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Stereospecificity in the Migration of a Chiral Phosphinoylt Group to a 
Chiral Carbon Atom : X-Ray Crystal Structure Determination of Reagent 
and Product 
By Frank Allen, Olga Kennard, Luigi Nassimbeni, Robin Shepherd, and Stuart Warren," University 

Chemical Laboratory, Lensfield Road, Cambridge CB2 I EW 

Rearrangement of the toluene-p-sulphonate of 3-(methylphenylphosphinoyl) -3-methylbutan-2-01 (1 0) gave 
3-(methylphenylphosphinoyl)-2-methylbut-l -ene (1 2) in a stereospecific reaction. X-  Ray crystal-structure 
determination (by direct methods from diffractometer data) on one diastereoisomer of each of these compounds 
showed that retention occurred in the migrating chiral phosphinoyl group and inversion in the secondary a l ky l  
migration terminus. The major alcohol (10a) is orthorhombic, space group Pbca, with a = 9.067(2), b = 
12.598(3), c = 21.877(5) 8. Z = 8. The structure w a s  refined to R 0.049 (1596 observed reflections) ; mean 

CJ in bond lengths 0.008 8. The olefin (12a) is monoclinic, space group P2,/c, with a = 15-923(1 2). b = 
7-352(6), c = 10.839(8) 8, p = 100~94(2)". Z = 4. The structure w a s  refined to R 0.089 (1 024 observed re- 
flections) ; mean CJ in bond lengths 0.01 3 8. 

THE commonly accepted mechanism for a carbonium ion 
rearrangement, (1)-(3) requires retention of configur- 
ation in the migrating group.2 This is required by the 

( 1 )  ( 2 )  ( 3 )  

Woodward-Hoffmann rules and has been observed in 
many reactionsJ3 though only recently in a simple 

t In previous, related papers, H,P(O)- has been named as 
phosphinyl, but phosphinoyl is to be preferred (I.U.P.A.C. 
Tentative Nomenclature Rules, Section D) . 
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carbonium ion rearrar~gement.~ If the migration is 
concerted with loss of the leaving group (4) or faster than 
C-C' bond-rotation in the intermediate (2), inversion of 
configuration will occur at the migration terminus (C') .5 
This follows from the favourable antiperiplanar arrange- 
ment of the migrating and leaving groups found in cyclic 
systems ti and has been observed in some acyclic systems 
such as asymmetrically deuteriated neopentyl com- 
p o u n d ~ . ~  

Simple carbonium ion rearrangements often give mix- 
tures of products from substitution and elimination as 
well as rearrangement pathways. Selectivity between 
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migrating groups is often rather poor, and low stereo- 
specificity at the migration terminus is often found8 

except in rigid bicyclic systems where stereospecificity is 
inevitable if the reaction is to occur a t  all. We have 

1 

16)  (71  
previously reportedlo that the presence of a phos- 
phinoyl group at  the migration origin provides, by con- 

(fim-dm) conjugated olefin (7). We have shown10 by 
deuterium labelling, that this product is indeed formed 
by diphenylphosphinoyl-migration. We have now used 
the chiral met h ylphen ylphosphinoyl group to investigate 
the stereospecificity of the reaction. 

Dimethylphenylphosphine oxide (8) could be selective- 
ly lithiated on one methyl group by using one equivalent 
of n-butyl-lithium. Addition to acetonitrile and methyl- 
ation gave the ketone (9). Reduction with the sterically 
demanding lithium tri-t-butoxyaluminium hydride gave 
>90% of one diastereoisomer (loa) of the alcohol (10) 
separable from the minor isomer (lob) by fractional 
crystallisation. The minor alcohol was more difficult to 
obtain, since even the most favourable conditions (reduc- 
tion with sodium borohydride in methanol; see Experi- 
mental section) gave only a 40 : 60 mixture of (lob) and 
(loa). This mixture could not easily be separated and 
was converted into a mixture of tosylates ( l la )  and 
( l lb ) ;  these were separated by preparative t.1.c. to give 
a pure sample of the minor tosylate ( l lb) .  The two 
tosylates were readily distinguished by their n.m.r. 
spectra. 

Solvolysis of tosylates (11) in formic or acetic acids 
gave the olefin (12) contaminated by the acetate (13) in 
acetic acid, The tosylate (lla) gave predominantly one 
isomer of the olefin (12a) : tosylate ( l lb )  gave predomin- 
antly the other (12b). The steric course of the reaction 
was studied by an X-ray crystal structure determination 

Reagents: i, BuLi; ii, MeCN; iii, I<+, H,O; iv, NaH; v, MeI; vi, LiAlH(OBut),; vii, TsC1; viii, NaBH,; ix, MeOH; x, t.1.c. 

trast, control over these features of the reaction: (i) no 
substitution or elimination reactions compete with the 
rearrangement, (ii) only the phosphinoyl group migrates, 
and (iii) the resultant carbonium ion gives a single olefin 
in very high yield (> 90%). 

This degree of control suggested that the reaction 
might be concerted and therefore stereospecific. In one 
case, the rearrangement of the secondary tosylate (5), the 
chiral migration terminus survives as a chiral centre in 
the product since the elimination gives the less-crowded 
olefin (6) and not the more crowded and only weakly 

8 D. C .  Cram and J. E. McCarty, J .  Amer. Chem. SOC., 1957,79, 
2866; D. J. Cramand J.  Allinger, ibid., p. 2858; D. J.  Cram, H. L. 
Nyquist, and F. A. A. Elhafez, ibid., p. 2876; A. Streitweiser and 
W. D. Schaeffer, !bid., pp. 2888, 2893. 

