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The reaction of diethyl azodicarboxylate (DEAD) or diisopropyl azodicarboxylate (DIAD) with

cyclic phosphites/phosphoramidites has been examined in an effort to delineate the structural

preferences in spirocyclic penta- and tricyclic hexacoordinate (amino)oxyphosphoranes. It is

shown that the familiar Bent’s or apicophilicity rules referred to in standard books give an

oversimplified picture. Thus the reaction of CH2(6-t-Bu-4-Me–C6H2O)2PCl (19) with DEAD/

DIAD leads to the chlorophosphoranes CH2(6-t-Bu-4-Me–C6H2O)2PCl[N(COOR)–NQC(OR)O–]

[R = Et (21a), i-Pr (21b)]. Treatment of 21a–b with pyrazole or imidazole leads to CH2(6-t-Bu-4-

Me–C6H2O)2P(NRR0)[N(COOR)–NQC(OR)O–] [NRR0 = pyrazolyl (12a–b), imidazolyl (13a–b)]

that have trigonal bipyramidal phosphorus with ‘reversed apicophilicity’. Compound S(6-t-Bu-4-

Me–C6H2O)2P(NH–i-Pr) (20b) affords the pentacoordinate derivative S(6-t-Bu-4-

Me–C6H2O)2P(NH–i-Pr)[N(COOR)–NQC(OR)O–] (15), but S(6-t-Bu-4-Me–C6H2O)2PCl (20a)

gives the hexacoordinate phosphorane S(6-t-Bu-4-Me–C6H2O)2PCl[N(COOR)–NQC(OR)O–] (16)

with the shortest known S-P coordinate bond. Compound 15 also exhibits the ‘reversed

apicophilicity’ phenomenon, but the disposition of substituents is different from that in 12–13.

The compound S(6-t-Bu-4-Me–C6H2O)2PPh[N(COOR)–NQC(OR)O–] (17) is prepared similarly.

Reaction of 16 with imidazole gives S(6-t-Bu-4-Me–C6H2O)2P(imidazolyl)[N(COOR)–NQC(OR)O–]

(18). Both 17 and 18 show distorted octahedral geometry with S-P coordination, but the sulfur

is trans to the phenyl/imidazolyl group (while it is cis to –Cl in 16). The variable temperature
31P NMR spectra of 15 exhibit four totally distinct signals showing a dynamic behaviour with

isomeric pentacoordinate species present. Theoretical calculations suggest that the compound as

isolated is the favoured one for S(6-t-Bu-4-Me–C6H2O)2P{(N-t-Bu)[N(CO2Et)NH(CO2Et)]}

(2, previously reported) as well as 15 and 16.

Introduction

The great success of the Mitsunobu esterification reaction in a

variety of synthetic applications rests on the redox couple

triphenylphosphine–dialkyl azodicarboxylate [ROOCNQ
NCOOR, R = Et (DEAD), i-Pr (DIAD)] in which the Morri-

son–Brunn–Huisgen [MBH] betaine 1 plays a key role [eqn (1)].1

Several studies have also shown that the reactions of other PIII

compounds with dialkyl azodicarboxylates do not necessarily

go through betaines of type 1 and could involve pentacoordi-

nate phosphorus.2,3 In this connection, we have shown that

these reactions can lead to a structurally diverse class of

compounds like 2–7 (Chart 1), depending upon the substituents

on phosphorus.4 Some significant findings include the following:

(i) Whereas the tert-butylamino compound 2 has a tetra-

coordinate phosphinimine structure in the solid state, the

analogous methylamino compound 3 is pentacoordinate.5

(ii) Although isocyanate (–NCO) and isothiocyanate

(–NCS) groups are isoelectronic, reaction of the PIII–NCO

precursor leads to a spirocyclic phosphinimine 6 but that of the

PIII–NCS precursor leads to the pentacoordinate derivative 7.

(iii) Even among the pentacoordinate phosphoranes 3, 5 and

7, there is a significant structural variation as regards the

disposition of substituents and all of these show the ‘reversed

apicophilicity’ phenomenon. In these compounds there are

four different types of substituents [(a) oxygen atoms of the

eight-membered ring, (b) nitrogen of the five-membered ring,

(c) oxygen of the five-membered ring and (d) the fifth sub-

stituent] and hence positional isomerism can give input into

our knowledge of the apicophilicity in trigonal bipyramidal

phosphorus.

ð1Þ

Because of its role as an intermediate/transition state species

in reactions at a tetrahedral PV centre, pentacoordinate
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phosphorus has attracted the attention of both experimental

and theoretical chemists.6–8 A knowledge of relative prefer-

ences of substituents for the apical position (apicophilicity) at

trigonal bipyramidal phosphorus may be useful in ascertaining

the stereochemistry of products in reactions involving such

intermediates/transition state species.9,10 Interesting cases of

reversed ‘apicophilicity’, apart from those mentioned above,

have been reported recently.11 In this context, we felt that it is

important to investigate the positional preferences observed

for substituents in 3, 5 and 7 in greater detail.4 Such a study

may also throw light on the applicability of Bent’s rule as

described in textbooks for pentacoordinate phosphorus.12 It

may be noted that according to Bent’s rule or in terms of the

3c–4e bonding picture for the apical bonds in the more

common trigonal bipyramidal phosphorus, more electronega-

tive substituents prefer apical sites (i.e. more apicophilic).

Replacement of the CH2 moiety in the (eight-membered)

dioxaphosphocin ring by a donor atom like sulfur can lead to

neutral hexacoordinate phosphorus compounds with S-P

donor–acceptor bonds (e.g. 9a; the other isomer 9b is not

observed, Chart 2).4b,13,14 In the case of compounds of type 10,

there are at least three possible isomers (10a–c). Finally, a

donor site at the fifth substituent [like nitrogen on an oxinate

group] can also, in principle, lead to hexacoordinate phos-

phorus with N-P bonds (e.g. 11).14a,15 Although a sizeable

number of neutral hexacoordinate compounds are known,

positional isomerism is not commonly observed. Possibility

of finding positional isomers such as 10a–c is another aspect

we have been interested in. Studies such as these will allow one

to ascertain the ease with which phosphorus achieves the

hexacoordinate state in neutral compounds and to establish

a lower limit to phosphorus electrophilicity leading to an

increase in coordination number.13a,b,d–f It has also been

suggested that in biological systems also, hexacoordinate

phosphorus species could be involved.16

In this paper, we focus primarily on the synthesis and

structures of compounds 12–18 (Chart 3) in which the phos-

phorus is formally hypervalent. Phosphorus in compounds

12–15 is pentacoordinate with 12, 13 and 15 showing the

‘reversed apicophilicity’ phenomenon and thus demonstrating

the limitations of Bent’s rule. Variable temperature 31P NMR

spectra for 12b, 15 and 18 are discussed in the context of

penta-/hexacoordination. In 16–18 it is hexacoordinate but

with the sixth substituent positioned in different ways with

respect to coordinated sulfur. Theoretical calculations have

been performed to ascertain the most stable configuration at

phosphorus for the amino compounds 15, 18 and the pre-

viously reported compound 2; the results suggest that struc-

tures as observed in this study are the thermodynamically

stable ones.

