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Preparation and Characterization of Phosphetan Alkoxides and Aryloxides. 
Production of cis- and trans-Isomers from trans-1 -Chlorophosphetan 
I -Oxide 

By John Emsley," Trevor B. Middleton, and John K. Williams, Department of Chemistry, King's College, 
Strand, London WC2R 2LS 

Nucleophilic substitution a t  the phosphorus atom in trans-1 -chloro-2,2,3,4,4-pentamethylphosphetan 1 -oxide (I) 
occurs wi th retention of configuration. We have apparently found an exception to this rule in that reaction of (I) 
and certain alcohols produces both cis- and trans-isomers. Seventeen alkoxides have been investigated and the 
products characterized by l H  and 31P n.m.r., i.r. and g.l.c./mass spectrometry ; long-range coupling i s  observed 
in some of the compounds. 

THE original discoverers of the 2,2,3,4,4-pentaniethyl- 
phosphetan l-oxides, (I), also claimed to have separated 
the cis- and tram-methoxy-derivatives, C8Hl,P(0)OMe, Me Me 

before they were able to  separate the two isomers1 It 
has since been proved2 that the starting material, 
C,H16P(0)Cl, is exclusively the trans-isomer, i .e. the 
C(3) proton is trans to the phosphoryl oxygen in that 
they are a t  different sides of the phosphetan ring as the 

J. J .  McBride, jun., E. Jungerman, J. V. Killheffer, and R. J.  
Clutter, J .  Org. Chem., 1962, 27, 1833. 

W. H a w s  and S. Trippett, J .  Chem. SOC. (C), 1969, 1465. 

side view illustrates, (11). It has also been demonstrated 
that nucleophilic substitution at P in C,H16P(0)C1 can 

(8) 
Me 

although they required a 100 ft Apiezon L g.1.c. column \ /  
M e , c y \ l / / o  '3'c < 'Cl CaH 16P (0 1 C 1 H >+P<r, P 

Me 
/ \  ( A 1  Me Me 

( 1 )  [ f l l  
only Occur with retention of configuration 3p4 SO that 

4 J. R. Corfield, R. K. Oram, D. J. H. Smith, and S. Trippett, 
J.C.S.  Perkin I ,  1972, 713. 

a Mazhar-ul-Haque, J .  Chem. SOC. [B), 1970, 934. 

http://dx.doi.org/10.1039/DT9740000633


634 J.C.S. Dalton 
tra%s-C8H16P( 0) c1 must give tran.S-C8H16P( 0)  x. The 
mechanism by which this is effected involves a trigonal 
bipyramidal (tbp) intermc iate in which the phosphetan 
ring is constrained to an apical-equatorial posture ; 
pseudorotation then manoeuvres the leaving group into 
the other apical position and the net result is retention 
of configuration. 

The claim of McBride et aZ.l to have produced cis- and 
trans-isomers is thus contrary to  accepted dogma. 
Other workers who have prepared C8H16P(O)O&k from 
C8H16P(0)C1 by reaction of NaOMe-MeOH or MeOH- 
NEtS5 report only the formation of one isomer. This 
being so, how is one to  explain the original report? Up 
to  now this aspect of the work has been politely ignored, 
and yet, as we shall see, they probably did produce both 
isomers. 

Both the cis- and trans-methoxy derivatives were 
made by Cremer and Trivedi by a different route. 
This used a mixture of the chloro-isomers obtained by 
treating the acid, C8H16P(0)OH, with soc l ,  [see 
equation (l)]. 

Elmer 62 1 instrunient with CsBr optics. Compounds were 
studied as liquid films or mull and the charts aligned 
against the polystyrene peak at 1601 cn1-l. Mass spectra 
were recorded on an A.E.I. MS30 spectrometer operating 
a t  24 eV; samples mere introduced as 20-40 w/w 7; 
solutions in CDCI, via a g.1.c. Carbowsx column (210-220 "C). 