J. A. Bersonin, ' Molecular Rearrangements,' ed. P. de Mayo, 
Interscience, New York, 1963, p. 111. 

lo D. Howells and S. Warren, J.C.S. Pevkin II, 1973, 
1472. 

on the major alcohol (loa) and the olefin (l2a) derived 
from it. 

( 11) ( 1 2 )  (13) 
Reagents : i, AcOH ; ii, HC0,H 

CRYSTAL STRUCTURE DETERMINATIONS 

For both compounds the Laue symmetry and space group 
were determined by oscillation and Weissenberg photo- 
graphs. Accurate cell-parameters were obtained from least- 
squares refinement of 20 20 values measured on a Picker 
diffractometer. Intensity data were collected on a Picker 
four-circle automatic diffractometer equipped with a gra- 
phite monochromator using Cu-K, radiation, A(mean) 
1.54178 A. The 8-20 scan technique was employed a t  a 
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speed of 2" min-1 in 20, with background counting for 20s a t  
the scan limits. Reflection intensity data were collected 
with 28 < 110". Observed reflections had I > 20(I )  where 
d(1) == S + B + (dS)z ,  and S is the scan count, B the back- 
ground count corrected to scan time, and d a constant in- 
cluded to account for instrumental instability, its value be- 
ing determined as 0.02 from a study of the fluctuation of the 
S values of ' check ' reflections monitored throughout data 
collection. By use of the above criterion 1596 independent 
reflections collected from the major alcohol (10a) and 1024 
from the olefin (12a) were considered observed. Lorentz 
and polarization corrections were applied and structure 
amplitudes and E values derived for both data sets in the 
usual manner. Both structures were solved by direct 
methods with programs written by G. M. Sheldrick. The 
Figures were drawn by use of the program PLUTO written 
by W. D. S. Motherwell. 

TABLE 1 
Fractional atomic co-ordinates of the heavy atoms 

( x  lo4) for the major alcohol (loa) 
X Y z 

3461 (1) 347(1) 3487( 1) 
4160(3) -714(2) 3585( 1) 

2 145 (2) 3596(1) 
1359 (2) 3424( 1) 

O( 
1 1 8 8 (3) 

1205(3) 3 7 12 (2) 
o(2) 4857(3) 

1950 (4) 3658(2) 
6190(4) 
73 15 (5) 

2852(3) 3308(2) 
2 993 (3) 30 1 2 ( 2) 

c(3) 7091 (5) 

2269(2) 3067(2) 
c(4) 5778(5) 

4666(4) 
370(4) 2 78 9 (2) 
687(2) 4140( 1) 

c(6) 2430(5) 
2250(4) 

859(5) - 4(3) 4076(2) 
30 7 7 (5) 385(4) 4721 (2) 

1879 (2) 4160(1) 
2 195 (3) 4694 (2) 

c(lo) 1 873 (4) 
911(5) 

P(1) 

C(2) 

C(5) 

C(7) 
C(8) 
C(9) 

C(11) 
C(121 

TABLE 2 
Anisotropic temperature factors * of the heavy atoms 

(A2 x lo4) for the major alcohol (loa) 

P(1) 461(5) 233(5) 416(5) 8(3) O(4) 25(3) 
680(15) 280(12) 812(18) 53(10) 52(13) 109(11) :[:] 656(15) 338(13) 532(14) 34(10) --18(11) l l O ( 1 1 )  

615(24) 625(25) 505(21) 63(19) -23(18) -24(20) 

UlI u,, u 3 3  u23 Ul, UlZ 

454(18) 329(16) 422(16) - 18(13) 39(14) 39(14) 

C(3) 479(23) 1153(39) 678(26) - 161(26) 6(20) -147(26) 
732(30) 619(26) 862(30) - 146(22) 269(25) -202(23) 
660(27) 498(23) 1040(33) 93(22) 290(25) -29(20) 

C(6) 513(21) 385(18) 799(26) 125(17) 92(20) 13(16) 

:[78! 544(19) 258(15) 419(16) 29(12) 3(14) -12(14) 
670(26) 535(25) 503(22) - 105(18) -S7(21) 42(23) 

C(9) 647(24) 426(20) 716(27) 5(19) 126(21) - 155(19) 
C(10) 735(27) 616(26) 511(23) 93(18) -66(21) 67(23) 

C(12) 780(28) 469(22) 626(26) - 64(18) 156(22) 49(21) 
c(31) 510(20) 290(15) 470(18) -32(13) 12(16) -24(15) 

* In  the form: T = ex~[-2ir2(Ulla*2k2 + U22b*zkk2 $- 
U,3c*'L2 + 2U,&*c*kl -: 3U1,n*c*hl + 2U,z~*b*hk)] .  

Crystal Data.-(i) Major alcohol (10a). Cl2HI8O2P, M = 
226.26. Orthorliombic, a = 9*067(2), b = 12-598(3), c = 
21.877(5) A, U = 2498-9(4) A3, D ,  = 1.19, 2 = 8, D, = 
1.203 g ~ m - ~ ,  F(OO0) = 976. Space group Pbca  (Di:, No. 
61). (ii) Olefin (12a). C12H,,0P, AT = 208-24. Monoclinic, 
a = 15-923(12), b = 7.352(6), G = 10.839(8) p = 100.94(2); 
U = 1245.8(3) A3, D ,  = 1.10, 2 = 4, D, = 1.110 g cr11-~, 
F(000) = 448. 