Results and discussion

Compounds 12–18 were synthesized by the routes shown in

Scheme 1. The [4 þ 2] cycloaddition of DEAD/DIAD to the

PIII precursor (with XPO2 skeleton) leads to an XPO3N

skeleton at phosphorus and is analogous to that of the

addition of diketones (e.g. o-chloranil) to PIII compounds

wherein an XPO4 framework is generated.11h Synthesis of

13b has also been accomplished by reacting the respective PIII

precursor CH2(6-t-Bu-4-Me–C6H2O)2P(imidazolyl) (22) with

DIAD (not shown in Scheme 1). Crystal data for 12a, 13b and

14–18 are given in Table 1.

Pentacoordinate compounds 12a, 13b, 14, and 15

Fig. 1–4 depict molecular structures of the pentacoordinate

compounds 12a, 13b, 14, and 15, while Table 2 shows the

corresponding bond parameters. Compounds 12a, 13b and 15

Chart 1

Chart 2
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have the PO3N2 skeleton, while 14 has a PO4N skeleton. Solid-

state structures confirm that all these compounds possess

essentially trigonal bipyramidal (TBP) geometry, with a max-

imum deviation observed for 15. The oxinate nitrogen in 14

does not participate in an N-P interaction, which is unlike

those in compounds of type 11 alluded to in the Introduction,

probably as a result of steric congestion. Despite the fact that

the flexible eight-membered 1,3,2-dioxaphosphocin ring is

happy with either a-e or e-e occupancy in trigonal bipyramidal

geometry,11a–c,g,h,j,17 it occupies only e-e positions in com-

pounds 12a and 13b leaving an apical site to the less electro-

negative imidazolyl/pyrazolyl nitrogen. Such a feature is in

contrast to Bent’s rule or the terms of the 3c–4e bonding

picture for the apical bonds, according to which more electro-

negative substituents are expected to prefer apical sites.12,18 As

Chart 3

Scheme 1

Table 1 Crystal data for compounds 12a, 13b �C6H5CH3, 14 �C6H5CH3, 15, 16, 17 �CH3CN, and 18
a

Compound 12a 13b �C6H5CH3 14 �C6H5CH3 15 16 17 �CH3CN 18

Empirical formula C32H43N4O6P C41H55N4O6P C47H58N3O7P C33H50N3O6PS C30H42ClN2O6PS C38H50N3O6PS C33H45N4O6PS

Formula weight 610.67 730.86 807.93 647.79 625.14 707.84 656.76

Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic

Space group P21/c Pnma P21/c P21/n P�1 P21/n P21/c

a/Å 9.4608(12) 17.235(3) 16.7166(11) 11.9655(9) 10.4788(7) 9.274(2) 19.6085(11)

b/Å 17.042(2) 18.659(4) 15.0867(19) 22.0001(17) 10.8660(7) 17.798(3) 19.8928(11)

c/Å 20.513(3) 13.113(3) 19.0574(14) 13.9870(11) 16.3413(11) 24.057(7) 19.3009(11)

a/1 90 90 90 90 92.567(1) 90 90

b/1 98.124(2) 90 106.401(13) 94.2570(10) 103.1120(10) 96.367(15) 111.8530(10)

g/1 90 90 90 90 111.9970(10) 90 90

V/Å3 3274.1(7) 4217.0(15) 4610.7(7) 3671.8(5) 1662.80(19) 3946.2(16) 6987.7(7)

Z 4 4 4 4 2 4 8

Dcalc/g cm�3] 1.239 1.151 1.164 1.172 1.249 1.191 1.249

m/mm�1 0.132 0.113 0.110 0.175 0.268 0.169 0.186

F(000) 1304 1568 1728 1392 664 1512 2800

Data/restraints/

parameters

5771/0/398 5200/388/339 8091/6/564 6468/0/411 5836/0/382 6872/0/455 12295/0/835

S 1.043 0.980 1.020 1.014 0.962 1.046 1.031

R1 [I > 2s(I)] 0.0473 0.0487 0.0724 0.0404 0.0418 0.0575 0.0484

wR2 [all data] 0.1431 0.1640 0.2228 0.1163 0.1125 0.1938 0.1445

Max./min. residual

electron density [eÅ�3]

0.559/�0.374 0.191/�0.198 0.366/�0.352 0.233/�0.302 0.321/�0.198 0.626/�0.356 0.662/�.0.369

a R1 =
P

8Fo| � |Fc8/
P

|Fo| and wR2 = [
P

w(Fo
2 � Fc

2)2/
P

wFo
4]0.5.
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regards 15, the equatorial occupancy of the NH–i-Pr group is

on expected lines; however the N(apical)-O(equatorial) disposi-

tion of the five-membered ring is apparently not consistent with

apicophilicity rules.9,10a Compared to the previously noted

antiapicophilicity of carbon (see below), these results are less

dramatic but nevertheless are not on expected lines.10 The same

isomer of 15 was obtained from the reaction of 16 with an

excess of isopropylamine, thus suggesting that it is the favoured

one; the powder X-ray pattern obtained for the bulk of the

sample was essentially identical to the simulated one based on

the single crystal data (using the Mercury program). The

results, nevertheless, are consistent with our previous observa-

tions on the o-chloranil system (cf. Chart 4) in that secondary

amino groups are more apicophilic compared to primary

amino groups in these pentacoordinate compounds. Thus

these results contradict the most often assumed tenet that high

apicophilicity is favoured by small size and vice versa.9,10a

That a less electronegative atom like aromatic carbon can

occupy an apical position in preference to a more electrone-

gative oxygen also has recent precedence in compounds of type

29 and 30 (cf. five-membered ring B).11a,d,e,g This feature,

together with our results above, suggests that one needs to

be cautious in using the ‘apicophilicity’ rules for trigonal

bipyramidal phosphorus in larger molecules.

The P–N(3) bond is significantly longer when the nitrogen is

apical (12a, 13b) than when it is equatorial (15); this is in line

with the formulation of 3c–4e bonds for apical substituents

and normal 2c–2e bonds for equatorial substituents.18b The

P–N(apical) bond lengths in 12a and 13b are close to those

calculated using the Schomaker–Stevenson empirical expres-

sion for a P–N single bond [1.77 Å].19 Interestingly, the apical

P–N(1) bond [1.809 Å] in 15 is significantly longer than even

the calculated distance.

The sum of the bond angles at N(3) in the three compounds

12a, 13b and 15 is essentially 3601 (planar). Although it can be

argued that the lone pair of electrons on this nitrogen is

involved in p-bonding with phosphorus in compound 15 and

hence the planarity, a similar argument does not hold water in

the cases of 12a and 13b because the nitrogen is apical and the

Fig. 1 Molecular structure of 12a showing the numbering scheme on

selected atoms.

Fig. 2 Molecular structure of 13b �C6H5CH3 showing the numbering

scheme on selected atoms; only one of the two positions for the

imidazolyl ring and the carboxylate oxygen atoms at N(1) are labelled

(see experimental for details).

