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Abstract: Reaction of [CpCo(C3F7)(I)(L)], (L = PPh,Me (la),  PPhMe, (lb), PMe, (lc), and PPh(OMe), (2)), with 
PPh(OMe), affords diastereomeric Co- and P-chiral metallophosphinates CpCo(C3F7)(L)(P(0)Ph(OMe)), 4a,b,c and 6, 
respectively. The solid state structure and relative configuration of the lower Rf diastereomeric phosphinate 
CpCo(C3F7)(PPh(0Me),)(P(O)Ph(OMe)), 6-2, was determined by X-ray diffraction. RR;SS-6-2 crystallizes in the triclinic 
system with space group PT(no. 2) ,  with a = 12.928(4) A, b = 14.683(4) A, c = 7.666(2) A, a = 103.50(2)O, p = 101.31(3)", 
y = 109.50(2)", V =  1272.8(7) A3, Z = 2, and R = 0.036 (R,, = 0.030) for 2867 reflections with I > 3.00a(T). 
CpCo(C,F,)(I)(PPh(OMe),), 2, reacts with PPh,Me to yield the same Co- and P-chiral phosphinate products as obtained for the 
reaction of l a  with PPh(OMe),, albeit with different optical yields. The product stereochemistry is not accounted for by the 
established mechanism for transition metal Arbuzov-like dealkylations, which requires formation of a common, ionic 
intermediate [CpCo(C3F7)(PPh,Me)(PPh(OMe),)]+, 3, via iodide substitution and subsequent nucleophilic attack at carbon. A 
parallel intramolecular dealkylation pathway is proposed to account for the results. 

Key words: stereochemistry, mechanism, Arbuzov, Co(II1) complex, chiral metal, X-ray 

RCsum6 : La rkaction du [CpCo(C,F,)(I)(L)], (L = PPh,Me (la),  PPhMe, (lb), PMe3 (lc) et PPh(OMe), (2)) avec du 
PPh(OMe), conduit aux mCtallophosphinates diastCrComCriques Co- et P-chiraux CpCo(C,F,)(L)(P(O)Ph(OMe)) 4a,b,c et 6 
respectivement. Faisant appel h la diffraction des rayons X, on a dCterminC les structures solides et les configurations relatives du 
phosphinate diastCrCombre de Rf le plus faible, CpCo(C3F7)(PPh(OMe),)(P(0)Ph(OMe)), 6-2. Le composC RR;SS-6-2 cristallise 
dans le systbme triclinique, groupe d'espace P i  (no 2) avec a = 12,928(4), b = 14,683(4) et c = 7,666(2) A, a = 103,50(2)", P = 
101,31(3)" et y = 109,50(2)", V  = 1272,8(7) A3, Z = 2 et R = 0,036 (R,, = 0,030) pour 2867 rkflexions avec I > 3,00o(T). Le 
CpCo(C,F,)(I)(PPh(OMe),), 2, rCagit avec du PPh,Me pour conduire aux memes produits Co- et P-chiraux que ceux obtenus par 
rCaction du composC l a  avec du PPh(OMe),; les rendements optiques sont toutefois diffkrents. On ne peut pas expliquer la 
stCrCochimie du produit en se basant sur le mCcanisme Ctabli pour les reactions de dCsalkylations de type Arbuzov des mCtaux de 
transition pour lesquels il est nCcessaire de former un intermkdiaire ionique commun, [C~CO(C~F,)(PP~,M~)(PP~(OM~)~)]+, 3, 
par le biais d'une substitution de l'iodure et d'une attaque nuclCophile subsCquente au niveau du carbone. Pour expliquer les 
rCsultats, on propose une voie rkactionnelle parallble de dCsalkylation intramolCculaire. 

Mots cltfs : sttrCochimie, mkcanisme, Arbuzov, complexe de Co(III), mCtal chiral, rayon X. 

[Traduit par la rCdaction] 

Introduction 

Phosphites and phosphonites react readily with transition 
metal iodides to give metallophosphonates and -phosphinates, 
respectively (l ,2).  Mechanistic studies have identified the pre- 
dominant mechanism as a two-step sequence (cf. eq. [I]) that 
parallels the classic organophosphorus Arbuzov rearrange- 
ment (3-9). Initial halide substitution at the metal centre gives 
a cationic phosphite or phosphonite intermediate that can, in 
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favourable circumstance, be directly observed ( 1, 3-7, 9-1 2). 
Subsequent attack of halide ion at carbon occurs with C-0 
bond cleavage to displace the thermodynamically stable 
phosphoryl species. In the course of our studies of transi- 
tion-metal-mediated Arbuzov chemistry as a platform for 
diastereoselective synthesis of P-chiral phosphinates from 
prochiral phosphonites, asymmetric Co(II1) auxiliaries have 
been developed that afford P-chiral products with fair to good 
optical yields (2,6, 13, 14). In this report we present evidence, 
derived from product distribution studies, which suggests that 
a novel, intramolecular dealkylation pathway competes with 
the accepted mechanism of eq. [I]. 

Results and discussion 

Substitution and Arbuzov chemistry of 1 and 2 
Treatment of the iodo phosphine complexes -q5- 
CpCo(C,F,)(L)(I) ( la,  L = PPh2Me; lb ,  L = PPhMe2; lc,  L = 
PMe3 (5); 2, L = PPh(OMe)2 (14)) with one equivalent of dim- 
ethyl phenylphosphonite in acetone at ambient temperature 
for 20 h affords a complex reaction mixture containing prod- 
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Scheme 1. 

labc k ~ h P ( 0 ~ e ) .  