Refiizement and Description of the Major Alcohol Structure 
(10a).-A411 the heavy atoms were located from a three- 
dimensional E map and subsequent electron-density maps. 

Space group P 2 J c  (C'ih, No. 14). 

After full-matrix least-squares refinement of the heavy 
atoms, a difference-Fourier synthesis yielded the positions 
of all the hydrogen atoms. In  the final least-squares refine- 
ment, anisotropic temperature factors were applied to the 

TABLE 3 
Fractional atomic co-ordinates ( x lo3) and isotropic 

temperature factors of the hydrogen atoms (A2 x lo3) 
for the major alcohol (loa) 

68( 14) 
44( 11) 

67(3) 386(2) 
622(4) 
834(6) 171(4) 
793(4) 346(3) 333(2) 
564(5) 370(4) 276(3) lOl(19) 
372(4) 238(3) 279(2) 46(11) 
322(4) 27(3) 243(2) 43(11) 

276(2) 46(17) 
6(3) 27 6 (2) 35(11) 

193(5) 

H(92) 19(6) 374(3) 86(17) 
44( 11) 
56(13) 

40(4) 450(2) 
(3) 5 1 3 (2) 

72(17) 
40(3) 474(2) 

gly?l) 249(5) 

14(8) 
72(3) 472(3) 

H(102) 396(4) 

280(4) 222(2) 424( 1) 
224(3) 512(2) 53(13) 

28(10) 
El::\) 145(4) 

289(3) 464(2) 
471(2) 36(11) 

H(02) 106(5) 0(4) 281(3) 355(2) 44( 13) 

H(122) 
H(123) 

Y Y z U 
393(2) 17(9) H(2) 

H(3) 
H(4) 
H(5) 

180(4) -26(3) 
122(4) - 85(3) 402(1) 21(9) 

21(4) 

H(91) 

34(11) 
H(103) 334(5) -31(4) 

64(4) 1 79 (3) 

TABLE 4 
Bond lengths (A) for the major alcohol (10a) 

1.792(8) '( 1)-c(7) 
1.8 5 1 (7) 

P(1)-0(1) 1*495(5) 
P( 1)-C( I) 1-802(7) P(l)-C(8) 

C(8)-C(9) 1.539(9) 
1*524( 9) 

1 *3  7 8 (8) 
C(8)-C(l0) 
C( 8)-C( 11) 1*640( 8) 

E[k!lE[ii 1.391 (8) 
C( 3)-C (4) 1.3 S6 (9) 
C( 4)-C( 5) 1 *3  66 (9) C( 11)-O(2) 1*422( 7) 
C( 5)-C ( 6) 1 * 3 65 ( 8) C( 11)-C( 12) 1.512(8) 
C(6)-C(1) 1*398(7) 

C(2)-H(2) 0.827(37) C( lO)-H( 101) 1*041(46) 
C(3)-H(3) 1*068(50) C(lO)-H(102) 0*901(40) 
C (4)-H (4) 1 so86 (42) C( lO)-H( 103) 0*903(47) 
C( 5)-H( 5) 1*056( 51) C( l l ) -H(I l )  0*961(34) 
C(6)-H(6) 1*056(41) C( 12)-H( 121) 1-048(44) 
C( 7)-H (7 1) 1.070 (44) C(12)-H(122) 0.912(37) 
C(7)-H(72) 0*674(43) C[12)-H( 123) 0*975(39) 
C( 7)-1q 73) 0.977(42) H( 0%)-0 (2) 0*849( 43) 
C(9)-H(91) 1-121(36) H(02)-0( 1) 1*875(45) 
C ( 9) -H ( 9 2 \ 1 * 0 7 4 ( 5 7 ) 2.715 (52) 
C(9)-H(93) 1*114(41) 

0 (21-0 i 1) 

TABLE 5 
Bond angles (") for the major alcohol (10a) 

C( 1)-P( 1)-O( 1) 1 10-3 (3) C(8)-P(l)-O( 1) 110.4(3) 
C( 7)-P( 1)-O( 1) 110.9( 4) C( 8)-P( 1)-C( 1) 108-2( 3) 
C(7)--P(l)-C(l) 106*8(4) C (8)-P( 1)-C( 7) 1 10.1 (4) 

C(2)-C( 1)-P( 1) 1 18*7( 4) C(lO)-C(8)-€'(1) 107-O(4) 
C(6)-C(l)-P(l) 122*5(4) C( lO)-C(S)-C(O) 109*7(5) 
C(6)-C(l)-C(2) 118.7(4) C( 1 1)-C( S)-P( 1) 1 12.4 (4) 
C (3)-C (Z)-C ( 1) 1 1 1 *8 (5) 
C(4)-C (3)-C( 2) 1 19.5 (5) C(ll)-C(8)-C(lO) 109*2(5) 
C ( 5)-C (4)-C( 3) 1 1 9.8 ( 5) C( 12)-C(11)-0(2) 1 l b O ( 5 )  
C( 6)-C (5)-C( 4) 12 1.0 (5) C( 12)-C( 11)-C(8) 114-0(5) 
C(5)-C(6)-C( 1) 120*4(5) C(8)-C(11)-0(2) 107.5(4) 
C (9)-C (8)-P (1) 106.5 (4) 0(2)-H(02)-0( 1) 169.9(6) 