Fig. 3 Molecular structure of 14 �C6H5CH3 showing the numbering

scheme on selected atoms. The disorder at the tert-butyl carbons is not

shown.
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P–N bond is longer (hence expected to have less p-interactions
with P).9 At the moment we do not have a good rationaliza-

tion for this observation. Theoretical calculations done earlier

suggest that p-donors prefer equatorial positions, and that

their donor orbitals will preferably lie in the equatorial

plane.7a Information regarding the site preferences of –NHR

and –NR2 groups based on negative hyperconjugation18 invol-

ving the nitrogen lone pair and an antibonding orbital of the

PO4N trigonal bipyramid is not available for a more critical

assessment of our observation.

The P–O bonds in 12a, 13b and 15 also follow the expected

general trend with the apical bonds slightly longer than the

calculated value (1.72 Å) obtained by using the Schoma-

ker–Stevenson expression. However, in 14, the P–O(oxinate)

apical bond is unexpectedly short [1.633(3) Å] and is about 0.2

Å shorter than that observed for the P–O (chloranil) api-

cal bond in CH2(6-t-Bu-4-Me–C6H2O)2P(NQPPh3)(1,2-

O2C6Cl4).
11g,h Thus these data increase the observed range

of P–O(apical) distances to 1.633–1.832 Å.4,11g,h,17

The P� � �S distance of 3.287 Å in 15 is lower than the sum

[3.65 Å] of the van der Waals radii, but for practical purposes

the geometry may be treated as only distorted trigonal bipyr-

amid. The conformation of the eight-membered 1,3,2-dioxapho-

sphocin ring, boat-chair when located diequatorially and tub

when located apical-equatorially, has been discussed before.11h

Hexacoordinate compounds 16–18

Molecular structures of 16, 17 �CH3CN and 18 are shown in

Fig. 5–7, while selected bond parameters are given in Table 3.

The geometry can be considered to be octahedral, with greater

distortion for 17 and the least for 16. The S-P distances are in

the range expected for the sulfur coordination to phosphorus;

this distance is the shortest in the chloro compound 16. To our

knowledge, this S-P donor–acceptor distance (2.317 Å) in 16

is the shortest known for neutral hexacoordinate phosphorus

compounds and is pretty close to the covalent bond distance of

2.13–2.14 Å.20 This is a bit surprising since, compared to

compounds 31
13c or 32

13d that have PO4SCl or PO2SCl3
skeletons respectively, compound 16 has a PO3NSCl skeleton;

the Lewis acidity at the phosphorus centre (excluding the S-P

bond) should have been lower for 16 when compared to 31 and

32. This, consequently, should have led to a weaker S-P

interaction (i.e. longer bond) in 16. It is likely that the presence

of a –CO2–i-Pr group on nitrogen has played a role in the

observed shorter distance.

It can be readily seen that in 17, 18 and 31 the acyclic

substituent (phenyl, imidazolyl or Cl) is the one that is trans to

the sulfur. This feature contrasts with 16 in which an oxygen

atom of the five-membered ring is trans to the sulfur, thus

hinting at the possibility of positional isomerism in this class of

compounds.21 As suggested by Cavell, the facial coordination

observed in these compounds is influenced by the fact that two

five-membered rings must be formed and hence the ligand may

not be able to span three meridional positions.13c The fact that

the imidazolyl compound 18 is obtained by starting with the

chloro compound 16 also suggests that a pentacoordina-

tion–hexacoordination equilibrium may exist in solution to

facilitate the ligand reorganization.

Table 2 Selected bond lengths (Å) and bond angles (1) with su’s for pentacoordinate compounds 12a, 13b �C6H5CH3, 14 �C6H5CH3 and 15

Compound 12a 13b �C6H5CH3 14 �C6H5CH3 15

P–O(1) 1.581(1) 1.587(1) 1.610(3) 1.617(1)
P–O(2) 1.595(1) 1.587(1) 1.602(3) 1.680(1)

[P–O(10)]
P–O(3) 1.727(1) 1.731(2) 1.735(3) 1.648(1)

[P–O(2)]
P–N(1) 1.677(2) 1.674(2) 1.681(4) 1.809(2)
P–N(3) [or P–O(7)] 1.763(2) 1.752(2) 1.633(3) 1.619(2)
Xapical–P–Yapical 176.56(8) 177.36(10) 173.06(18) 171.72(7)

[O(3)–P–N(3)] [O(2)–P–N(3)] [O(7)–P–O(3)] [O(2)–P–N(1)]
SN(1) (angle, 1) 359.7 353.3 357.0 353.6
SN(3) (angle, 1) 360.0 359.9 — 360.0

Fig. 4 Molecular structure of 15 showing the numbering scheme on

selected atoms.
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The P–N bond distances in 16–18 are in the range expected

for a single bond, but still are lower than the P–N(1) apical bond

in 15. As expected because of the higher coordination number,

P–O and P–N distances in 17 are significantly longer than those

found in the analogous pentacoordinate compound 5.4b The

longer P–C bond in 5 [1.843(2) Å] relative to 17 is consistent

with it being at the apical position of the trigonal bipyramid.

In compounds 16–18, the phosphorus atom is above the

mean plane of the four atoms cis to sulfur to an extent of

0.112, 0.238 and 0.127 Å, respectively. One can roughly

estimate the displacement of these structures from square

pyramid (that excludes sulfur coordination) to octahedral

(that includes sulfur coordination), based on the value of a

0.431 Å displacement for phosphorus from the mean plane of

the basal atoms in a square pyramidal arrangement with basal

angles of 1501.13d Thus the order of percentage displacement

from square pyramid to octahedral geometry would be 16

(B74%) > 18 (B71%) > 17 (B45%); this is in line with the

corresponding S-P distances of 2.317, 2.422 and 2.623 Å,

respectively.

Solution state NMR spectroscopy

The 31P NMR (CDCl3) spectra confirm that the pentacoordi-

nate structure is preserved in solution for 12a, 13b, 14, and 15.

Compounds 12–14 and 17–18 show a single line, whereas

compounds 15–16 show two or more lines at 20 1C. The lower

frequency for 17 (dP �64.3) relative to 5 (dP �51.7) clearly

shows that hexacoordination is retained in solution for the

former compound; it should be noted that while a higher

coordination number moves the dP value to lower frequency,

formation of five-membered rings (cf. 17) in place of an eight-

membered ring (5) has an opposite effect.15a Similarly, 18 has

a significantly more negative dP value compared to CH2(6-t-

Chart 4

Fig. 5 Molecular structure of 16. Only selected atoms are labelled.

Fig. 6 Molecular structure of 17 �CH3CN. Solvent atoms are omitted

and only selected atoms are labelled.

Fig. 7 Molecular structure of 18. Only selected atoms are labelled.