- PhP(0MeX 

Qbc 6 

a, PPh,Me; b, PPhMe,; c ,  PMe, 

ucts derived from simple phosphine substitution, halide substi- 
tution - Arbuzov dealkylation, as well as combinations of both 
processes (cf. Scheme 1). Product structure was confirmed by 
comparison of NMR parameters with known compounds ( l c  
(5) and 2 (14)) and by full analytical and spectroscopic char- 
acterization in the case of l a  and l b  (cf. Tables 1-3). Two 
diastereomeric pairs of enantiomers with characteristically 
different 'H NMR spectra were detected for all Co- and 
P-chiral metallophosphinates, q 5 - ~ P ~ o * ( ~ 3 ~ 7 ) ( ~ ) ( ~ * ( ~ ) ~ h -  
(OMe)) 4a,b,c and 6. 

Relative stereochemistry at chiral Co and P for the diastere- 
omeric pairs of phosphine-substituted phosphinates 4a and 4b 

was empirically assigned by comparison of relative chromato- 
graphic Rf values with those of crystallographically deter- 
mined RR;SS and RS;SR-4c (5). We have found that RR;SS 
diastereomers of this type consistently elute before the RS;SR 
form on silica gel thin-layer chromatographic (TLC) plates. 
Thus the relative stereochemistry of the higher Rf diastere- 
omers is assigned RR;SS-4a-1 and RR;SS-4b-1 and of the 
lower Rf diastereomers is RS;SR-4a-2 and RS;SR-4b-2. 

The relative stereochemistry of the lower Rf phosphonite- 
substituted product 6-2 was unambiguously established by 
single crystal X-ray diffraction study. The ORTEP representa- 
tion of the molecular structure obtained (cf. Fig. 1 )  shows a 
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Chen et al. 

Table 1. Physical data for q5-C~CO*(C,F,)(L)(X). 

Analysis 

% C  % H  Melting 
found found Relative point 

Compound" L, x Formula % yield (calcd.) (calcd.) config. ("C) 

PPhMe,, I 

PPhzMe, 
P(O)(OMe)(Ph) 
PPhMe,, 
P(O)(OMe)(Ph) 
PPhMe,, 
P(O)(OMe)(Ph) 
PPhMe,, 
P(O)(OMe)(Ph) 
P(O)(OMe)(Ph), 
P(O)(OMe)(Ph) 
P(O)(OMe)(Ph), 
P(O)(OMe)(Ph) 

"The designation -1, -2 refers to high and low R,, respectively. 

Table 2. 'H NMR data for q5-CpCo'(C,F,)(L)(X)." 

Compound L, x C6H5 CP OMe PMe 

PPhMe,, I 

PPhMe,, P(O)(OMe)(Ph) 

PPhMe,, P(O)(OMe)(Ph) 

7.83 (m), 7.64 (m), 5.09 (s) 2.18 (d, 11) 
7.47 (m) 
7.90 (m), 7.52 (m) 4.91 (s) 2.12 (d, 11.1) 

1.96 (d, 11.1) 
7.78(m),7.60(m), 5.06(s) 3.09(d,11.1) 2.17(d,12.3) 
7.45 (m), 7.34 (m) 
7.91(m),7.58(m), 4.87(s) 3.34(d,11.1) 2.13(d,11.7) 
7.47 (m), 7.36 (m) 
7.77(m),7.64(m), 4.86(s) 3.41(d,10.8) 2.06(d,11.4) 
7.46 (m), 7.36 (m) 1.90 (d, 1 1.4) 
7.92(m),7.79(m), 4.64(s) 3.42(d,11.1) 2.01(d,11.4) 
7.48 (m), 7.40 (m) 1.87 (d, 1 1.4) 
7.73(m),7.50(m), 5.09(s) 3.83(d,10.8), - 

7.33 (m) 3.73 (d, 11,10), 
3.41 (d, 10.8) 

7.75(m),7.46(m), 4.98(s) 3.87(d,11.1), - 
7.37 (m) 3.81 (d, 10.5), 

3.33 (d, 11.1) 

"'H NMR (300.1 MHz) chemical shifts in CDCI, relative to internal TMS; J values in Hz; m = multiplet, d = doublet. 

typical pseudo-octahedral, three-legged piano-stool structure 
with average interligand bond angles (93.7") approaching 90". 
The phosphoryl P-atom is distorted from ideal tetrahedral 
geometry showing a moderate opening of the Co-P=O angle 
to 117.8" that is accommodated by a closing of the MeO-P- 
C(10) angle to 100.5". A substantial multiple bond character 
(15) for the phos horyl group is inferred from the P=O dis- 
tance (1.487(3) ! ), which is considerably shorter than the 

P(1)-O(1) single bond length measured for 6-2 (1.625(3) A) 
but comfortably in the normal range for free (15), P-coordi- 
nated (16, 17), or even P=O bridging (18) phosphoryl groups 
in a wide range of chemical environments (16, 17). The CIP 
ligand priority sequence Cp > PPh(OMe),, > P(O)(OMe)Ph > 
C3F, for Co (19-21) and Co > OMe > 0 > Ph for P unambig- 
uously fix the relative stereochemistry of 6-2 as Rc,R,. CIP 
priority differences for phosphonite and phosphine show that 
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Table 3. I3C and 31P NMR data for q S - C p ~ o ' ( ~ , ~ , ) ( ~ ) ( ~ ) . "  

Compound L, x C,H5 CP OMe PMe 3 I P (PR,, P-0) 

l a  PPh,Me, I i: 137.56 (d, 43.3), 134.74 (d, 44.5) 87.75 19.85 (d, 34.0) 31.44, - 
o,m: 132.65 (d, 7.8), 130.67 (d, 5.7), 
128.49 (d,, 8.7), 128.26 (d, 8.7) 
p: 132.80 