Prepayation of A Ikoxy- and A vyloxy-pJiospJaetans.-Tlie 
general niethod consisted of heating together freshly 
prepared C,H,,P(O)Cl, tlie appropriate alcohol, and tri- 
ethylamine in reflusing toluene for cn. 4 11, the exact time 
being jutlgetl 1)y a \+ma1 assessment of the amount of 
precipitated Et3S, HC'l. l k x t a n t s  and solvent were dried 
before use. The amine hydrochloride was filtered off and 
weighed to gauge thc extent of thc reaction, and then the 
solution of reactants was reflused for a further span if 
necessarJ- or, if thc reaction wa\ almost complete, the 
sol\-ent and volatile reactants were removed on a rotary 
evaporator. The product was dissolved in light petroleuni 
(b.p. 8O--l0Oo) and cooled to  0 "C whereupon any phos- 
phetan anhydride crystallized out. (The yield of this 
could be as high as loo& if the reaction had been performed 
in the open laboratory; the use of a dry hT2 atmosphere 
prevcntetl it.; formation in significant amounts.) The 

\ 
trans 

Bergesen reported the direct formation of cis- 
and trans-esters, C8H,,P(0)OEt, from the reaction of 
C8H16P(0)C1 and NaOEt/EtOH and claimed to  separate 
them by partial hydrolysis-the cis-ester being much 
more reactive. He also claimed to have produced the 
corresponding cis- and tram-acids, C8H16P( 0) OH, by 
saponification of these esters. Hawes and Trippett ' 
cast doubt on this work, pointing out that  isomeric 
acids are highly improbable (having a common anion 
C&16PO,-) and stating that the p.m.r. spectrum of 
C8HI6P(O)OEt shows it to be homogeneous and that 
only the trans-ester is produced. 

We now report that  the reaction of hm&s-CgH,6P(O)C1 
and alcohols in the presence of NEt, does in fact produce 
both cis- and trans-esters. On the face of it this observ- 
ation contradicts the retention of configuration rule. 

EXPERIMENTAL 

Instmments.-X .m.r. spectra were recorded on Perkin- 
Elmer R12B (60 MHz) and Bruker HFXSO (90 MHz, l H ;  
36.43 MHz, 31P) spectrometers. Compounds were studied 
in CDCl, solutions and referenced to Me,Si (lH) and 85% 
H3P0, ("P). 1.r. spectra were measured on a Perkin- 

S .  E. Cremer and B. C. Trivedi, J .  Amer .  Cham. Soc., 1969, 

K. Bergesen, Actu Chem. Scand., 1967, 21, 1587. 
91, 7200. 

resulting solution wah tlecolourizctl with cliarcoal, if 
necessary, and tlie product allowed to  crystallize if a solid 
or distilled under reduced pressure if a liquid. The p -  
nitrophenol derivative was recrystallized from benzene - 
light petroleum ( 3  : 1) and the 8-hvdrortvquinoliiie derixra- 
tive from diethy1 ether. 

The derivatives prepared by the above method, together 
with their yields, elemental analyses, m/e values, and b.p.s. 
or n1.p.s are listed in Table 1 .  The alcoliols l-inethyl- 
propanol, butan-2-01, and cyclolicxanol did not react with 
C,H,,P(O)Cl under the above conditions, exyen after 24 11 
in refluxing toluene. The yield from o-cresol was low and 
the product was not separated from tlie unchanged starting 
material except for identification purposes in a g.l.c./mass 
spectrometer . 

The 8-liydroxyquinoline derivative was outstanding in 
that reaction with C,H,,P(O)Cl occurs a t  room temperature 
as shown by the immediate precipitation of Et,h7,HC1 upon 
mixing the reactants. The product from this reaction is 
1000,; tmns-isomer-no cis-isomer is formed if the reaction 
mixture is heated. The product from 2-furylmethanol 
decomposed on attempted purification by distillation 
in vacuo. 