1 20-6 (5) C( 1 1)-C( 8)-C( 9) 

heavy atoms, while the hydrogen atoms were refined inde- 
pendently with isotropic temperature factors. The last 
cycle of refinement gave R 0.049. Positional and thermal 
parameters, and principal bond lengths and angles are listed 
in Tables 1-5. Figures 1 and 2 show the molecule and 
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a packing diagram of the structure. This alcohol (loa) 
is therefore ( 2 5 5 ,  PSI?) -3-(methylphenylphosphinoyl) -3- 
methylbutan-2-01, 

FIGURE 1 Molecular structure of the major alcohol (loa) 

\ I  \i_---__-_- _- !I 
0 

FIGERE 2 Packing diagram for the major alcohol (loa) 

An interesting feature of  the structure is the hydrogen 
bond O-H - - - 0=P. The distances H - * * 0 and 0 - - * 0 

are 1.875(41) and 2.715(46) A, while the angle 0-H - - 0 is 
169-9"(6). Each molecule is hydrogen bonded to two others 
forming a ribbon-like structure orientated approximately 
parallel to the b axis of the crystal. This is shown in Figure 
2 where the hydrogen bonds are indicated by broken lines. 

Rejiiaenzents and Description of the Olejin (12a) .-The com- 
pound decomposes slowly on exposure to air. A suitable 
crystal was therefore mounted in a Lindemann glass capil- 
lary. Despite this precaution the decomposition could not 
be checked altogether and data collection was stopped after 
some 80% of all possible reflections had bccn collected owing 

TABLE 6 
Fractional atomic co-ordinates of the heavy atoms 

( x lo4) for the olefin (12a) 

2883 (1) 2220(2) 3 97 6 ( 2) 
3005(3) 2309( 7) 5374(6) 
1920(4) 1025( 9) 3 28 3 (9) 
1695(5) 732(10) 2006(10) 
953(6) - 261 ( 12) 1548( 11) 
428(5) - 931( 11) 2359(13) 
658 (6) - 605( 11) 3642(13) 

X Y z 
P(1) 
O(1) 
C(1) 
C(2) 
C(3) 
c (4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C(12) 

1430( 5) 369( 11) 4115(9) 
343 2 (8) 3 746 (4) 

2823(4) 4393(9) 3201(7) 
2040(5) 5475(11) 3 3 93 ( 1 0) 
3649(4) 5460( 10) 3591(S) 

4 82 7 (9) 3877(6) 6198( 14) 
4167(5) 5681(14) 273 1 (1 0) 

1049(11) 

TABLE 7 
Anisotropic temperature factors * of the heavy atonis 

(A2 x 103) for the olefin (lea) 
Ull ti,, us, 

P(1) 60(1) 50(1) 59(3) 
0(1) 115(5) 80(4) 27(5) 

49(4) 53(4) 62(7) 
66(5) 70(5) 69(7) 
95(7) 76(6) 112(10) - 

C(1) 
C(2) 
C(3) 
(34) 55(5)  60(5) 151(11) 

u13 u12 
16(1) 3(1) 

26(4) 2(3) 
17(3) -1(3) 

17(5) -7(4) 
.11(6) --6(5) 
25(6) -5/4) 

89(7) 59(5) 148(11) l l ( 6 )  73(7) l(4) 

58(4) 71(5) 72(8) 5(4) 22(4) lO(4) 

58(6 )  65(5) 137(9) 13(5) 33(5) 19(4) 

C(l2) 71(6) 116(8) l l l ( 1 0 )  16(6) 49(6) -15(5) 
* See footnote to Table 2. 

89(6) 61(5) S7(8) -1(4) S(5) 4(5) 

63(4) 55(4) 44(6) -3(3) 19(3) l(3) 

(35) 
C(6) 
(77) 
C(8) 

:[;;I) 61(4) 55(4) 77(7) y 4 )  5 ( 9  - 2 ( 4  
C(11) 106(7) lOl(7) Sl(8) ~ ( 6 )  -8(6) -33(6) 

TABLE 8 
Fractional atomic co-ordinates ( x  103) and isotropic 

temperature factors of the hydrogen atoms (A2 x 103) 
for the olefin (12a) 

Y .o Z i  3' 

77(1) -49(1) 55(1) 168(59) 
- 14( 1) - 170( 1) 199(l)  33(18') 

2!(1) -107(1) 438( 1) 36( 19) 
163( 1) 59( 1) 611(1) 18( 18) 
362(0) 102(1) 242( 1) 41(24) 
379(0) - 33( 1) 379( 1) 69(28) H(72) 

EI(73) 434(0) 176(1) 3 7 7 ( 1) 35( 19) 
275(0) 415(1) 220( 1) 84(34) 
151(1) 463( 1) 396( 1) 105( 15) 
204( 1) 560( 1) 438(1) 105(15) 

680( 1) 299p(1) 105(15) 
689( 1) 613(1) 106(15) 

:[::{ 197(1) 
335(1) 

E[::!2) 414(1) 520( 1) 552(1) 105(15) 
H(113) 436(1) 717(1) 472( 1) l05( 15) 
H(121) 476(1) 643( 1) 298( 1) 76(36) 

209(1) 124(1) 137(1) 54(2:5) H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(71) 

1-I (8) 
H(91) 