16 PPhMe,, I i: 139.02 (d, 43.2) 87.63 16.74 (d, 39.6) 19.02, - 
o,m: 129.56 (d, 7.8), 128.85 (d, 8.3) 
p: 130.45 

4a- 1 PPh,Me, i :  143.62 9(d, 4 9 3 ,  138.46 (d, 40.7), 89.06 50.31 (d, 11.1) 15.84 (d, 29.7) 
P(O)(OMe)(Ph) 136.93 (d, 50.1) 

o,m: 132.96 (d, 8.2), 130.59 (d, 10.3), 
128.14 (d, 11.6). 127.40 (d, 12.4) 
p: 130.01, 129.64, 129.16 

4a-2 PPh,Me, i: 141.29 (d, 52.5). 137.49 (d, 43.2), 89.87 49.77 (d, 11.6) 16.35 (d, 29.5) 
P(O)(OMe)(Ph) 136.71 (d, 49.6) 

o,m: 133.16 (d, 9.9), 132.27 (d, 8.8), 
128.33 (d, 9.1), 127.75 (d, 10.9) 
p: 132.62, 130.31, 129.24 

. . 
. . .  46- 1 PPhMe,, i :  143.33 (d, 49.6), 140.20 (d, 45.1), 88.98 50.46 (d, 9.4) 16.69 (d, 34.7) 

P(O)(OMe)(Ph) 132.24 (d, 5 1.32) 
o,m: 130.59 (d, 10.0), 130.06 (d, 7.9), 

I 
I 

128.47 (d, 9 3 ,  127.56 (d, 11.2) 

I p: 131.75, 129.62, 129.32 
i 46-2 PPhMe,, i: 143.99 (d, 53.1), 139.69, 90.03 49.72 (d, 14.4) 17.77 (d, 30.6) 
1 P(O)(OMe)(Ph) 132.72 (d, 39.6) 

I o,m: 130.47 (d, 10.6), 130.20 (d, 7.7), 
128.63 (d, 9.0), 127.91 (d, 11.4) 
p: 129.81, 129.45 

I 6- 1 P(O)(OMe)(Ph), i: 143.73 (d, 58.2), 137.13 (d, 58.1) 89.96 55.44 (d, 11.5), - 
i P(O)(OMe)(Ph) o,m: 131.25 (d, 10.6), 130.93 (d, 11.2). 54.26 (d, 10.4) 

I 128.05 (d, 10.4), 127.15 (d, 10.9) ~ p: 131.00, 129.21 

6-2 P(O)(OMe)(Ph), i: 144.48 (d, 58.3), 136.57, d, 58.7) 90.28 55.00 (d, 10.9), - 
P(O)(OMe)(Ph) o,m: 131.25 (d, 10.6), 130.58 (d, 10.0), 54.74 (d, 10.0), 

127.83 (d, 12.9), 127.67 (d, 11.5) 49.96 (d, 11.8) 
p: 130.93, 129.29 

" "C (75.47 MHz) chemical shifts in ppm relative to solvent CDCI,; "P (121.5 MHz) chemical shifts in ppm relative to external 85% H,PO,; J values in 
Hz: d = doublet. 

RR;SS-6-2 has the same relative stereochemistry as the lower 
R, RS;SR diastereomers in the phosphine substituted series. 

Product distribution was examined in detail for the case of 
reaction of l a  with PPh(OMe),. Careful preparative thick- 
layer chromatographic (PLC) isolation gives, in order of 
decreasing Rf values, unreacted la ,  dark-green phosphonite 
complex q5-~p~o*(~3~7)(~~h(~~e)2)(~), 2, two orange, 
phosphine-metallophosphonate diastereomers q 5 - ~ p ~ o * -  
(c~F~)(PP~,M~)-(P*(o)P~(oM~)), 4a-1,2, followed by two 
light-orange phosphonite-metallophosphinate diastereomers 
(14) q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ * ( ~ ) ~ h ( ~ ~ e ) ) ,  6-1,2. 
The iodo-phosphonite complex 2 is stable for months in the 
solid state or in acetone solution; however, it reacts readily in 
the presence of methyldiphenylphosphine to afford the same 
sequence of products. 

Product distribution was also monitored by 'H NMR spec- 
troscopy. We (14) as well as others (22) have observed that 
piano-stool Co(II1) metallophosphonates such as 4 tend to be 
substitution inert, hence the phosphonite complexes 6- 1 and 6- 
2 must derive from stepwise halide substitution and Arbuzov 
dealkylation of 2. The observation that no phosphonite-con- 
taining products, 6, were observed for the reaction of l a  with 
dimethyl phenylphosphonite in the presence of excess 
PPh,Me (mole ratio la:PPh(OMe),:PPh,Me = 1 : 1 : 10) sug- 
gests a facile phosphine substitution that establishes the equi- 
librium l a  + PPh(OMe), * 2 + PPh,Me. Pre-equilibrium 
phosphine exchange was confirmed from observation of con- 
centrationftime curves vs. starting material ratios in acetone- 
d6 solution. A labile species with 8?, = 5.60 ppm was observed 
and tentatively assigned as the cationic intermediate 3a; how- 
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Fig. 1. ORTEP plot of r15-~p~o'(~,~,)(~~h(~~e),)(~*(0)~h(~~e)), 6-2. 

ever, we are unable to unequivocally distinguish whether for- 
mation of 4 proceeds by direct phosphine exchange (2 -+ 4) 

, and (or) via the proposed cationic intermediate 3n (1,2 -+ 3 -+ 
I 4). Nevertheless, all directly observed products follow directly 

from consideration of Scheme 1. 