Reaction of l-H3'dro,l-3.i~hosphelan 1 -Oxide arid MetJmno1.- 
Phosphetan acid, C8H1,P02H (8.8 g, 0-05 mol), and methanol 
(6-4 g, 0.20 mol) were heated in reflusing toluene (50 cm3) 

W. Hawes and S. Trippett, Chenz. Cowwn., 1988, 677. 
&I. I;. Crook, J .  Emsley, T. €3. Middleton, and J .  K. Williams, 

Phosphovus, 1973, 3, 45. 
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for ti 11. .lfter removal of solvent and excess of methanol, 
the acid was recovered unchanged and no evidence for the 
formation of the methyl esters was found. The same 
reaction in the presence of Et3K also failed to produce any 
C ,H,,P (0) OMe . 

Reactiovt of 1 -HydroxypAosphetan l-Oxide and Trimethyl 
Ovthofornzate.-Xnhydrous C,H,,P(O)OH (1.76 g, 0.01 mol) 
and an excess of HC(OMe), (2.12 g, 0.02 mol) were heated 
in refluxing toluene (80 cm3) for 56 h. The solvent, by- 
products, and unchanged trimethyl orthoformate were 
removed 011 a. rotary evaporator to give a colourless oil 
(1.8 g, 0.01 mol, looo/,) which p.1n.r. and g.l.c./mass spectro- 

mix is that  expected from C,H16P02H which is a strong 
acid and therefore cannot exist as separate cis- and 
trans-isomers. The p.m.r. spectrum of a cis-trans- 
mixture permits the two sets of signals to  be clearly 
distinguished for the important protons. 

In  order t o  make the cis-isomer Cremer and Trivedi 
used a two-step process [equation (l)]; a product ratio 
of 2 trans : 3 cis-C,H16P(0)O&Ie was obtained. This 
ratio, if significant, points to a tendency for the cis- 
isomer to predominate and suggests that one of the 
steps in reaction (1) involves tram to cis conversion. 

I .  IABLE 1 

Prcp;tr;i tion, identification, and propertics of alltoxy- and aryloxy-derivatives of 2,2,3,4,4-pentamethylphosphetan 
l-oxide, C,H,,P(O)OR 

;\lojar Time 
1: scale h 

Ne 0-15 5 
Et 0.15 5 
Prn 0.15 5 
Pri 0.15 5 
Bull 0.15 5 

Ph 0.05 4 
Yre$-Hc 14, 0.15 5 

PhCI-1, 0-05 4 
p-Jle( )C,H 0.05 5 
m -Me 0 C ,I3 0 .O 5 5 
H-Quinolvl 0.05 2 
P-ClCeH, 0.05 3 
2-Furylmethyl 0.05 2 
p-MeC,H, 0.05 4 
m-MeC,H, 0-05 4 

P-NO,C,H, 0.05 3 
o-M~CGHJ 0.05 16 

,. 1 emp. 
"C 
95 
95 
95 
95 
95 
95 

110 
1 1 0  
110 
110 

20 
110 
110 
110 
110 
101 
110 

Yield 
B.p. ( t / T  (mmHg)) JI 

( g )  ( % I )  or Im.p. tl"C1 ( W e )  
19.0 80 75-77(5) a 190 

27.6 82 98-lOO(2.6) 218 
29.0 86 102-104(3.0) 218 
28.3 79 134--136(3.0) 232 
28.8 81 140--144(3.6) 232 
11.1 88 176-178(3.6) 252 
11.0 S2 270-173(3.0) 266 

26.2 84 112(1O)c 204 

12.3 87 j102-104j 282 

13.8 93 [94--95] 
10.1 79 r' 

9.8 70 [85-861 282 
503 
286 
256 
266 

11.1 76 183-185(1*8) 266 
2-3 g 12 - 266 

11.9 80 [118-I201 297 

13.8 91 ~1051 

11.8 89 [87-8S] 

Elemental analyses * (9") 
C 

54-2(56*8) 
58*6(58*8) 
58-9(60*7) 
60.7 (60.7) 
62*0(62-2) 
6 1.8( 62.2) 
6 6.6 (6 6.7) 
6 7.6 (67 -7) 
63*8(63*8) 