There are two molecules in the asymmetric unit, but only one is shown;

the other one has similar bond parameters.
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Bu-4-Me–C6H2O)2P(imidazolyl)[N(COO–i-Pr)–NQC(O–i-Pr)

O–] (13b: dP �73.5). Observation of two 31P NMR signals for

16 [d �71.1, �90.3] that appear at very much lower frequencies

compared to 21b [d �46.0; pentacoordinate] clearly suggest

that both the signals for 16 are due to hexacoordinate isomers.

We ascribe these to S-trans-O (observed in the solid state) and

S-trans-Cl [cf. compound 18] isomers.

The 31P NMR Dd values for the pentacoordinate/hexacoor-

dinate pairs 21b/16 (Z 25.0 ppm), 13b/18 (16.1 ppm), and 5/17

(12.6 ppm) also indicate that S-P bond strength should be in

the order 16> 18> 17; this is what is actually observed [S-P

distances are, respectively, 2.317(1), 2.628(2), and 2.422(1) Å].

For 13b, 15 and 18 we have recorded the variable tempera-

ture 31P NMR spectra in toluene-d8. Compound 13b did not

exhibit any significant change in its 31P NMR spectra; in the
1H NMR spectra, the tert-butyl protons showed one peak at

>20 1C, but at lower temperatures gave two peaks. Corre-

sponding changes for the methyl as well as the isopropyl CH3

protons were also observed. We ascribe these features to

freezing of bond rotation (at the eight-membered/five-mem-

bered ring) with no significant change in the local environment

at phosphorus. The lower frequency 31P NMR chemical shift

of 18 relative to 13b (Dd B 16.1 ppm) throughout the

temperature range studied clearly shows that hexacoordina-

tion is retained in solution for 18. The latter compound

showed two tert-butyl, two methyl and four isopropyl methyl

signals till 40 1C; at higher temperatures only two isopropyl

methyl signals were seen with no change for the methyl or tert-

butyl signals.

The 31P NMR spectra of 15, however, changed with tem-

perature [Fig. 8]. At low temperatures three peaks at d �63.7,
�63.4 and �54.5 are observed in toluene-d8.

22 As the tem-

perature is raised, the two lower frequency peaks merge and

broaden, and a new peak at d �39.2 � 1.0 appears. At 353 K

the spectra show only two peaks, one at d �39.2 � 1.0 and the

other at �54.5; upon cooling to 20 1C the original pattern was

observed. We consider first the structural possibilities I–VII

(Chart 5); a third hexacoordinate form (cf. 10c) and the

pentacoordinate form IV have not been observed in the solid

state (X-ray structure) so far. Based on the chemical shift

values, we rule out the hexacoordinate (V–VI; also see 10c)

and tetracoordinate forms (VII). The two closely placed peaks

at d �64.7 and �64.4 suggest that the local environment at

phosphorus is not changed significantly for these isomers;

based on our previous studies,4,11h we ascribe these to the

NH–i-Pr (equatorial) isomers of III (R= i-Pr; R0=NH–i-Pr)

having the boat-chair or tub conformation. It can be noted

that the 31P NMR spectrum of closely related CH2(6-t-Bu-

4-Me–C6H2O)2P(NH–i-Pr)[N(COOR)–NQC(OR)O–] (33),

prepared in situ in an NMR tube from its PIII precursor,

showed two closely spaced resonances at d �65.3 and �65.7
(ca. 1 : 4 ratio).23 The remaining two signals for 15 with a large

Dd are then ascribable to any two among I–II. Currently we do

Table 3 Selected bond lengths (Å) and bond angles (1) with su’s for hexacoordinate compounds 16, 17 �CH3CN, and 18

Compound 16 17 �CH3CN 18

P–O(1) 1.668(1) 1.701(3) 1.639(2)
P–O(2) 1.674(1) 1.667(3) 1.676(2)
P–O(3) 1.667(1) 1.715(3) 1.721(2)
P–N(1) 1.771(2) 1.791(4) 1.789(2)
P–R 2.219(1) 1.820(4) 1.747(2)

(R = Cl) (R = Phenyl-C) (R = imidazolyl-N)
P–S 2.317(1) 2.628(2) 2.422(1) (both)
O(1)–P–O(2) 91.03(7) 89.76(15) 92.90(9)
O(1)–P–O(3) 93.70(7) 87.81(14) 175.27(8)
O(1)–P–N(1) 91.83(8) 162.45(16) 95.53(9)
O(1)–P–R [R = Cl, C(23) or N(3)] 174.03(6) 95.11(17) 90.79(9)
O(1)–P–S (S1) 89.24(5) 81.40(10) 86.67(6)
O(2)–P–O(3) 89.91(7) 164.98(15) 86.16(8)
O(2)–P–N(1) 176.02(8) 93.47(16) 168.94(9)
O(2)–P–Cl (C(23), N(3)) 90.00(6) 97.06(17) 93.31(9)
O(2)–P–S 86.75(5) 84.42(11) 84.29(6)
O(3)–P–N(1) 87.14(7) 84.61(15) 84.86(9)
O(3)–P–Cl (C(23), N(3)) 92.18(6) 97.92(17) 93.89(9)
O(3)–P–S 175.59(6) 80.57(10) 88.62(6)
N(1)–P–Cl (C(23), N(3)) 87.44(6) 101.59(18) 93.73(10)
N(1)–P–S 96.06(6) 81.76(12) 89.04(7)
(C(23), N(3) Cl–P–S 84.95(3) 176.22(15) 176.41(8)
SN(1) (angle, 1) 359.8 358.0

Chart 5
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not have a way to distinguish these; we only note that in the

structure of compound 34,4b the NHR group is apical and

hence it is possible to have NH–i-Pr apical. The 1H NMR

spectrum also showed multiple signals that changed with

temperature, but was more complicated for a detailed analysis.

Theoretical calculations

From what has been discussed above, it is clear that, depend-

ing on the substituents, the reaction of cyclic phosphites with

DEAD/DIAD leads to tetra- (structure VII), penta- (struc-

tures I–III; structure IV is not observed by X-ray so far) or

hexacoordinate (structures V–VI) compounds (Chart 5). In an

effort to ascertain relative stabilities of various configurations,

particularly for 2, 15, 16 and 18, we did geometry optimization

using the known coordinates from the available X-ray struc-

tures at the B3LYP/6-31G* level using the Gaussian 03

program package (see ESI for detailsw).30 For compound 2

which had unusual solution and solid state behaviour [tetra-

coordination in solid state (X-ray) and pentacoordination in

solution state (31P NMR)],4b optimization showed clearly that

tetracoordination (VII) is more stable than the penta- or

hexacoordination by at least 17 kJ mol�1. For compound 15

also, theoretically calculated energies justify what is experi-

mentally found, albeit marginally. The observed pentacoordi-

nate isomer III is marginally more stable than the tetra- or

hexa- or other pentacoordinate structures by Z7 kJ mol�1.

Calculated energies for compounds 16 and 18 suggest that the

hexacoordinate isomers (V and VI) are more stable than their

pentacoordinate isomers. Between the two hexacoordinate

isomers, the observed structure VI is the most stable one for

16; this isomer is marginally more stable (by ca. 2.5 kJ mol�1)

than the observed structure V (X-ray) for 18. Thus, within the

errors associated with calculations, although assessing the

stability of individual isomers with a particular coordination

number is difficult, prediction of the stability of isomers with

different coordination numbers is possible.