I Stereochemistry and optical yields 
If cationic [ - q 5 - ~ p ~ o ( ~ 3 ~ 7 ) ( ~ ~ h 2 ~ e ) ( ~ ~ h ( ~ ~ e ) 2 ) ] + ~ - ,  3a, is 
the unique intermediate for transition metal Arbuzov dealky- 
lation (Scheme l), treatment of the iodo-phosphine complex 
- q 5 - ~ p ~ o ( ~ , F 7 ) ( ~ ~ h 2 ~ e ) ( 1 ) ,  l a ,  with dimethyl phenyl- 
phosphonite or of the iodo-phosphonite complex -q5- 
C~CO*(C~F,)(PP~(OM~),)(I), 2, with methyldiphenylphos- 
phine is expected to produce identical optical yields of P-chiral 
metallophosphinate product, 4. In that event %de is fully 
determined by AAC* for iodide attack at the diastereotopic 
methoxy groups of intermediate 3a as shown in Scheme 1. 
In contrast with this hypothesis, we find that the optical yield 
of phosphinate - q 5 - ~ p ~ o ( ~ 3 ~ 7 ) - ( ~ ~ h 2 ~ e ) ( ~ ( ~ ) - ~ h ( ~ ~ e ) )  
(%de = 100 x ([4a- 11 - [4a-2])l([4n- 1]+[4a-21)) is sensitive to 
reactant composition in acetone (cf. Table 4). Table 4 shows 
the dependence of optical yield on reactant composition as 
determined by integration of 'H NMR spectra in the Cp region. 
Relative stereochemistry for the Co- and P-chiral metallophos- 
phinates 4a and 4b was assigned by comparison of TLC R, val- 
ues with that of crystallographically determined 4c. (5). 
Reaction of In with PPh(OMe), resulted in increased optical 
yield for 4a- 1,4n-2 compared with reaction of 2 with PPh2Me 
(cf. Table 4 entries 1 and 3). The product distribution studies 
are inconsistent with the formation of a common intermediate 
and therefore imply the presence of a parallel reaction channel 
with a different optical yield. We propose a competing, 

intramolecular pathway, which is possible only for the iodo- 
phosphonite 2. 

There is ample literature precedent that establishes that 
intramolecular alkyl migrations can lead to metallophospho- 
nates (23-25). We therefore propose an intramolecular attack 
of iodide at carbon, concerted with associative nucleophilic 
attack at the metal by PPh,Me. Expulsion of Me1 from 2 gives 
the metallophosphinate 4n-1, 4n-2 in a single step as illus- 
trated in Scheme 2. Optical yield for 4a formation via the 
intramolecular pathway is then a function of AAC*(intramo- 
lecular) rather than AAC*(intermolecular) for iodide attack at 
diastereotopic OMe (cf. Scheme 2). Optical yields will then 
reflect the position of the equilibrium connecting the starting 
materials 1 and 2. In the presence of excess PPh,Me the equi- 
librium l a  + PPh(OMe):! * 2 + PPh,Me shifts to the left and 
effectively shuts off the intramolecular route. Under these 
conditions (cf. Table 4, entry 6) the intermolecular sequence 
la-+3a-+4a provides the dominant route to phosphinate 
product. If our interpretation is correct, higher %de in the 
presence of excess PPh2Me can be interpreted as less efficient 
optical induction for the intramolecular vs. intermolecular 
pathway. Accordingly, the lowest optical yields were mea- 
sured in methanol solvent (cf. Table 4, entry 8) since hydro- 
gen bonding limits iodide nucleophilicity and the 
intramolecular pathway operates exclusively (cf. discussion 
below). 

Attempts to further test for the proposed intramolecular 
Arbuzov reaction mechanism by reacting [-q5-cpCo(C3~,)- 
(PPh2Me)(PPh(OMe),)]+SbF6-, prepared by iodide abstrac- 
tion of 2 followed by in situ treatment with PPh,Me, with NaI 
in acetone failed. Reaction under these conditions resulted in 
nucleophilic attack of iodide on cobalt rather than carbon. The 
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Table 4. Product distribution vs. reactant composition for Scheme 1 

Yield (mol %)" 

RR,SS-4a- 11 RS,SR-6- 11 
Entry Reactant composition RS,SR-4a-2 RR,SS-6-2 
no. (mol ratio) Solvent l a  2 (%de)" (%de) 

Acetone 53.4 16.4 

Acetone Trace Trace 

Acetone 40.6 4.5 

Benzene 69.9 21.8 

Acetone 74.9 1 1.6 

Acetone 5 1.8 Trace 

Acetone:methanol >90 Trace 
= 3.2 
Acetone:methanol 56.9 12.4 
= 3:2 

16.016.0 
(46) 
3.311.1 
(50) 
32.1114.3 
(38.2) 
2.511.1 
(38.9) 
9.613.9 
(42.2) 
37.9110.3 
(57.3) 
Trace 

4.913.3 
(19.5) 
46.714 1.6 
(5.8) 
5.313.2 
(25) 
2.812.0 
(16.7) 
Trace 

Trace 

Trace 

"Determined by 'H NMR integration of the qs-Cp region. 
"%de = I([RR.SS]-[RS,SR])I([RR,SS]+[RS,SR])I x 100. 

Scheme 2. 

(intermolecular) 

M G *  (intramolecular) 

iodo complexes, resulting from phosphonitelphosphine sub- 
stitution, were isolated in a 14.5:l ratio in > 90% chemical 
yield. 

Brunner's early studies (26) of coordinatively saturated, 
pseudo-tetrahedral, piano-stool complexes elegantly estab- 
lished dissociative substitution with dominant retention of 
configuration at chiral metal. Fewer examples of associative 
activation have been identified (27-30). The latter require an 
ancillary ligand capable of removing an electron pair in order 
to avoid formation of high-energy 20 e- species. Established 
cases involve hapticity decreases (-q5+-q3 "ring slippage" 
(27)) of indenyl or cyclopentadienyl or linear+bent NO 
isomerization (31). In a relevant study Landon and Brill (3) 
reported second-order kinetics for the Arbuzov rearrangement 
of - q 5 - ~ p ~ o ( d p p e ) ~  with P(OMe)3 and steric inhibition for 
the increased bite-angle ligand dppp (1,3-bis(dipheny1- 
phosphino)propane), implying an associative reaction. The 
stereochemical consequences pursuant to the presence of a 
prochiral phosphonite in the present study allow detection of 
an otherwise masked reaction mechanism. 

