5. Plot of ligand repulsive energy computed for the olefins listed in Table 3 computed with the
[Cp*Re(NO)(PMe3)]+ fragment versus the ligand repulsive energies computed with the [CpRe(NO)(PPh3)]+ fragment.

3.3 Computational Estimate of Diastereoselectivity Using PM3(tm) Energies 
There are two factors that determine whether a conformer can effectively participate in a 

chemical reaction: low internal energy (high Boltzmann population) and low ligand repulsive 
energy (efficient olefin binding). In order to determine the Boltzmann weight of isomer i, wi, the 
PM3(tm) heat of formation for isomer i, Hi, relative to the heat of formation of the lowest energy
isomer, H0 are needed. Then, the Boltzmann weight is given by 

i

i

i

i

kT
HH

kT
HH

w
0

0

exp

exp
(2)
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where k is the Boltzmann constant and T is the temperature in Kelvin. At 298.15 K, kT = 
0.592476141388 kcal/mol. If we assume that diastereoselective excess, de, is determined only by 
the energy of the isomer and not influenced by the ligand repulsive energy, then there should be a 
correlation between computed and experimentally determined de. Using PM3(tm) energy alone, we 
define

2,,2,,MSEQ SSRRSSRRSRRSSRRS wwwwde (3)

where wRS,SR is the Boltzmann weight of the energy of the RS,SR isomer, as defined in Figure 1, 
wRS,SR2 is the Boltzmann weight of the energy of the RS,SR2 isomer, etc. There is no correlation 
between deSEQM  and experimental de values measured by Gladysz for the [CpRe(NO)(PPh3)]+

fragment (r = 6  10–3) [6]. Therefore, we conclude that the ligand repulsive energy of the olefin
cannot be ignored in computing de.

An expression analogous to equation 2 can be defined for ligand repulsive energy alone. 
Diastereoselective excess determined using ligand repulsive energy, without taking into account H
for the isomer, also correlates poorly with experimental de, and has a negative slope. Therefore, we 
need a computational measure of diastereoselective excess that contains both H and E R for the
isomer.

We define a Boltzmann energy–weighted ligand repulsive energy for isomer i, <E R>i, as 

i

ii

kT
E

kT
E

wE
R

R

R

exp

exp
(4)

We also define the SEQM–based diastereoselective excess, deSEQM, as 

2,,2,,SEQM SSRRRSSRRRSRRSRSRRSR EEEEde (5)

where <E R>RS,SR is the Boltzmann weighted E R value for the RS,SR isomer as defined in Table 1, 
etc. Both wi and <E R>i values are listed in Tables 3 and 4. The correlation between experimental de
and deSEQM is poor (r = 0.008); SEQM heats of formation may not be accurate enough to weight the 
E R values in order to obtain a good correlation between computed and experimental de. Therefore, 
we have undertaken a DFT approach to the problem, which is in progress in our laboratories. 

Even though there is no quantitative relationship between experimental and computed de, we can 
use the deSEQM values to rank the efficacy of a complex towards stereoselective binding of a 
prochiral –olefin. When we plot total fragment cone angle versus deSEQM, we obtain an excellent 
linear relationship (Figure 6). 

As the steric congestion in the fragment increases, so deSEQM increases linearly. This means that 
the greater the congestion, the greater the repulsion experienced by an incoming olefin. This 
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argument reinforces the hypothesis presented by Gladysz in order to rationalize the trends in 
experimental de [6]. 

Cone angle = 219de  + 112
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Figure 6. Plot of total fragment cone angle (cone angle for cyclopentadienyl ligand plus NO plus phosphine) versus
computed diastereoselective excess defined in equation (5).

The nonzero intercept in the plot of total fragment cone angle versus deSEQM indicates the 
presence of a steric threshold. In other words, no diastereoselectivity is observed unless the total 
fragment cone angle exceeds 112º. Since the cone angle of the cyclopentadienyl ligand is 128º
[7,16,29], it is difficult to design an organorhenium fragment that falls below this steric threshold. 

4 CONCLUSIONS 

Using PM3(tm), geometry optimized structures for [( 5–C5R5)Re( 2–CH2=CHR )(NO)(L)]+ (R 
= H, Me; R  = Me, n–Pr, Bn, Ph, i–Pr, t–Bu, SiMe3; L = PMe3, PPh3) complexes have been 
generated, which closely match structural parameters reported in the CSD [21]. A genetic algorithm 
optimized PM3(tm) Hamiltonian was used to obtain heats of formation for the [( 5–C5R5)Re( 2–
CH2=CHR )(NO)(L)]+ complexes. Brown’s MM–based ligand repulsive energy parameter was used 
to compute steric size of the olefins in the [( 5–C5R5)Re(NO)(L)]+ environments. Ligand repulsive 
energies allowed the sizes of the four fragments to be ranked in terms of steric demand from the
perspective of the –olefins. A Boltzmann–averaged diastereoselective excess was defined and 
found to increase as the steric bulk of the [( 5–C5R5)Re(NO)(L)]+ fragment increases. A steric 
threshold was discovered at a total fragment cone angle of 112º. Therefore, in order to optimize
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diastereoselective binding of a prochiral olefin by a chiral organorhenium fragment, steric 
congestion of the order of that in [Cp*Re(NO)(PPh3)]+ needs to be built into the chiral Lewis acid.
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