Summary and implications

An important implication of the compounds discussed above

(3, 5, 7, 12a, 13b, 15, 23–30) and from our other studies (see

35–36)24 is that Bent’s rule, as described in standard text-

books, for pentacoordinate phosphorus is to be used cau-

tiously. The limitation of Bent’s rule perhaps stems from the

fact that it deals with only the atoms directly connected to

phosphorus. In the vast majority of pentacoordinate phos-

phorus compounds with trigonal bipyramidal geometry, the

constraints imposed by the secondary atoms will play a

significant role in determining the ‘apicophilicity’ of a group.

In addition, as observed elsewhere also, the preference for a

majority of 4–7 membered rings to span apical–equatorial

positions in trigonal bipyramidal geometry could undermine

Bent’s rule.25,26 Thus the familiar steric or electronegativity

rule for the apicophilicity may not be followed in several cases.

The presence of several isomers in solution (31P NMR) for

compounds which showed a fixed geometry in the solid state

(e.g. 15) clearly shows that the energy difference among

various isomeric forms is not very large. Isolation of the same

isomer from different routes and the homogeneity of the

sample by powder diffraction also suggest that the ones

Fig. 8 Variable temperature 31P NMR spectra for 15 in toluene-d8.
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isolated are thermodynamically favoured. The usefulness/lim-

itation of DFT calculations in this context is also highlighted;

it is shown that the theory developed till to-date is insufficient

to explain all the bonding features.

As regards hexacoordinate compounds, observation of posi-

tional isomers in which the bridgehead sulfur is coordinated

trans to the oxygen of the DIAD residue (compound 16) or to

the nitrogen/carbon of the amino or phenyl substituent (com-

pounds 17–18) suggests that in favourable cases, isomeric

neutral hexacoordinate compounds may be isolatable; an in-

dication to this effect is given by the 31P NMR spectrum of 16

which shows two signals in the hexacoordinate region. The S-

P donor–acceptor distance (2.317 Å) in 16 is the shortest known

for neutral hexacoordinate phosphorus compounds and is very

close to the covalent bond distance of 2.13–2.14 Å. The results

suggest that in biological systems also, hexacoordinate phos-

phorus species could be involved when a suitable donor site

close to phosphorus is available.16

Experimental

Materials and methods

Chemicals were procured from Aldrich/Fluka or from local

manufacturers; they were purified when required. Solvents were

purified according to standard procedures.27 All reactions, unless

stated otherwise, were performed in a dry nitrogen atmosphere.
1H, 13C and 31P{H} NMR spectra were recorded on a Bruker

200 MHz or 400 MHz spectrometer in CDCl3 or C6D5CD3

solutions (unless stated otherwise), with shifts referenced to

SiMe4 (d = 0) or 85% H3PO4 (d = 0). Variable temperature
1H and 31P NMR spectra were recorded in C6D5CD3. IR spectra

were recorded on a JASCO FT/IR-5300 spectrophotometer.

Elemental analyses were carried out on a Perkin-Elmer 240C

or Thermo Finnigan EA1112 analyzer. Powder XRD data was

obtained from INEL (France) using an X-ray diffractometer

with 120 CPS detector (lCo = 1.788 97 Å).

The chloro precursors CH2(6-t-Bu-4-Me–C6H2O)2PCl

(19),11h S(6-t-Bu-4-Me–C6H2O)2PCl (20a)
13d and S(6-t-Bu-4-

Me–C6H2O)2PPh (20c)28 were prepared by literature proce-

dures. The PIII precursors CH2(6-t-Bu-4-Me–C6H2O)2PNRR0

(R=H, R0= i-Pr; dP 141.3 and R, R0= imidazolyl; dP 125.1)
were prepared by the reaction of 19 with the respective amine.

We have previously reported the synthesis of 21b;4a compound

21a was synthesized similarly [mp 179–181 1C; dH (200 MHz;

CDCl3) 1.30 (3 H, t, J 7.2 Hz, CH2CH3), 1.38 (18 H, s, t-Bu-

H), 1.44 (3 H, t, J 7.2 Hz, CH2CH3), 2.32, 2.34 (6 H, 2 � s, 2 �
ArCH3), 3.43 (1 H, dd, J 2.9 and 13.7 Hz, ArCHAHX), 4.35,

4.45 (4 H, 2 � qrt, J 7.2 Hz each, CH2CH3), 5.34 (1 H, dd, JPH
5.8 and J 13.7 Hz, ArCHAHX) and 7.04, 7.17 (4 H, 2 � br s, 4

� Ar–H); dC (50 MHz; CDCl3) 14.2, 14.6 (2 � s, 2 �
CH2CH3), 21.2 (s, ArCH3), 30.9 (s, C(CH3)3), 32.9 (s,

C(CH3)3), 34.9 (s, ArCH2), 62.3, 66.3 (2 � s, 2 � OCH2CH3),

127.1, 129.6, 134.6, 134.7, 135.1, 140.1, 140.2, 148.0, 148.4,

149.9 and 153.4, 153.6; dP (80 MHz; CDCl3) �45.8].

Syntheses

The PIII precursor S(6-t-Bu-4-Me–C6H2O)2P(NH–i-Pr)

(20b). To a stirred solution of 20a (0.90 g, 2.12 mmol) in

toluene (60 cm3) at 0 1C was added isopropylamine (0.25 g,

4.25 mmol) in toluene over a period of 5 min. The mixture was

stirred overnight at room temperature, filtered and the filtrate

concentrated to ca. 2 cm3 and heptane (ca. 0.5 cm3) was added.

Crystals of the 20b (0.65 g, 70%) were obtained at 5 1C after 12

h (found C 67.36, H 8.01, N 3.11, S 7.10. C25H36NO2PS: calc.

for C 67.38, H 8.14, N 3.14, S 7.19%); mp 148–150 1C;

nmax(KBr)/cm�1 3360, 1595, 1427 and 1005; dH (200 MHz;

CDCl3) 1.29 (6 H, d, J 6.0 Hz, CH(CH3)2), 1.42 (18 H, s, t-Bu-

H), 2.25 (6 H, s, 2 � ArCH3), 3.31 (1 H, br, PNH), 3.35 (1 H,

m, NHCH(CH3)2) and 7.08–7.29 (4 H, m, 4 � Ar–H); dC (50

MHz; CDCl3) 20.6 (s, ArCH3), 26.8 (d, JPC 5.5 Hz,

NHCH(CH3)2), 30.2 (s, C(CH3)3), 35.0 (s, CMe3), 44.1 (d,

JPC 38.4 Hz), 123.3, 128.9, 131.4, 133.7, 140.2 and 153.3; dP (80
MHz; CDCl3) 137.5.