Solvent effects 
Solvent effects also support the proposed intramolecular 
Arbuzov dealkylation. Free iodide ion is strongly solvated in 
protonic solvents and is considerably less nucleophilic (6), 
hence attack at carbon required for Arbuzov dealkylation is 
inhibited. Complex l a  reacts with PPh(OMe)2 in the presence 
of excess PPh2Me via initial displacement of iodide; however, 
the second step is effectively blocked in methanol and Arbu- 
zov dealkylation does not proceed readily (cf. Table 4, entry 
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Chen et al 

Fig. 2. GMMX determined conformational energies for 3. 

L El (rel) kJ/mol El, (rel) kJ/mol E,,, (rel) kJ/mol 

7). If other reaction pathways were available under these con- 
ditions, 4a- 1, and 4a-2 would still be formed. 

Strikingly different results were obtained when the reaction 
was carried out starting with 2 in the methanol-d, (cf. Table 4, 
entry 8). Addition of one equivalent of PPh,Me resulted in the 
formation of four Cp peaks in the 'H NMR spectrum assigned 
to l a ,  2, 4a- 1, and 4a-2. Arbuzov dealkylation occurs readily 

I 
from 2 even when the two-step pathway 2+3n+4a is blocked 

i in protonic media. Since iodide is non-nucleophilic under 
these conditions, iodide attack at 0CH3 cannot occur from out- 

! side the coordination sphere. In contrast, protonic solvent is 
1 expected to have little effect on a concerted mechanism 

involving 3 that avoids formation of free iodide. Optical yields 
) in this experiment are determined exclusively by the intramo- 

lecular mechanism and decreased to %de = 28, consistent with 
a decreased optical induction in the intramolecular route. 

It is reasonable to expect that low dielectric media will 
inhibit iodide substitution since the process involves substan- 
tial charge separation. Indeed (cf. Table 4, entry 4) we find that 
the optical yield for the reaction of 2 with PPh,Me drops as the 
solvent changes from acetone (E = 20, %de = 32) to benzene (E 
= 4 ,  %de= 15). 

Ligand sphere effects on optical yield 
AAG* for attack of iodide at the diastereotopic phosphonite 
methoxy groups will of course determine optical yield. Previ- 
ous studies of Co+P chiral induction for 1+4 (L = 
PPh,NH(C H(Me)Ph)) identified (2, 13, 14) intramolecular 
N-H...O=P hydrogen bonding as a pivotal parameter for 
Co+P chiral induction. We were therefore surprised to find 
that optical yields measured for 1+4 (L = phosphine, phos- 
phonite), which cannot reduce the number of low-energy con- 
formers by intramolecular hydrogen bonding, were in some 
cases superior. Measured optical yields for 1+4 decreased 
along the series L = PPh,Me (40%) < PPhMe, (33%) < PMe3 
(18%). It was of interest to determine the effect of ligand steric 

I 

requirements on the efficacy of Co+P optical induction. 
Molecular mechanics global minimum conformational 

searches for the intermediates 3a-c were carried out using the 
GMMX algorithm (32) with the assumption that insight rele- 
vant to diastereoselection in the transition state for intermolec- 
ular dealkylation might be provided. Starting structures for the 

cations 3, obtained from model compounds derived from crys- 
tallographic data, were minimized using the MMX (33) force 
field, which has been shown to be appropriate for related 
piano-stool molecules (34, 35). GMMX searches of confor- 
mational space used a combined Monte Carlo internal - Car- 
tesian randomization protocol that examined rotations about 
all specified bonds with less than 3-fold symmetry. Conforma- 
tions meeting energy criteria were then MMX minimized, 
checked for redundancy, and retained subsequent to a final 
energy assessment. Surviving conformations within a 12.5 kJ1 
mol band containing the lowest energy structure were 
retained. Further cycles removed/re-added hydrogen atoms in 
calculated positions and minimized in order to dislodge struc- 
tures from saddle points. Finally, the surviving conformations 
were checked for redundancy and energy criteria. The process 
was continued until no further conformations were lost. 

The GMMX conformational searches identified three stag- 
gered Co-P(OMe),Ph rotamers for the intermediate 3a,b,c. 
Figure 2 shows Newman projections along with the calculated 
relative MMX energies. Literature evidence (36, 37) strongly 
suggests that the region between the almost 90" L-Co-C3F, is 
the least sterically accessible for pseudo-octahedral piano 
stools. The GMMX calculations concur, and rotamers I and 11, 
which place the least sterically demanding group (OMe) in 
that region, are always most stable. Faceledge Cp-Ph interac- 
tions (3840)  may also contribute to the relative stability of 
rotamers I and 11. Differences are small; however, the relative 
increase in the energy of rotamer I with respect to I1 as phenyl 
groups accumulate on the phosphine donor L can be traced to 
increasing Ph-L steric interactions. 

Curtin-Hammett restrictions (41) preclude a direct relation 
between conformer population and optical yield, however, 
based on the GMMX calculations described above, a case can 
be made for the direction of chiral induction and ligand sphere 
effects on the measured %de for 1+3+4. It is clear that the 
critical step for chiral induction occurs on attack of iodide at 
the diastereotopic OMe groups of 3, which displaces the phos- 
phoryl product. We have previously established a preference 
for a dominant anticlinal Cp-Co-P=O conformation (2, 13, 
14, 42, 43) in piano-stool metallophosphonate and metallo- 
phosphinate complexes. ~ s s u m ~ t i o n  of significant product- 
like character in the transition state predicts a preference for 
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attack at the anticlirzal Cp-Co-P-OMe, and conformer I1 (Rc, 
configuration shown in Fig. 2) is then correctly linked to the 
major product (Rc,R,). Optical yields will then parallel the 
1111 ratio, which increases along the series PMe3 (18%de) < 
PPhMe, (33%de) < PPh,Me (40%de). 