H( l22)  39S( 1) 511(1) 1 SO( 1) 77(37) 
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to serious fall off in the intensities of the ' check ' reflections. 
The heavy atoms were located from three-dimensional E 
maps and electron-density maps. However, owing to the 
rather poor quality of the data the hydrogen atoms could not 

TABLE 9 
Bond lengths (-8.) for the olefin (12a) 

1*812(1 I) 
p(1)-c(7) 1.799( 11) 

P(1)-0(1) 1*492(9) 
P(l)-C(I) 1-803(11) P( 1 )-C (8) 

C(l)-C(2) 1.380(13) C(5)-C(6) 
C(l)-C(6) 1*385(14) C(8)-C(9) 

1.432 ( 15) 
1*527( 13) 

C(2)-C(3) 1*397(15) C(8)-C(l0) 1*520(12) 
C( 3)-C( 4) 1-41 2 (1 6) C( 10)-C( 1 1) 1*428( 14) 
C(4)-C(5) 1*390( 15) C(lO)--C(12) 1.367(13) 

TABLE 10 
Bond angles (") for the olefin (12a) 

C( l)-P( 1)-O( 1) 112*4(6) C( 8)-P( 1)-0 (1) 114-8( 4) 
C(7)-P(l)-O(l) 113*0(6) C(8)-P(1)-C(1) 105-8(5) 
C( 7)-P( 1)-C( 1) 105*7( 6) C( 8)-P( 1)-C( 7) 104.3 (5) 

C(2)-C( 1)-P( 1) 122*1(6) C(S)-C(6)-C(l) 119-5(10) 
C(6)-C(l)-P(l) 116*0(8) C(9)-C( 8)-P( 1) 111.8( 7) 
C( 6)-C( 1)-C( 2) 1 2 1.9 (9) C( lO)-C(S)-P( 1) 11 1-3(7) 
C( 3)-C( 2)-C( 1) 1 18-6( 10) C( 10)-C( 8)-C (9) 1 12.3( 8) 
C( 4)-C( 3)-C (2) 1 20.6 ( 9) 
C( 5)-c (4)--c( 3) 1 1 8.3 (9) 
C( 6)-C( B)-C( 4) 1 2 1 *O( 9) 

12 1 '5( 1 1) 
1 19.2 ( 10) 
1 19*3( 10) 

C( 1 1)-C( lO)-C (8) 
C( 1 2)-C ( 10)-C (8) 
C ( 12)-C( 10)-C ( 1 1) 

HI91 1 

'HI4 I 
FIGURE 3 Molecular structure of the  olefin (12a) 

be refined independently. Refinement was therefore 
carried out with anisotropic temperature factors applied 
to  the heavy atoms, but with the hydrogen atoms position- 
ally constrained a t  a distance of 1-08 A from the carbon 
atoms to which they were attached.ll The last cycle of 
refinement yielded R 0.089. Positional and thermal para- 
meters, and principal bond lengths and angles are listed in 
Tables 6-10; Figures 3 and 4 show the molecule and a 
packing diagram of the structure. The olefin (12a) is 
( 3R S, PSB) - 3-me thylphenylphosphinoyl-Z-methylbut- l-ene. 

DISCUSSION 
In formic acid, the only products are the two olefins: 

the proportion of the minor isomer increasing in each case 
with time. This suggested that epimerisation of starting 
material or product occurred under the reaction condi- 

tions. The starting tosylates did not in fact epimerise 
in formic acid at 75", but the olefin (12a) did, to the 

i 

FIGURE 4 Packing diagram of the olefin (12a) 

extent that ca. 20% of the minor isomer (12b) was 
produced in 3 h. The amount of minor olefin formed 
during the reaction (also 3 h) was 15% and the reaction is 
thus completely stereospecific. 

In acetic acid, very little epimerisation occurs: the 
tosylates are not epimerised at  all, and the olefin (12a) 
formed only of its epimer (12b) after 12 h in acetic 
acid at 75". After the same time, nearly 8% of the 
epimer is formed during this reaction and while it is 
difficult to be accurate about these small amounts, the 
reaction in acetic acid seems to be at least 95% stereo- 
specific. 

The rearrangement then is nearly completely stereo- 
specific: the tosylate ( l la )  gives only olefin (12a). In- 
version has occurred at the migration terminus and reten- 
tion at  the migrating phosphorus atom. The most likely 

( I l a )  (12a 1 

interpretation of this result is that all three bond-making 
and -breaking processes (14) are concerted. It is 
possible, but unlikely, that the secondary cation (16) is 

11 F. H. Allen, 0. Kennard, and  G. M. Sheldrick, in prepara- 
tion. 

Reagents: i, RC0,H at 75 "C. 
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formed and that rearrangement occurs more quickly than 
C-C bond rotation. What is clearly confirmed is that 

( 1 4 1  ( 1 5 )  

the formation of the new P-C bond and the cleavage of 
the original P-C bond are concerted processes in spite of 

0 0 

( 1 6 )  
the inability of the migrating group to support the 
positive charge in a transition state such as (17). It may 
be that the two processes, P-C bond-making and -break- 
ing, are exactly concerted so that no positive charge a t  
all is generated on the phosphorus atom. The transition 
state would then be (18). 

(17 )  (18  1 
One further stereochemical point deserves comment. 

The stereoselectivity (> 90%) shown in the reduction of 
the ketone (9) by LiAlH(OBut)3 is remarkable, consider- 
ing that selectivity must be based on the chiral phos- 
phorus atom which is two atoms away from the carbonyl 
group. The possible explanation is that a chelate (19) is 
formed which is attacked by hydride most easily opposite 
the larger phenyl substituent. 