67*4(67*3) 
58.8(58-6) 
60.9(60*9) 
67-7 (67.7) 

56*5(56*6) 

H 
10.5 (1 0.0) 
10*3( 10.3) 
10*8(10*6) 
10*4(10*6) 
10-7( 10.8) 
10-8(10*8) 
8-2 (8-3) 
S.S(S.6) 
8*2(  8.8) 

7 * 4 (7 3) 
7 S O  ( 7-0) 
8*3 (  8.2) 
8.6 (8-6) 

6.4(6*7) 

P 
15*6(16-3) 
15*3( 15.2) 
13*6(14.2) 
14.0( 14.2) 
13*0( 13.4) 
13.1 (1 3 '4) 
12.1 (12.3) 
11-6( 11.6) 
10*5( 1 1 . O )  

1 O.O(l0.2) d 

12.1(12-1) 
1 0.6 ( 1 0.8) e 

1 1.6(  11 -6) 

10.5(10*4) i, 

a Calculated values in parentheses. W. Hawes and S. Trippett, J .  Chetn. SOC. (C), 1969, 1465. c I<. Bergesen, Acta Chem. S c a d . ,  
1967, 21, 1587. f2 N, 4-80,; (4-6). C1, 12.604 (12.4). f Decomposes. 9 Estimated from p.m.r. spectrum. 1' PIT, 4.6qg (4.7). 

metry showed to  be an equimolar mixture of cis- and trans- 
1-methoxy-B,2,3,4,4-pentaniethylphosphetan 1-oxide. 

In a similar reaction using triethyl orthoformate it was 
found expedient to wash the original solution with water 
(3  x 40 cmn) before removal of the solvent on a rotary 
evaporator; the yield of C,H,,P(O)OEt (80%) was likewise 
shown to be an equimolar mixture of the cis- and trans- 
isomers. l'urification of the product by distillation under 
reduced pressure did not change the isonier ratio in favour 
of either isomer. 

Preparation of l-Hydvoxyphosphetan l-Oxide Salts.- 
Solutions of C,H,,PO,H (0.01~) were neutralized with 
solutions of metal hydroxides or carbonates and the water 
evaporated to give the corresponding phosphetan salts 
which were dried a t  130". Li, Na, K, Rb, Cs, Ca, Sr, and 
MnII salts were white, c,H,,Po2Ag darkened on exposure 
to light, and (C,H,,PO,),Ni was bright blue. Attempts to 
prepare (C,H,,130,),Al were unsuccessful. 

DISCUSSIOS 

The cis- and tram-isomers of C,H,,Y(O)OR/Ie and 
C,H,,P(O)OEt are produced in equal amounts by 
treating the acid with the corresponding trialkyl ortho- 
formate. This reaction, based on that described for 
preparing hypophosphite esters, H2P(0)OR,9 gives 
excellent yields in a one-step process and the product 

Our work shows that this is probably the second step, 
i.e. trans-C,H1,P(O)C1 can give CiS-C,H,,P(O)O&fe when 
treated with MeOH-Et,N. 

The p.m.r. spectra of the products of the reaction of 
tram-C8Hl,P(0)C1 and aliphatic alcohols (including 
amongst these benzyl alcohol and 2-furylmethanol which 
are aliphatic with respect to the alcohol moiety) clearly 
show these to be a mixture of cis- and bmm-isomers, the 
latter predominating. These were separated and identi- 
fied by g.l.c./mass spectrometry giving identical spectra 
containing the molecular ion (see Table 1) in all cases. 
The yield of cis-isomer was ca. 10--ZO~o of the total 
although in the case of n-propanol it reached 35%. 
Isopropyl alcohol, on the other hand, gave less than 1%, 
undetectable in the p.m.r. spectrum, but identified by 
g.l.c./mass spectrometry; the data are summarized in 
Table 2. The isomers are distinguished by the positions 
of the 2,2,4,4-methyl protons and those of the POCH 
grouping both of which give signals in regions of the 
spectrum free of interference from other signals. The 
3-methyl region is obscured in the alkoxy-derivatives by 
the protons of the ester group and the 3-H(A) is barely 
discernible. Long-range shielding effects are observed in 