Experimental 

General 
All manipulations were performed under a dry nitrogen atrno- 
sphere using standard Schlenk techniques. Nitrogen was puri- 
fied by passing though a series of columns containing granular 
phosphorus pentoxide, 3A molecular sieves, and BASF 
DEOX catalyst (100°C). Acetone, methanol, and methylene 
chloride were distilled from activated 4A molecular sieves. 
Reactions were monitored by analytical thin-layer chromatog- 
raphy (precoated TLC plates, silica gel F-254, Merck). NMR 
spectra were recorded on a General Electric GN300-NB spec- 
trometer operating at a proton frequency of 300.1 MHz. Pre- 
parative thick-layer chromatographic (PLC) purification was 
carried out using a Chromatotron (Harrison Associates) with 
1-2 mm thick silica gel,,PF,,,(Merck) adsorbent. The corn- 
pounds CpCo(C,F,)(CO)(I) (44), l c  (5), and 2 (14) were pre- 
pared using the established procedures. Commercial samples 
of dimethyl phenylphosphonite, diphenylmethylphosphine, 
dimethylphenylphosphine, trimethylphosphine, AgSbF,, and 
perfluoropropyl iodide (Aldrich) were used as received. Melt- 
ing points were measured in sealed, nitrogen-filled capillaries 
and are uncorrected. C, H analyses were provided by Canadian 
Microanalytical Service Inc., Delta, B.C. 

Preparation of - q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h 2 ~ e ) ( ~ )  ( l a )  and -q5- 
c~co*(c,F,)(PP~M~,)(I) (lb). 

PPh,Me (90.1 mg, 0.450 mmol) was added dropwise to a 
stirred 25 mL, black, CH,CI, solution of r 1 5 - ~ p ~ o * ( ~ , ~ 7 ) -  
(CO)(I) (197.4 mg, 0.4407 rnmol) contained in a 100 mL 
Schlenk flask and stirred at ambient temperature (20°C) for 12 
h. Removal of volatiles under water aspirator followed by oil 
pump vacuum overnight left a dark green solid, which was 
purified by thick-layer radial PLC on silica gel (CH,Cl,) to 
give l a  (245.9 mg, 0.3966 mmol, 90.0%). l b  was prepared in 
86.6% yield from r 1 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ ) ( ~ )  and PPhMe, in an 
analogous manner. Physical, analytical, and spectroscopic 
data for l a ,b  are presented in Tables 1-3. 

Reaction of - q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h 2 ~ e ) ( ~ )  ( la)  with 
PPh(OMe), in acetone 

r15-~p~o*(~3~7)(~~h,~e)(~) (1 34.0 mg, 0.2 16 1 mmol), 
PPh(OMe), (38.0 mg, 0.2188 mmol), and acetone (25 mL) 
were mixed in a 50 mL Schlenk flask and stirred at ambient 
temperature (20°C) for 24 h. Removal of volatiles under water 
aspirator followed by oil pump vacuum overnight left a dark- 
green solid, which was purified by PLC on silica gel. Elution 
with CH,Cl, separated (in order of decreasing R, values) a ~ 

I dark-green zone containing l a  (71.6 mg, 0.1 15 mmol) and 2 
I (20.9 mg, 0.0354 mmol). Continued elution with acetone sep- 

arated two orange zones containing 4n-1,4a-2 (4a-1: 22.4 mg, 
0.0346 mmol; 4a-2: 8.4 mg, 0.013 mmol), followed by two 
light-orange zones containing 6-1, 6-2 (6-1: 7.6 mg 0.012 
mmo 1; 6-2: 3.1 mg 0.0050 mmol). Physical, analytical, and 
spectroscopic data for 4a- 1,2 are presented in Tables 1-3. 

Table 5. Positional parameters" and B(eq) for 6-2. 

Atom x Y z B(eq) 

"Estimated standard deviations in the least significant figure are given 
in parentheses. 

Reaction of - q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ~ e 2 ) ( ~ )  (lb) with 
PPh(OMe), in acetone 

- q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h , ~ e ) ( ~ )  (41.3 mg, 0.0749 mmol), 
PPh(OMe), (20.8 mg, 0.122 mmol), and acetone (25 mL) were 
mixed in a 50 mL Schlenk flask and stirred at 50°C for 12 h. 
Removal of volatiles under water aspirator followed by oil 
pump vacuum overnight left a dark-green solid, which was 
purified by PLC on silica gel. Elution with CH,Cl, separated 
(in order of decreasing R, values) a dark-green zone containing 
l b  and 2 (17.6 mg). Continued elution with acetone separated 
two orange zones containing 4b-1, 4b-2 (4b-1: 10.9 mg, 
0.0186 mmol; 4b-2: 5.3 mg, 0.0090 mmol). Physical, analyti- 
cal, and spectroscopic data for 4b-1,2 are presented in Tables 
1-3. 
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Table 6. Selected intramolecular distances" and angles for 6-2. 