A1 
,2'\ 
0 0  

'H 

EXPERIMENTAL 
Diunethylphenylphosphzne Oxide (8) .-Phenylphosphonic 

dichloride prepared from thionyl chloride and phenylphos- 
phonic acid l2 (19-5 g), in dry ether (100 ml) was added under 
nitrogen to methylmagnesium iodide, made from methyl 
iodide (28.4 g) and magnesium turnings (5 g), in dry ether 
(200 ml) a t  such a rate that the ether gently boiled. The 
addition was stopped when the solution became slightly 
yellow (further addition produced a red impurity which 
caused difficulty in purification) and the mixture set aside 
for 30 min. Aqueous ammonium chloride solution (200 ml) 

* Diastereotopic because of the chiral phosphinoyl group. 
l2 A. Michaelis, Annalen, 1876, 181, 265. 
13 P. Haake, R. D. Cook, and G. H. Hurst, J .  Amer. Chem. 

Soc., 1967, 89, 2650. 

was added and the mixture stirred for 30 min. The 
aqueous layer was separated and extracted with chloroform 
(5 x 100 ml). The combined chloroform layers were dried 
(Na,SO,) and evaporated under reduced pressure to give 
the hygroscopic phosphine oxide (13.0 g, 85%), which was 
purified by recrystallisation from ethyl acetate-light 
petroleum (b.p. 60-80O) or by vacuum sublimation. 1.r. 
and n.m.r. spectra are the same as those reported; mass 
spectrum shows m/e 154 ( M f ,  55%),  139 (PhPOMe+, loo), 
77 (Phf and Me,PO+, 50),  and 47 (PO", 62). 

l-(Methyl~henyZ~hosflhinoyl)fl~o~an-2-0ne.- Butyl-lith- 
ium (29.3 ml; 15% in hexane) was added under nitrogen to 
dimethylphenylphosphine oxide ( 10.25 g) in dry tetrahydro- 
furan (250 ml). A 20% solution of acetonitrile in tetrahydro- 
furan saturated with lithium bromide was added with stir- 
ring until the red colour was discharged. After 30 min 
aqueous ammonium chloride solution (100 ml) was added, 
the pH checked (it must be < 7), and the solution extracted 
with chloroform (3  x 100 ml). The combined organic 
layers were dried (Na,SO,) and evaporated under reduced 
pressure. The residue was dissolved in chloroform (50 ml) 
and passed down a column of alumina (200 g Gr-1 neutral 
Woelm) . Fractional crystallisation from chloroform-light 
petroleum (b.p. 60--8O0) gave recovered dimethylphenyl- 
phosphine oxide (5.4 g, 52%) and the Ketone (7.6 g, 34%) as 
white crystals, m.p. 83-84 "C; vmax. 1720 (ketone), 1438 
(PPh), and 1175 ( P O )  cm-l; T (CDC1,) 2.1-2-7 (5H, m, 
P-Ph), 6.66 and 6-84 (2H, ABP system, J A B  12, JAP 14, J B P  
16 Hz, PCH,*), 7.73 (3H, s, MeCO), and 8.17 (3H, d, JpH 13 
Hz, PMe); nzle 196 (M', 20yo), 153 (MePhPO*CH,+, 60), 
139 (MePhPO+, loo), and 77 (Ph+, 30) (Found: C, 61.0; 
H, 6.6; P, 16.1. C,,H,,O,P requires C, 61.3; H, 6.7; P, 
16.3%). This ketone gave a crystalline semicarbazone 
(from chloroform-di-isopropyl ether after column chromato- 
graphy on alumina), which was used to make the first 
crystalline sample of the ketone. 

(9) .- 
The above ketone (2.5 g) and methyl iodide were dissolved in 
dry tetrahydrofuran (100 ml) and sodium liydride (1.02 g 
from 60% suspension in oil, washed with light petroleum) 
added in small portions under nitrogen. The reaction mix- 
ture was stirred for 30 min, and aqueous ammonium 
chloride solution (100 ml) added, with enough sodium thio- 
sulphate solution to remove iodine. The solution was ex- 
tracted with chloroform (3  x 100 ml), dried (Na,SO,), and 
evaporated. Recrystallisation from carbon tetrachloride- 
light petroleum (b.p. 60-80") gave white crystals of the 
Ketone (9) (2.1 g, 74y0), m.p. 113-115 "C; vmax. 1690 (ketone), 
1440 (PPh), and 1170 (-0) cm-1; T (CDC1,) 2.1-2-7 (5H, 
m, PPh), 7.77 (3H, s, MeCO), 8.20 (3H, d, JpE 12 Hz, PMe), 
8.57 (3H, d, JPH 14 Hz, PCMe,"), and 8.69 (3H, d, J p z  15 
Hz, PCMe,"); m\e 224 (M+, 12%), 182 (42), 157 (loo), 
139 (55, MePhPO+), 125 (25), and 77 (16) (Found: C, 
64.7; H, 7.6; P, 13-6. C,,H,,O,P requires C, 46.3; H, 
7.6; P, 13.8%). 