S. J .  Fitch, J .  Amer. Chem. SOC., 1964, 86, 61. 
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some instances between the (A) methyls of the phosplietan 
[see (II)] and the aromatic ring of the ester.1° 

With the exception of phenol itself, none of the aryl 
alcohols gave the cis-isomer. 

How then do the cis-isomers arise in these reactions? 
The likely explanations in order of decreasing probability 
are (i) via the acid C8H16P0,H, (ii) via alkyl group 
migration, or (iii) via nucleophilic substitution involving 
inversion of configuration. 

The first of these seems most attractive because we 
have shown that direct esterification of C&,,P(O)OH 

atmospheric moisture, etc., is not the source of the cis- 
isomer. 

The second possibility, migration of the alkyl group 
from its oxygen atom to that of the phosphoryl group, 
would convert one isomer into the other. Migration 
within a single molecule or mutually between two 
molecules might occur. The rearrangements within 
hexa-alkoxytriphosphazenes are of this type except 
migration is from 0 to N ;  migration increases with 
temperature and is more extensive for the lower alkyl 
homologues and is not observed for aryl compounds.ll 

TABLE 2 

Nuclear magnetic resonance spectra of alkoxy- and aryloxy-derivatives of 2,2,3,4,4-pentarnethylphosphetan l-oxides, 
C8H16P(0)0R 

tvans-Isomers 

2,2,4,4-niethyls H 
r- A- 3-methyl-H 

H ( 4  a H (B) 3 -H P(0) OCH 

cis-Isomers 
-7 I 

A > 
2,2,4,4-methyls-H -- 

H(B) b P(0)OCH 
R i n  H(') a - & 7-7 - --= - & - 

p.p.111. Hz p.p.m. Hz p.p.111. Hz p.p.in. p.p.m. Hz p.p.m.epPp.xn. I l z  p.p.m. Hz p.p.m. Hz 
81 J ' I  81 J '1  S l  J "1 81 81 J 81 81 J ' I  81 J ' I  S l  J dl 

;\I(% 1.20f 18.5 1.24J' 19 h Iz IL 

Et 1-19 18.5 1.23 19 JZ IL h 

Pr* 1.20 18.5 1-22 19 h IL IZ 

I'ri 1.18 18.5 1.23 19 h ?Z h 

B U "  1-20 18.5 1.23 19 h h h 

;LIe,CHCH,- 1.19 18.5 1.23 19 IL h h 

Ph 1.27 19.0 1-29 20 0.91 7.2 1-80 
PhCH, 1-16 18.5 1.25 19 0.84 7.2 1.55 

p-MeOC,H, 1.30 18.5 1.32 20 0.94 7.2 1-70 
m-MeOC,H, 1.27 19.0 1.30 20 0.95 7.3 1-70 
8-Quinolyl 1.37 20-0 1-43 18.5 0.98 7.8 1-86 
P-CIC,H, 1-27 19.0 1.30 20 0.95 7.2 1.69 
2-Furylmcthyl 1.08 11.85 1.23 19 0.86 7.2 1.50 

m-A!teC,H, 1.27 19.0 1.30 20 0.92 7.2 1-71 
o-MeC6H,i 1.27 18.5 1.30 20 

p-MeC,H, 1.27 19.0 1.30 20 0.93 7.2 1.67 

p-NO,C,H, 1.35 19.5 1.37 20 0.98 7.2 1.80 

4.97 9 

(4 

-~ ~~ 

55.08 1.131 18.5 1.33 18.5 3.75 10 

56.03 1-13 18.5 1.30 18.5 4.11 7 

56-23 1.13 18.5 1.33 18.5 4.00 6.5 

55.96 

(4 
(dq) 