CH2(6-t-Bu-4-Me–C6H2O)2P[N(COOEt)NC(OEt)–O–]

(NNQCHCHQCH–) (12a). To a stirred solution of 21a (0.58

g, 1.0 mmol) in dichloromethane (10 cm3) was added triethy-

lamine (0.10 g, 0.14 cm3, 1.0 mmol) and pyrazole (0.07 g, 1.0

mmol) at 0 1C. The mixture was stirred at room temperature

for 24 h, dichloromethane removed in vacuo, dry toluene (15

cm3) added and the mixture was filtered. Concentration of the

filtrate to 2 cm3, followed by the addition of heptane (4 cm3)

afforded crystals of 12a (0.58 g, 89%) after keeping at 0 1C for

ca. 24 h (found: C 62.61, H 6.89, N 9.08. C32H43N4O6P: calc.

for C 62.94, H 7.10, N 9.18%); mp 146–149 1C; nmax(KBr)/

cm�1 1771, 1671, 1439, 1263, 1209, 1130 and 1071; dH (200

MHz; CDCl3) 0.91, 1.07 (6 H, 2 � t, J 6.9 Hz each, CH2CH3),

1.42 (18 H, s, t-Bu-H), 2.34 (6 H, s, 2�ArCH3), 3.53 (1 H, d, J

13.6 Hz, ArCHAHX), 3.65 (2 H, qrt, J 6.9 Hz, CH2CH3), 3.90

(2 H, qrt, J 6.9 Hz, CH2CH3), 4.21 (1 H, dd, JPH 4.8 and J 13.6

Hz, ArCHAHX), 6.32 (1 H, br s, pyrazolyl–H), 7.06, 7.17 (4 H,

2 � br s, 4 � Ar–H) and 7.72 and 8.22 (2 H, 2 � d, JB 3.0 Hz

each, 2 � pyrazolyl–H); dC (50 MHz; CDCl3) 13.6, 14.1 (2 � s,

CH2CH3), 21.1 (s, ArCH3), 30.8 (s, C(CH3)3), 34.1 (s, CMe3),

34.9 (s, ArCH2), 64.1, 64.6 (2 � s, 2 � OCH2CH3), 105.1,

105.2, 125.3, 127.1, 128.3, 129.1, 133.0, 133.1, 134.3, 134.4,

134.6, 140.0, 140.1, 141.1, 141.4, 147.6, 147.9, 153.7 and 154.0;

dP (80 MHz; CDCl3) �72.9.

CH2(6-t-Bu-4-Me–C6H2O)2P[N(CO2–i-Pr)NC(O–i-Pr)O–]

(NNQCHCHQCH–) (12b). The procedure was the same as in

the preparation of 12a using 1.0 mmol each of 21b and

pyrazole. Crystallization was done using a mixture of toluene

(2 cm3) and heptane (4 cm3) to afford 12b (0.49 g, 78%)

(found: C 63.98, H 7.38, N 8.80. C34H47N4O6P calc. for C

63.93, H 7.41, N 8.77%); mp 176–178 1C; nmax(KBr)/cm�1

1753, 1667, 1605, 1414, 1263, 1209, 1107 and 947; dH (200

MHz; CDCl3) 0.77, 1.06 (12 H, 2 � d, J 5.9 Hz each, 2 �
CH(CH3)2), 1.41 (18 H, s, t-Bu-H), 2.32 (6 H, s, 2 � ArCH3),

3.50 (1 H, d, J 16.0 Hz, ArCHAHX), 3.70–3.83 (1 H, m,

CHMe2), 4.21 (1 H, dd, JPH 3.0 and JB 16.0 Hz, ArCHAHX),

4.58–4.71 (1 H, m, CHMe2), 6.32 (1 H, br s, pyrazolyl–H),

7.04–7.28 (4 H, m, 4 � Ar–H), 7.68 and 8.20 (2 H, 2 � d, J B
2.5 Hz each, 2 � pyrazolyl–H); dC (50 MHz; CDCl3) 21.0,

21.4, 21.5, 21.8, 22.0 (5 lines, ArCH3 þ CH(CH3)2), 30.6, 31.1

(2 � s, 2 � C(CH3)3), 34.0 (s, CMe3), 34.9 (s, ArCH2), 71.7,

72.8 (2 � s, 2 � OCHMe2), 105.3, 127.0, 127.8, 128.8, 133.2,

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 717–728 | 725
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134.2, 134.4, 140.2, 141.1, 141.4, 148.5, 153.0, 153.2, 154.2 and

154.4; dP (80 MHz; CDCl3) �72.8.

CH2(6-t-Bu-4-Me–C6H2O)2P[N(COOEt)NC(OEt)–O–]

(NCHQNCHQCH–) (13a). The procedure was the same as in

the preparation of 12a using 1.0 mmol each of 21a and

imidazole. Crystallization was done using a mixture of toluene

(2 cm3) and heptane (4 cm3) to afford 13a (0.54 g, 83%)

(found: C 62.54, H 6.93, N 8.95. C32H43N4O6P: calc. for C

62.94, H 7.10, N 9.18%); mp: 137–138 1C; nmax(KBr)/cm�1

1763, 1665, 1439, 1267, 1206, 1127 and 1067; dH (200 MHz;

CDCl3) 0.92, 1.13 (6 H, 2 � t, J 6.8 Hz each, 2 � CH2CH3),

1.41 (18 H, br s, t-Bu-H), 2.33, 2.34 (6 H, 2 � s, 2 � ArCH3),

3.43 (1 H, d, J 13.7 Hz, ArCHAHX), 3.67 (2 H, qrt, J 6.8 Hz,

CH2CH3), 4.18 (1 H, dd, JPH 4.6 and J 13.7 Hz, ArCHAHX),

4.38 (2 H, qrt, J 6.8 Hz, CH2CH3), 6.92 (1 H, br s, imidazo-

lyl–H), 7.06, 7.18 (4 H, 2 � br s, 4 � Ar–H) and 7.48, 8.22 (2

H, 2� br s, 2� imidazolyl–H); dC (50 MHz; CDCl3) 13.5, 14.0

(2 � s, CH2CH3), 21.0 (s, ArCH3), 30.8, 31.0 (2 s, C(CH3)3),

33.8 (s, C(CH3)3), 34.9 (s, ArCH2), 64.7, 64.8 (2 s, OCH2CH3),

120.9, 121.0, 121.3, 127.4, 128.2, 128.9, 129.0, 129.2, 129.3,

132.9, 133.0, 134.7, 134.8, 139.5, 147.3, 147.6 and 155.7; dP (80
MHz; CDCl3) �73.5.