(2RS, PSR) - 3- (Methylflhenylphosphinoyl) - 3-unethyZbutan-2- 
01 (1Oa) .-The ketone (9) (1 g) in dry tetrahydrofuran (50 ml) 
a t  - 65 "C was treated with lithium tri-t-butoxyaluminium 
hydride l4 (2.3 g) under nitrogen and the reaction mixture 
kept a t  - 65 "C for 8 h. Chloroform (100 ml) and dilute HCI 
(50 ml) were added, and the aqueous layer was separated 
and further extracted with chloroform (2 x 50 ml). The 
combined chloroform extracts were dried and evaporated to 

l4 L. F. Fieser and M. Fieser, ' Reagents for Organic Synthesis,' 
vol. 1, Wiley, New York, 1967, p. 620. 

3- (Methy Zphenylph osphinoyl) -3-methylbutan-2-one 
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give a crystalline mixture [ > 9076 of the (2RS,PSR)-isonier 
(loa) by the n.m.r. spectrum of the tosylates]. Fractional 
crystallisation (di-isopropyl etlier-chloroform) gave the pure 
(2KS,PSR)-alcohol (loa) (500 ing, 49y0), m.p. 138-139 "C; 
vmx. 3350 (br, OH), 1440 (PPh), and 1150 (-0) cm-l; T 
(CDCl,) 2.1-2-7 (5H, m, PPh),  5.98 (lH, AX$ system, J P H  
14, JHH 7 Hz, PCCHMe), 8-14 (3H, d, Jp= 12 Hz, PMe), 8-85 
(3H, d, J H H  7 Hz, MeCH), 8.90 (3H, d, JpH 16 Hz, PCMe,"), 
and 9.02 (3H, d, Jpn 16 Hz,  PCMe,*), mJe 226 (Mi, 0.3%) 
182 (100, PhMePOCHMe,), 140 (41, PhMePOH), 125 
(29, PhPOH+), 85 (43, fV - PhMePOH,), 93 (63), m* 
107-8 (182+140), and 111.6 (140+125) (Found: C, 63.7; 
H, 7.7; I?, 13.7. C1,H1,O,P requires C, 63.4; H,  8.2; P, 

Re-crystallisation from di-isopropyl ether-chloroform 
gave a crystal used in the X-ray crystal-structure deterniin- 
ation. 

Reduction of the Ketone (9) with Various Reducing Agents.- 
Different conditions and reducing agents gave different 

13.9%). 

._ -. - 
proportions of the two diastereoisomeric alcohols : 

Ratio 
Temp. Time (2RS,PSR) : (BRS,PRS) 

Reagents ("C) (h) alcohols produced 
NaBH,, MeOH 25 0.5 60 : 40 
LiBH,, THF 25 0.5 65 : 35 
LiEH,, THF -78 3 80 : 20 
LiAlH(OBut),, THF 25 0.5 7 0  : 30 
LiAlH(OBut),, TIlF -65  8 9 0 :  10 

( 2 RS, PSK)-2- (n/~etAylp~~e.12yZfi1zosp~~inoyl) - 1,2-dinzetJhyZpro- 
pyl Tolztene-p-sulphonate (1 la) .-A solution of the pure 
(ZRS,PSR)-alcohol ( I  Oa) (226 mg) in tetrahydrofuran (10 
ml) was stirred at 0 "C with n-butyl-lithium (440 p1 of 15% 
solution in hesane). Aftcr 5 min toluenc-p-sulphonyl 
chloride (200.5 ing) in tetrahydrofuran (5 ml) was added and 
the mixture stirred at 0 "C for 0.5 h. Chloroform (50 nil) 
and saturated aqueous sodium hydrogen carbonate solution 
(50 ml) were added, and the aqueous layer was Separated and 
further extracted with chloroform (2 X 26 nil). The com- 
bined chloroform layers were dried (hTa,SO,) and evaporated. 
The residue was recrystallised from ethyl acetate-light 
petroleum (b.p. 60-80 "C) to give the tosylate ( l l a )  (260 
mg, 67y0), m.p, 124-125 "C; vmx. 1440 (PPh) and 1165 
( F O )  cm-l; z (CDC1,) 2-1-2-8 (9H, in, ArH, h!teC,H,- 
SO,-), 5.46 ( lH,  AX,P system, JPH 12, JHx 6 Hz, PC*- 
CH*Me*OTs), 7-56 (3H, s, MeC,H,SO,), 8.17 (3H, d, JpH 
13 Hz, PMe), 8-53 (3H, d, JH.H 6 Hz, MeCHOTs), 8.83 (3H, 
d, J P H  13 Hz, PCille,*), and 8.99 (3H, d, Jpa 16 Hz, 
PCMe,*) (Found: C, 59.9; H, 6.4; P, 8.2. C,,H,,O,PS 
requires C, 59.9; H, 6.6; P, 8.10/) ; wzle 380 ( M T ,  0.03%), 
208 (65, J/r - TsOH), 193 (38, 208 - Me), 139 (100, PhMe- 
PO'), 125 (47), nz* 179.2 (208+193), and 111-6 (140+125). 