(at) 

56-35 

56.46 

57.04 
58.84 

56.88 
56.72 
58.68 
58.02 
59.50 

56-72 
57.53 
57.04 
60.80 

1.13 18.5 1.32 18.5 4.04 6.5 

1-13 18.5 1.32 18.5 3.80 6.5 

1.20 21 1.36 18.5 
1.00 17 1.32 21.5 5.08 8 

(dt) 

(dd) 

(4 

1.07 19 1.20 19 5-09 9 
(d) 

Ratio of 
cis : tvans 
isomers 
observed 

1 : 7.3 

1 : 6.3 

1 : 1.9 

1 : 100 

1 : 4.7 

1 : 5-6 

1 : 6-7 
1 : 9.5 

1 : 4.9 

,I See text for meaning of A and B. J P C C H ~ .  JHcCH3.. J p 0 c ~ .  85% H3P0, (proton spectra ref. Me,Si). f Doublet in all 
cases. IJ d, Doublet; t ,  triplet, etc. h Obscured by other signals. i Taken from unseparated reaction product-see text. 

produces both isomers. That the acid can be formed in 
these reactions is shown by the production of the 
anhydride. It has been shown that reaction of the acid, 
or its anion, with more C8H16P(O)C1 is rapid (2)  and, 

moreover, that the anhydride is not susceptible to 
nucleophilic attack by Any acid not con- 
sumed by reaction (2) does not react with alcohols 
directly under conditions of either acid or base catalysis 
as we have shown in the case of methanol. Thus the 
phosphetan acid, produced as a by-product, from 

lo I<. E. Ardrcy, J .  Emsley, A. J .  B. Robertson, and J .  I<. 
Williams, J.C.S. Dalton, 1973, 2641. 

However, Cremer and T r i ~ e d i , ~  using deuteriated 
methanol, studied exchange processes between CD,O- 
and C8H16P(0)OCH,. Exchange did occur but isomer 
interconversion of t r a m  to cis or cis to trans did not 
occur during 24 h at 60°, or if it had occurred was below 
the amount detectable by their p.m.r. spectrometer. 
Likewise in our work we have not observed changes in 
isomer ratio upon heating samples to much higher tem- 
peratures than this, and therefore conclude that alkyl 
group migration is not the answer here. 

Somewhat reluctantly, since it is contrary to the 
general rule, we must consider the third alternative- 
nucleophilic substitution involving inversion of con- 

11 B. W. Fitzsiminons, C. Hewlett, and R. A. Shaw, J. C h m .  
Soc., 1964, 4459. 
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figuration. The extent to which it occurs depends upon 
several factors but primarily it is a feature of alkoxy- 
rather than aryloxy-substitution. 

The tbp intermediate produced by nucleopliilic attack 
of the alkoxy-group entering at an apical position is 
shown and the atoms of the tbppositionsnumbered, (111). 
The phosphetan ring atoms and the trans-H only are 
shown. Pseudorotation about the phosphoryl bond, 
$(3, 0), produces (IV) from which configuration the C1 
can now escape leaving behind the tmns-isomer of 
C,H,,P(O)OR, i.e. retention of configuration has occurred. 
'this is tlie general route and the operation can be 

t 

z/,(::, 0) 
sunimed up as 15 - 24 (in which the numbers refer 
to the apical atonis and tlie bar denotes anticlockwise 
numbering oi the equatorial atoms 12). 