Atom Atom Distance (A) Atom Atom Distance (A) 

Atom Atom Atom Angle (O) Atom Atom Atom Angle (O) 

"Estimated standard deviations in the least significant figure are given in I 

Reaction of q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ )  2 with 
PPh,Me in acetone 

q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ )  (147.0 mg, 0.249 1 mmol), 
PPh,Me (51.0 mg, 0.255 mmol), and acetone (25 mL) were 
mixed in a 50 mL Schlenk flask and stirred at ambient temper- 
ature (20°C) for 24 h. Removal of volatiles under water aspi- 
rator followed by oil pump vacuum overnight left a dark-green 
solid, which was purified by PLC on silica gel. Elution with 
CH2C12 separated (in order of decreasing Rf values) a dark- 
green zone containing l a  (62.1 mg, 0.100 mmol) and 2 (6.6 
mg, 0.01 1 mmol). Continued elution with acetone separated 
two orange zones containing 4a-1, 4a-2 (4a-1: 45.1 mg, 
0.0696 mmol; 40-2: 21.0 mg, 0.0324 mmol), followed by two 
light-orange zones containing 6-1, 6-2 (6-1: 7.9 mg 0.013 
mmol; 6-2: 4.4 mg 0.007 1 mmol). 

Reaction of q S - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ )  2 with 
AgSbF, following with PPhzMe and then NaI in acetone 

A 10 rnL colourless, acetone solution of AgSbF6 (29.1 mg, 
0.0847 mmol) was added dropwise with stirring into a 20 mL 

, dark-green acetone solution of q 5 - C p ~ o * ( ~ , ~ , ) ( ~ ~ h -  
(OMe),)(I) (44.0 mg, 0.0755 mmol) contained in a 50 rnL 
Schlenk flask at ambient temperature (20°C). A white precip- 
itate of AgI formed. Dropwise addition of PPh,Me (16.6 mg, 
0.0829 mmol) resulted in the formation of a brown solution. 
Treatment of the solution with NaI (22.8 mg, 0.1521 rnmol) 
gave an immediate colour change to deep green. Removal of 
volatiles under water aspirator pressure followed by oil pump 

'arenthesis. 

vacuum overnight left a dark-green solid. 'H NMR analysis 
(CDCI,) of the residue in cyclopentadienyl region showed two 
resonances corresponding to l a  (6 = 5.09 ppm, 75.0%) and 2 
(6 = 5.19 ppm, 17.2%). The phosphinate complexes 40-1,4a- 
2 were not detected. 

NMR tube reaction of q 5 - ~ p ~ o * ( ~ ~ h ( 0 ~ e ) 2 ) ( 1 ) ,  2, with 
PPh,Me in acetone-d6 

A 5 mm NMR tube was charged with q5- 
c~co*(c,F,)(PP~(oM~),)(I) (13.44 mg, 0.02276 mmol), 
PPh,Me (4.78 mg, 0.0239 mmol), and acetone-d6 (0.86 mL) 
and capped with a septum. The sample was equilibrated at 
ambient temperature (20°C) for 24 h. The 'H NMR spectrum 
showed l a  (6 = 5.25 ppm, 45.4%), 2 (6 = 5.37 ppm, 5.5%), 4a- 
1 (6 = 5.20 ppm, 23.5%), 4a-2 (6 = 4.95 ppm, 8.4%), 6- 1 (6 = 
5.18 ppm, 7.1%), 6-2 (6 = 4.98 ppm, 6.3%), respectively. A 
parallel reaction was carried out for C~CO*(C,F,)- 
(PPh(OMe)2)(1) with PPh,Me, resulting in l a  (6 = 5.25 ppm, 
30.1 %), 2 (6 = 5.37 pprn, 4.2%), 4a- 1 (6 = 5.20 ppm, 26.9%), 
4a-2 (6 = 4.95 ppm, 13.3%), 6- 1 (6 = 5.18 ppm, 7.6%), 6-2 (6 
= 4.98 ppm, 8.0%), respectively. 

Reaction of qS-~p~o*(~3~7)(~~h,~e)(~), la ,  with 
PPh(OMe), in acetone in the presence of excess PPh,Me 

q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h , ~ e ) ( ~ )  (27.0 rng, 0.0435 mmol), 
PPh(OMe), (7.6 mg, 0.045 mmol), and PPh,Me (95.8 rng, 
0.478 rnmol) were mixed in 10 mL of acetone in a 50 mL 
Schlenk flask and stirred at ambient temperature (20°C) for 24 
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Table 7. Summary of crystallographic data for 6-2. 

Formula C,3H210,F,P,Co 
FW (glmol) 618.31 
Crystal habit Orange column 
Crystal size (mm) 0.45 x 0.12 x 0.10 
Crystal system Triclinic 
Lattice parameters 

a (A) 12.928(4) 
b (A) 14.683(4) 
c (A) 7.666(2) 
a ("1 103.5(2) 
P ("1 101.31(3) 
r ("1 109..50(2) 
v (A3) 1272.8(4) 

Space group PT (no. 2) 
z 2 
D,,,,,(glcm3) 1.613 
Fwo 628 
P , M ~ K , I ( ~ ~ - ' )  8.73 
Scan width(") 1.47 + 0.30 tan 0 
2en,,, ( O )  50.0 
No. of reflections measured 

Total 4682 
Unique 4469 

Rim 0.027 
Corrections" Lorentz-polarization absorption 

Trans.factors: 0.95-1 .OO 
Secondary extinction coeff. 0.25290 x 10" 

Function minimized CW(IF,I - IF,I)? 
i 

Least-squares weights 4 F,,'/o'(F,,~) 
I p-Factor 0.0 1 
! Anomalous dispersion All non-hydrogen atoms 
! No. of observations (I > 2.00o(I)) 2867 

No. of variables 335 
Reflectionlparameter ratio 8.56 

I R" 0.036 
I 0.030 

Goodness of fit indicatof' 1.45 
Max shiftlerror in final cycle 0.71 
Ap Final (madmin) (e-/A3) 0.331 - 0.25 

"cf. ref. 46. 

hR = CIIF,I - IF,I I1CIF"I. 
'R,, = [(cw( IF, I - IF, I )'Ic~F,')I". 
"GOF = (C(IF,I - IF,l)lo)l(n - m ) )  where n = no of reflections, tn = no. of variables, 

and o' = variance of ( I  FoI - IF, I). 

h. Removal of volatiles under water aspirator followed by oil 
pump vacuum overnight left a dark-green solid. 'H NMR anal- 
ysis in CDCl, showed three cyclopentadienyl resonances cor- 
responding to l a  (6 = 5.09 ppm, 51.4%), 4a-1 (6 = 5.06 ppm, 
40.1%), and 4a-2 (6 = 4.87 ppm, 10.8%). 