(21iS, PRS) -2- (~e2liylplienyl~Jaosphi.tloyl) -1,2-diw~etltylpro- 
pyl I'oZuene-p-sul~hoizate (1 lb) .-The ketone (9) (300 mg) in 
methanol (15 ml) a t  room temperature was stirred with 
sodium borohydride (100 nig). Aqueous ammonium 
chloride solution (25 ml) was added and the mixture ex- 
tracted with chloroform (4 x 25 ml). The combined 
chloroform extracts were dried (MgSO,) and evaporated to 
give an oily mixture of the diastereoisomeric alcohols (10) 
(303 mg, looyo). This mixture was converted into the 
mixed toluene-fi-sulphonates, as before, and separated by 
preparative t.1.c. (silica, eluted with ethyl acetate) t o  give 
the (2RS,PRS)-tosylate (1 lb) : z (CDCl,) 2-2-2.7 (9H, m, 

PPh, MeC,H,SO,), 4.96 (lH, q, Jpx, JHH 7 Hz, PCCNMe), 
7.77 (3H, s, MeC,H,SO,), 8.31 (3H, d, JPH 13 Hz, PMe), 8.60 
(3H, d, Jm 7 Hz, CHLWeOTs), 8.90 (3H, d, JPH 16 Hz, 
PCMe,*), and 9.02 (3H, d, JpH 15 Hz, PCRrIe,*). 

SoZvolysis of the Tosylates of Alcohols (10) .-Solutions of 
the tosylates ( 0 . 1 ~ )  in formic or acetic acids were kept a t  
75 "C for 12 (AcOH, ca. 6 half-lives) or 3 h (HC0,H). 
Solvent was removed under reduced pressure, saturated 
aqueous sodium hydrogen carbonate solution (25 ml-200 nig 
tosylate) added, and the mixture extracted with chloroform 
(3 x 25 ml-200 mg tosylate). The combined chloroform 
extracts were dried (Na,SO,) and evaporated and the 
crystalline residue recrystallised from light petroleum (b.p. 
100-120 "C) to give 3-(wzetltylplzev~yZ~J~osphinoyl)-2-methyl- 
but-l-ene (12) [1OOyo from formolysis, 80% from acetolysis, 
the other 20% in this case being the acetate (13)]. The 
(3BS,PSR)-tosylate gave (3RS,PSR)-olefin (lZa), n1.p. 77- 
79 "C; v,,, 1640 (C=C), 1440 (PPh), and 1175 (P=O) cm-l; 
T (CDC1,) 2-2-2.7 (5H, m, PPh), 5-0 ( lH,  m, C=CH), 5.1 
(lH, in, C=CH), 7.36 (lH, AX,P, Jpa 101, J H x  7 Hz, 
PCHMe), 8- 11 (3H, br s, allylic coupling, MeC=C) , 8.34 (3H, 
d, JpE 13 €32, PMe), and 8.81 (3H, dd, JpH 16, J H E  7 Hz, 
PCHfWe); m/e 208 (ill+, loo%), 193 (69), 140 
(PhMePOH, 81), 125 (30), nz* 179.3 (208+193), and 111.6 
(140+125) (Found: C, 69.6; H, 8.0; P, 15.0. C,,H,,OP 
requires C, 69.3; H, 8.2; P, 14*90(,). The (BRS,PRS)- 
tosylate (llb) gave the (3RS,PRS)-olefin (12b) ; 7 (CDC1,) 
2.2-2.6 (5H, ni, PPh), 5.13 (lH, m, C=CH), 5.3 (lH, m, 
C=CH), 7.30 (lH, AX,P system, JHp 14, JnH 6 Hz, PCHMe) 
8.28 (3H, d, Jp= 12 Hz, PMe), and 8.34 (3H, dd, J P H  16, JHH 
6 Hz, PCHMe). 

By-products and Efiimevisation during A cetolysis of 
Tosylates (1 1) .-The n.m.r. spectrum of the reaction mixture 
revealed a small amount of a by-product [T 7.99 (s) ; umx. 
1720 cm-l] presumably an  acetate. This compound could 
not easily be separated by t.1.c. so a sample of the reaction 
mixture was treated with sodium borohydride to convert the 
acetate into an  alcohol; preparative t.1.c. now gave a very 
small amount of an alcohol whose n.ni.r. and mass spectra 
wcre consistent with the rearranged structure 3-(methyl- 
pheiiylphosphinoyl)-2-niethylbutan-2-ol; T (CDC1,) 2-3-2.6 
(5H, rn, PhP), 4-7br (lH, s, OH), 6.4 ( lH ,  m, PCHMe), 8.21 
(3H, d, J p g  13 Hz, PMe), 8.74br (6H, s, CNe,), and 9-11 
(3H,m,PCHMe); wz/e 226 (M+, lOjo),211 (M - Me, 79), 196 
( M  - Me,, 22), 168 (PhMePOOEt, 28), 140 (PhMePOH, 
lOO) ,  125 (PhPOH+, 79), WZ* 107.8 (182+140), 116.7 
(168-+140), and 111.6 (140+125). 

The olefin produced was epimerised by amounts varying 
according to reaction time, ca. 8% of the other diastereo- 
isomer bcing formed in ca. 12 h. A sample of pure olefin 
(12a) in acetic acid at 75 "C epiinerised slowly, ca. 5% of 
the other diastereoisonier being formed after 12 h. An 
n.m.r. spectrum of the tosylate isolated from the reaction 
mixture after one half-life showed no trace (<1%) of 
epimerisation. 

By-products and Epinzerisatio.lz During Formolysis of 
Tosylates (1 1) .-No by-products could be detected by n.m.r. 
or t.1.c. in this reaction mixture but again a variable amount 
of the other diastereoisomer was formed, ca. 15% after 3 h. 
A sample of pure olefin (12a) in formic acid at 75" contained 
20% of the other isomer after 3 h. No epimerisation of the 
starting material occurred under these conditions. 
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