For substitution and inversion of configuration to  
occur it is necessarl. to rearrange the tbp of (111) to that 
of ( 1 7 1 )  prior- to loss of C1 from the leaving position. The 
shortcst route from (111) to (VI) is through (V) : 

r .  lhis explanation seems so simple that one is led to 
a\k why it doc5 not occur more often. The answer lies 
in  llie relative apicophilicities of the P=O and P-Cl 
l~ondq and the latter is the more apicophilic so that 
(111) + (IJ') is favoured.* For (111) (V) to 
happen there must be some factor present which in- 
creases the apicophilicity of P=O relative to P-C1 to 

* I'seudorotation in phosphetans is limited by the constraint of 

C. lY = 90°, although rcccntly the free energies of activation for 
pseudorotation about the C-P.$(l, C), bond have been estimated 
;is ca.  40--90 k J mol-l. Pseudorotation of this kind results in the 

ring being diequatorial, C1'C = 120", which is obviously cner- 
gc t i call y u nf avo u r a bl e 

l2 I?. A. Cotton and G. \:ilkinson, ' Advanced Inorganic 
C'hcmjstry,' 1972, lnterscience, New York. 

R .  I<. Oram and S. Trippett, J.C.S. Perkin I, 1973, 1300. 

,,-\ 

P\ 

such an extent as to make $(4,Cl) a viable alternative 

One of the tenets of pseudorotation is that the more 
electronegative a group the more apicophilic it is. 
However experimentally observed orders of apico- 
philicity do not bear this out. For example, the apico- 
philicity in five-co-ordinate phosphetans is Me,N < 
OR (R = Me, Et, Pri) < SMe < Cl,14 which is decidedly 
not the order of relative electronegativity. 

Electronegativity is not a property which has much 
use in this context. Hinze and Jaffk l5 have shown that 
it can vary widely for a particular element according to 
its valence state, and in any case the atoms in a molecule 
tend to the same e1e~t ronegat iv i ty . l~~~~ This being so 
it is hardly surprising that it bears little relationship to 
relative apicophilicity. 

A more fruitful approach is one which links apico- 
philicity to the ability of a group to act as a ri-donor,l8 
so that the stronger this is the more the group prefers 
the equatorial position and the less apicophilic it will be. 
(A x-donor is defined as a substituent with one or two 
high-lying occupied molecular orbitals.) In the same 
paper 3d orbital participation was briefly discussed and 
it was also established that, contrary to the common 
view, equatorial r-bonding between phosphorus and 
ligand is more efficient than axial r-bonding. This last 
point is in our belief the key to the problem. 

We should like to propose that p,-d, bonding between 
the group and the phosphorus atom determines relative 
apicophilicities. Or rather, that since @r-d,, bonding is 
better when the group is equatorially placed, it is 
relative eqztntoriophilicities that are the driving force to 
pseudorotational rearrangements. This kind of bond- 
ing is strongest in P=O where it is needed to satisfy 
formal valence requirements, and the same is true of the 
P=N bonding in the phosphonitriles.lg 

In other bonds there is also a component of the bond- 
ing formed by the donation of a non-bonding electron 
pair on the ligand into an empty 3d phosphorus orbital, 
i . ~ .  $,+d, bonding. This type of bonding is especially 
prevalent in P-N bonds as witnessed by the restricted 
rotation about these formally single bonds.20 Even the 
P=O bond probably has a further component of $,+d, 
bonding. 

The ability to form @,-xi, bonding should parallel the 
Lewis basicity of the ligands and it is therefore not 
surprising that the order of apicophilicity is inversely 
proportional to Lewis basicity, i.e. N > 0 ;> S > C1. 
The phosphoryl group constitutes a special case since 

to  $(3,0). 

lP I<. E. Dcbruin, A. G. Padilla, and M. T. Campbell. J .  A m e v .  

l5 J.  Hinze and H. H. Jaffg, J .  Amer. Chem. SOC., 1962, 84, 540. 
l6 J.  Hinze, M. A. Whitehead, and H. H.  Jaffb., J .  A m e v .  Chern. 

Soc., 1963, 85, 148. 
l7 J.  E. Huheey, ' Inorganic Chemistry; Principles of Struc- 

ture and Reactivity,' Harper and Row, New York, 1972, p.  177. 
l8 R. Hoffmann, J .  hI. Howell, and E. L. Muetterties, J .  Amer. 