CH2(6-t-Bu-4-Me–C6H2O)2P[N(CO2–i-Pr)NC(O–i-Pr)O–]

(NCHQNCHQCH–) (13b). The procedure was the same as in

the preparation of 12a using 1.0 mmol each of 21b and

imidazole. Crystallization was done using a mixture of toluene

(1 cm3) and heptane (2 cm3) to afford 13b (0.54 g, 85%)

(found: C 64.34, H 7.55, N 8.61. C34H47N4O6P calc. for C

63.93, H 7.41, N 8.77%); mp 190–193 1C; nmax(KBr)/cm�1

1755, 1663, 1262, 1101, 1013 and 947; dH (200 MHz; CDCl3)

0.78 (6 H, d, J 5.9 Hz, CH(CH3)2), 1.12 (6 H, br, CH(CH3)2),

1.41 (18 H, s, 2� t-Bu-H), 2.32 (6 H, s, 2 �ArCH3), 3.52 (1 H,

dd, J 1.4 and 13.6 Hz, ArCHAHX), 3.83 (1 H, m, CHMe2),

4.17 (1 H, dd, J 3.9 and 13.6 Hz, ArCHAHX), 4.69 (1 H, m,

CHMe2), 6.98–7.32 (5 H, m, 4 Ar–H þ 1 imidazolyl–H) and

7.46, 8.18 (2 � H, br s, 2 � imidazolyl–H). Variable tempera-

ture dH (200 MHz; C6D5CD3) at selected temperatures: 298 K:

d 0.75 (6 H, d, J 6.3 Hz, CH(CH3)2), 1.11 (6 H, d, J 6.3 Hz,

CH(CH3)2), 1.58 (18 H, s, t-Bu-H), 2.17 (6 H, s, 2 � ArCH3),

3.26 (1 H, d, J 13.3 Hz, ArCHAHX), 3.83 (1 H, m, CHMe2),

4.23 (2 H, m, CHMe2 þ ArCHAHX), 4.72 (1 H, m, CHMe2),

7.00–7.32 (5 H, m, 4 � Ar–H þ 1 � imidazolyl–H) and 7.82,

8.56 (2 H, br s, 2 � imidazolyl–H). 263 K: d 0.72 (6 H, d, J 6.3

Hz, CH(CH3)2), 1.06 (6 H, 4 lines, CH(CH3)2), 1.54, 1.60 (18

H, 2 � s, 2 � t-Bu-H), 2.13, 2.21 (6 H, 2 � s, 2 � ArCH3), 3.18

(1 H, d, J B 13.0 Hz, ArCHAHX), 4.14 (1 H, dd, J B 3.0 and

B 13.0 Hz, ArCHAHX), 4.35, 4.72 (2 H, 2 � m, 2 � CHMe2),

6.90–7.23 (4 H, m, 4 � Ar–H) and 7.45, 7.84, 8.61 (2 H, br s, 2

� imidazolyl–H). dC (50 MHz; CDCl3) 21.0, 21.2, 21.5, 21.8,

21.9 (5 lines, ArCH3 þ CH(CH3)2), 30.9, 31.1 (2 � s,

C(CH3)3), 33.7 (s, C(CH3)3), 34.9 (s, ArCH2), 72.7, 73.2 (2 �
s, OCHMe2), 120.7, 121.1, 125.3, 127.3, 127.8, 128.6, 128.9,

129.0, 129.2, 133.1, 134.7, 135.1, 139.5, 140.5, 147.7 and 155.1

(all Ar-C), dP (80 MHz; CDCl3) �73.7.

CH2(6-t-Bu-4-Me–C6H2O)2P[N(CO2–i-Pr)NC(O–i-Pr)O–]

(8-OC9H6N) (14). The procedure was the same as in the

preparation of 12a using 1.0 mmol each of 21b and 8-hydro-

xyquinoline. Crystallization was done using a mixture of

toluene and heptane (2 cm3 þ 1 cm3) to afford 14 (0.57 g,

80%) (found: C 67.22, H 7.10, N 5.95. C40H50N3O7P calc. for

C 67.11, H 7.04, N 5.87%); mp: 152–154 1C; nmax(KBr)/cm�1

1752, 1667, 1468, 1385, 1271, 1209, 1107 and 932; dH (200

MHz; CDCl3) 0.87 (6 H, br s, CH(CH3)2), 1.20 (6 H, d, J B
5.9 Hz, CH(CH3)2), 1.35 (18 H, s, t-Bu-H), 2.30 (6 H, s,

ArCH3), 3.39 (1 H, d, J B 16.0 Hz, ArCHAHX), 3.92 (1 H, br

m, CHMe2), 4.02 (1 H, br, ArCHAHX), 4.15 (1 H, br m,

CHMe2) and 6.78–8.04 (10 H, m, Ar–H þ oxinato–H); dC (50

MHz; CDCl3) 20.9, 21.5, 21.7, 22.0 (4 � s, ArCH3 þ
CH(CH3)2), 30.8, 31.1 (2 � s, C(CH3)3), 34.2 (s, CMe3), 34.9

(s, ArCH2), 70.6, 70.7, 72.5, 72.7 (4 � s, 4 � OCHMe2), 120.3,

121.4, 123.3, 125.3, 126.1, 126.7, 127.1, 128.2, 128.8, 129.1,

129.5, 133.4, 135.1, 140.2, 140.4 and 149.3; dP (80 MHz;

CDCl3) �70.1 (br). X-Ray structural analysis was performed

on the sample crystallized from toluene.

S(6-t-Bu-4-Me–C6H2O)2PNHiPr[N(CO2–i-Pr)NC(O–i-Pr)

O–] (15). To a solution of 20b (0.69 g, 1.53 mmol) in dry

toluene (15 cm3), DIAD (0.31 g, 1.53 mmol) was added

dropwise over a period of 3 min by syringe and the mixture

stirred for 24 h at room temperature. The solvent was removed

and the residue was crystallized from heptane (ca. 2 cm3)

containing traces of dichloromethane to afford 15 (0.77 g,

78%) (found: C 59.93, H 7.75, N 6.52. C33H50N3O6PS calc. for

C 61.18, H, 7.78; N 6.48%). The same compound was also

obtained by reacting 16 with isopropylamine; mp: 119–121 1C;

nmax(KBr)/cm�1 3383, 1728 and 1676; dH (400 MHz; CDCl3)

1.00–1.48 (30 H, many lines, CH(CH3)2 þ t-Bu-H), 2.22, 2.32

(6 H, 2 � s, 2 � ArCH3), 2.95 and 3.30 (together 1 H, m,

NHCH(CH3)2), 3.50 and 3.68 (together 1 H, br, –NH), 4.45

and 4.90 as well as 5.05, 5.16 (total 2 H, two sets of m,

CHMe2) and 7.00–7.40 (4 H, many lines, 4 � Ar–H). Two

major groups of signals are thus seen; dC (50 MHz; CDCl3)

20.7, 21.8, 22.2, 26.4, 29.7, 30.3, 30.5, 34.6, 34.9, 44.5, 45.9,

68.3, 72.4, 73.0, 128.5, 129.0, 130.0, 131.5, 133.4, 133.6 and

135.7. The CQO signals were too broad. dP (160 MHz;

CDCl3) �55.6 and �65.1 (1 : 2); a minor signal (ca. 5% of

the other two put together) at �64.7 was also observed.

Variable temperature 31P NMR (C6D5CD3) spectra are shown

in Fig. 8. The corresponding 1H NMR spectra were recorded

but a detailed analysis was not possible due to the broadness

and multiplicity of the peaks.