Reaction of q5-~p~o*(~3~7)(~~h,~e)(~), l a ,  with 
PPh(OMe), in acetonelmethanol 

q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h , ~ e ) ( ~ )  l a  (2 1.8 mg, 0.0352 mmol), 
PPh(OMe), (6.0 mg, 0.035 mmol), and PPh,Me (69.1 mg, 
0.345 mmol) were combined in 312 (vlv) acetonelmethanol (10 
mL) in a 50 mL Schlenk flask at ambient temperature (20°C) 
and stirred for 24 h. The 'H NMR spectrum of the crude prod- 
uct showed only one cyclopentadienyl resonance (6 = 5.09 

ppm) assigned to the starting material l a  in CDC1,. A similar 
reaction starting with q 5 - ~ p C o ( C 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) , ) ( ~ )  2 (43.3 
mg, 0.0734 mmol) and PPh,Me (14.7 mg, 0.0735 mmol) in 31 
2 (vlv) acetonelmethanol gave l a  (6 = 5.09 ppm, 50.7%), 2 (6 
= 5.19 ppm, 11.0%), 4a-1 (6 = 5.06 ppm, 11.25%), 4a-2 (6 = 
4.87 ppm, 6.6%), respectively. 

Reaction of q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ e 3 ) ( ~ )  ( 1 ~ )  with 
PPh(OMe), in acetone 

PPh(OMe), (258.6 mg, 1.520 mmol) was added dropwise 
to a stirred 40 mL dark green acetone solution of $- 
C~CO*(C~F~)(CO)(I)  (334.7 mg, 0.7554 mmol) in a 100 mL 
Schlenk flask at 50°C until the solution became clear yellow in 
colour (around 5 h). Removal of volatiles under water aspira- 
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Chen et al. 

tor pressure followed by oil pump vacuum overnight left an 
orange solid, which was purified by PLC on silica gel. Elution 
with 911 acetone/methanol separated (in order of decreasing Rf 
value) a deep orange zone containing 4c-1 (236.7 mg, 0.45 15 
mmol), two yellow-green zones containing 6-1 (15.6 mg, 
0.0298 mmol) and 6-2 (6.7 mg, 0.0128 mmol), respectively, 
and an orange zone containing 4c-2 (1 14.2 mg, 0.2178 mmol). 

Crystal structure determination of 
C~CO*(C,F,)(PP~(OM~),)(P(O)(OM~)P~), 6-2 

A diastereomeric mixture of 6-1 and 6-2 was prepared as 
described previously (14). The lower Rf diastereomer was sep- 
arated using preparative thick-layer radial chromatography 
and recrystallized by slow evaporation of a methylene chloride 
- hexane solvent mixture. An orange single crystal was 
selected and mounted on a glass fibre for X-ray analysis. Crys- 
tal data were collected at ambient temperature on a Rigaku 
AFC6S diffractometer with graphite monochromated Mo K a  
radiation, A = 0.71069 P\, and a 2 kW sealed tube generator 
using the w scan technique to a maximum 28 value of 50.0". 
Positional parameters and selected bond distances and angles 
are given in Tables 5 and 6, respectively. Cell constants and an 
orientation matrix for data collection were determined from 
least-squares refinement using the setting angles of the 20 
carefully centered reflections in the range 9.22 < 28 < 17.73" 
and are given in Table 7. The space group Pi (no. 2) was 
assigned on the basis of systematic absences and on the suc- 
cessful solution and refinement of the structure. Omega (w) 
scans of several intense reflections, made prior to data collec- 
tion, had an average width at half-height of 0.31" with a take- 
off angle of 6.0". Scans of (1.47 + 0.30 tan 8)' were made at a 
speed of 4.0°/min (in w). Weak reflections (I < lO.Ocr(l)) were 
rescanned (max 2) and the counts accumulated to assure good 

1 counting statistics. Stationary counts were recorded on each 
side of the reflection. The ratio of peak counting time to back- 
ground counting time was 2: 1. 

The linear absorption coefficient for Mo K a  is 8.7 cm-'. 
An empirical absorption correction, based on azimuthal 
scans of several reflections, was applied, resulting in trans- 
mission factors ranging from 0.95 to 1.00. The data were cor- 
rected for Lorentz and polarization effects. a correction for 
secondary extinction was applied with coefficient = 0.25290 
T The structure was solved by direct methods (45) 
using the Molecular Structure Corporation TEXSAN software. 
Non-hydrogen atoms were refined anisotropically. Idealized 
hydrogen atoms were included at the calculated positions 
and were not refined. 

Tables of atomic coordinates, bond distances and angles, 
and torsion angles for q 5 - ~ p ~ o * ( ~ , ~ , ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ * ( ~ ) -  
Ph(OMe)), 6-2, have been deposited as supplementary mate- 
riaL2 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
The tables of atomic coordinates and bond lengths and angles 
have also been deposited with the Cambridge Crystallographic 
Data Centre, and can be obtained on request from The Director, 
Cambridge Crystallographic Data Centre, University Chemical 
Laboratory, 12 Union Road, Cambridge, CB2 IEZ, U.K. 
Structure factor tables are no longer being deposited, but may be 
obtained from the author. 
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