Chem. SOC., 1972, 94, 3047. 
lQ N. L. Paddock, Quart. Rev., 1964, 168. 
*O J.  Emslcy and J .  I<. Williams, J.G.S. Dalton, 1973, 1576, and 

Chem. SOC., 1973, 95, 4681. 

references therein. 
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@,,-d, bonding is paramount. The order of this bonding 
is thus P=O 9 P-NR, > P-OR > P-SR > P-Cl and 
hence apicophilicity is the reverse of this, as is found. 

For the P=O to become almost as apicophilic as that 
of P-C1 its &-d, component must be removed or con- 
siderably weakened. It is not sufficient merely to 
involve it in a delocalized x system linked to the in- 
coming nucleophile RO- although this will undoubtedly 
weaken the x-bonding. What is required is something 
akin to almost complete localization of the formal 
negative charge on the phosphoryl oxygen. This would 
be considerably facilitated by H-bonding between the 
phosphoryl group and the protonated base used in our 
system : 

This H-bonding could well be of the very strong type 
considering the cation-anion factor and consequently 
the P-0 bond would lose its d,-$, component sufficiently 
to make its apicophilicity about that of the chlorine. 
Route (111) __t (V) then becomes a possible alternative 
although it occurs for only a small percentage of the 
reactants. 

Apicophilicity is still a vexed question in chemistry 
being only a Component of reactions in which many 
other factors must play important roles. Aryloxy- 
compounds, with the curious exception of the phenoxy- 
compound, behave as normally predicted with complete 
retention of configuration. In these cases there may 
well be much less localization of the formal negative 
charge on the phosphoryl oxygen as one might expect. 

Infrared Spectra.-These are listed as a Supplementary 
publication 20924 (4 pp) * for the 16 alkyloxy- and 
aryloxy-derivatives. All show the modes previously 
reported as characteristic phosphetan vibrations : 1248- 

640, 555-563, 496-540 (multiplets), and 3 9 7 4 0 3  
cm-l. To these we should now like to add the strong 

1258 [vas(CPC)], 925-935, 748-765, 665-673, 615- 

* See Notice to Authors No. 7 in J.C.S. Dalton, 1972, Index 
Issue (items less than 10 pp. are supplied as full size copies). 

peak at  1164-1170 cm-l. Inspection of the i.r. spectra 
of the 40 or more compounds we have reported to 
date 10*20p21 shows this frequency, which we have previ- 
ously misinterpreted, as common to all. In the phos- 
phetan amides 2O it was assigned to v(P-N) in preference 
to a series of bands at  940-957 cm-l which should now 
be considered. It is weakest in the phosphetan an- 
hydride but in the bromide and chloride it is present as 
medium and strong peaks respectively.21 The Raman 

it to be polarized. 
As an aid to assignment several phosphetan acid salts 

have been made. These give spectra with very sharp 
peaks, e.g. the normally broad phosphetan peak or peaks 
in the 500-540 cm-l region appear as four sharp signals 
in these compounds. The salt spectra show vas(P02-)  a t  
1130-1163 cm-l and vs(PO;) at 1039-1050 cm in 
accord with the ranges quoted for R,PO,- compounds.2z 
Both peaks carry shoulders, the latter falling in the 
middle of the set of methyl rock vibrations and the 
former adjacent to the newly assigned phosphetan band 
which appears a t  1155-1180 cm-l, sometimes as a 
shoulder but in most instances as a clearly defined peak. 
The reported 22 equal intensities of the symmetric and 
asymmetric PO,- modes enabled a clear assignment to 
be made in most cases. All the other characteristic 
phosphetan modes are present in the salt spectra 
confirming their assignments. 

In view of the 100 cm-1 separating vas(P02-) from 
vs(PO,-) it seems logical to assign the new phosphetan 
band at ca. 1165 cm-l to v,(CPC) thus complementing 
v,(CPC) which is found at cn. 1255 cm-l. These bands 
are Raman polarized and depolarized respectively as 
required. 

Spectra Of &H1,P(O)Cl and CsH$(0)OP(O)C~H16 S h O W  
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