S(6-t-Bu-4-Me–C6H2O)2PCl[N(CO2–i-Pr)NC(O–i-Pr)–O–]

(16). To a stirred solution of 20a (0.92 g, 2.2 mmol) in toluene

(20 cm3) at �78 1C was added DIAD (0.45 g, 2.2 mmol)

dropwise through a syringe over a period of 5 min. The

reaction mixture was brought to room temperature and stirred

for 12 h; later the solvent was evaporated and residue crystal-

lized from a heptane–dichloromethane (2 þ 0.5 cm3) mixture

to afford 16 (0.95 g, 70%) (found: C 57.78, H 6.81, N 4.62, S

5.04. C30H42ClN2O6PS calc. for C 57.64, H 6.77, N 4.48, S

5.13%); mp: 156–158 1C; nmax(KBr)/cm�1 1747, 1651, 1593,

1372 and 1224; dH (400 MHz; CDCl3) 0.92–1.60 (30 H, many

lines, CH(CH3)2 þ t-Bu-H), 2.35 (6 H, br, 2 � ArCH3),

4.90–5.20 (2 H, m, 2 � CHMe2) and 7.20–7.44 (4 H, m, 4 �
Ar–H); dC (50 MHz; CDCl3) 20.7, 20.9, 21.0, 21.8, 21.9, 29.2,
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29.5, 30.4, 31.2, 34.5, 35.8, 69.3, 69.7, 70.4, 72.2, 73.1, 73.9,

121.6, 125.5, 127.7, 128.1, 129.8, 130.3, 130.8, 131.2, 131.6,

132.1, 133.2, 134.5, 134.7, 135.0, 135.3, 137.3. 137.5, 141.0,

147.3, 150.1, 150.1, 153.1,160.5 and 173.1; dP (160 MHz;

CDCl3) �71.1 and �90.3 (br). The compound hydrolyzes

rapidly and a peak at d �7.0 appears within 1
2
h.

S(6-t-Bu-4-Me–C6H2O)2P[N(CO2–i-Pr)NC(O–i-Pr)O](Ph)

(17). To a stirred solution of 20c (0.94 g, 2.0 mmol) in toluene

(20 cm3) was added DIAD (0.40 g, 2.0 mmol) dropwise over a

period of 0.5 h. Upon stirring for two days and removal of all

the solvent, 17 (1.07 g, 80%) was obtained as a light yellow

solid (found: C 64.21, H 7.10, N 4.82. C36H47N2O6PS calc. for

C 64.84, H 7.11, N 4.20%). The compound was crystallized

from an acetonitrile–dichloromethane (2 : 1) mixture; mp

148–150 1C; nmax(KBr)/cm�1 1714, 1655 and 1103; dH (200

MHz; CDCl3) 0.95, 1.13, 1.15 and 1.26 (12 H, d each, J B 6.3

Hz, 2 � HC(CH3)2), 1.20 and 1.40 (18 H, 2 � s, 2 � C(CH3)3),

2.22 and 2.28 (6 H, 2� s, 2� Ar–CH3), 4.62–4.80 (2 H, m, 2�
CH(CH3)2) and 7.10–7.45, 8.10–8.17 (9 H, 2 � m, Ar–H). The

CH3CN peak in the spectrum of crystals appeared at d 1.91; dC
(50 MHz; CDCl3) 20.6, 20.7, 21.5, 21.7, 21.9 (5 � s, ArCH3 þ
OCH(CH3)2), 29.5 and 30.6 (2 � s, C(CH3)3), 34.7, 35.2 (2 � s,

C(CH3)3), 69.1 and 72.6 (2 � s, 2 � O–CH(CH3)2), 117.6,

117.9, 122.8, 122.9, 127.1, 127.4, 129.4, 129.8, 129.9, 130.6,

130.8, 131.0, 131.3, 131.7, 132.0, 136.6, 137.7, 137.9, 138.6,

138.8, 141.3, 151.1, 151.4, 151.7, 152.9, 153.1, 154.4 and 154.6;

dP (80 MHz; CDCl3) �64.3.

S(6-t-Bu-4-Me–C6H2O)2P[N(CO2–i-Pr)NC(O–i-Pr)O–]

(NCHQNCHQCH–) (18). To a stirred solution of 16 (1.38 g,

2.19 mmol) in dichloromethane (20 cm3) was added imidazole

(0.15 g, 2.19 mmol) and triethylamine (0.22 g, 2.19 mmol) in

dichloromethane dropwise over a period of 0.5 h. at 0 1C. The

mixture was stirred at room temperature for 12 h, dichlor-

omethane was removed in vacuo, dry toluene (15 cm3) was

added and the mixture was filtered. The residue was crystal-

lized from a dichloromethane–hexane (4 : 1) mixture (2 cm3) to

afford 18 (0.54 g, 85%) (found: C 64.34, H 7.55, N 8.61.

C34H47N4O6P calc. for C 63.93, H 7.41, N 8.77%); mp

192–195 1C; nmax(KBr)/cm�1 1716, 1651 and 1599; dH (400

MHz; CDCl3) 1.03, 1.10, 1.17 and 1.25 (12 H, d each, J 6.4 Hz,

2 � CH(CH3)2), 1.34 and 1.41 (18 H, 2 � s, 2 � t-Bu-H), 2.23

and 2.31 (6 H, 2 � s, 2 � ArCH3), 4.83 (2 H, m, 2 �
OCH(CH3)2), 7.20–7.57 (5 H, m, Ar–H þ imidazolyl–H)

and 7.46 and 8.23 (2 H, 2 � s, 2 � imidazolyl–H); dC (50

MHz; CDCl3) 20.8, 21.5, 21.6 (3 lines, ArCH3 þ CH(CH3)2),

29.5, 29.8 (2 � s, C(CH3)3), 34.8, 35.0 (2 � s, C(CH3)3), 69.8,

73.1 (2 � s, OCHMe2), 118.1, 118.2, 120.3, 120.4, 121.4, 121.5,

128.0, 128.1, 128.2, 128.3, 131.7, 131.8, 131.9, 132.2, 137.5,

137.6, 138.2, 138.3, 140.2, 140.3, 149.8, 150.0, 151.1, 151.2 and

154.4; dP (160 MHz; CDCl3) �89.8.

X-Ray structural analysis

X-Ray data were collected on an Enraf-Nonius-MACH3 at

293 K (14, 17) or a Bruker AXS SMART diffractometer (12a,

13b, 15, 16 and 18) at 296 K using Mo-Ka (l = 0.71073 Å)

radiation and capillary mounting. The structures were solved

by direct methods;29 all non-hydrogen atoms were refined

anisotropically. For the hydrogen atoms bonded to carbon,

the riding model was used. The hydrogen atoms bonded to

nitrogen were located in a difference map. The structure of 13b

shows that the imidazolyl and the DIAD residues are dis-

ordered; the structure was also solved in the lower space group

Pna21 but at the final stages, refinement did not converge. The

R value for 17 is a bit high because of the only moderate

quality of the data.

CCDC reference numbers: 280917–280923. For crystallo-

graphic data in CIF or other electronic format see DOI:

10.1039/b514839a
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