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Pentacoordination and Pseudopentacoordination via Sulfur Donor Action in Cyclic
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New cyclic chlorophosphites ${Bu),CsH,O].PClI (3) and CH[(t-Bu)MeCsH.O],PCI (6) and the cyclic phosphate
S[(t-Bu)MeGH0.P(O)CI @) were synthesized from the reaction of PGt POC} with the appropriate diol.

The aminophosphite Sf{Bu)MeGH.0],PNMe; (2) was prepared by a chlorine displacement reaction from S[(
Bu)MeGH.0],PCI (1) with Me;NSiMe; while S[(-Bu)MeGH201,P(0)(OGCls-0-OH) (5) resulted as a hydrolysis

product of S[{-Bu)MeCGH.0],PCI(0,CsCls) (7). All of the cyclic compounds of tri- and tetracoordinated
phosphorus compounds-5 contained a sulfur atom as part of a flexible eight-membered ring \Blleorporated

a methylene group in place of the sulfur atom. X-ray studied-o6 revealed that the cyclic phosphités-3

undergo an increase in coordination geometry to a pseudo trigonal bipyramid (TBP) as a result of sulfur donor
action while4 and5 experience a similar increase in forming a trigonal bipyramid. This is the first series where
sulfur donor action results in an increase in coordination geometry for tri- and tetracoordinated phosphorus
compounds. The structural displacement toward a pseudo-TBP or TBP increased from 30.9% to 54.5% as the
P—S distance decreased from 3.177(2) A%dao 2.816(2) A forl. 3P NMR data support the retention of solid

state structures in solution. These results are compared with series of cyclic phosphoranes which become octahedral
provided by donor action by sulfur atoms present in similar ring systems. The degree of sulfur interaction in the
lower coordinate series presented in this study is less than that for the phosphorane series in line with an increase
in phosphorus atom electrophilicity expected for the more highly coordinated series. Comparison is made with
other series with nitrogen and oxygen donor action leading to hexacoordination for pentacoordinate phosphorus
compounds. The prevalence of donor action by sulfur, nitrogen, and oxygen atoms suggests that mechanistic
criteria for nucleophilic displacement reaction may be subject to such aetignat active sites of phosphoryl
transfer enzymes.

Introduction

o)
Previous work has shown that oxyg®# 4 nitrogen23 and //'slﬂ/\/ /Q\‘ 7
sulfur ligand$35-11 function as electron pair donors causing o Qo S SN
F\L/O

an increase in coordination at phosphorus from pentacoordinate O>,l><0 ~po ]
to hexacoordinate. Examples—C illustrate this effect:”12 | =0 o7 0 P
o] | °F
In recent work, we have used sulfur atém& and sulfonyl @ Q/ o] F
groupgb4as part of an eight-membered cyclic system to promote @
increased coordination in tetra- and pentaoxyphosphoranes. For ) )
P-0 = 2.487(3)A P-S = 2.744(2)A P-N = 1911(4)A

the pentaoxyphosphoranes with a sulfur donor atom, a range "~
of P—S distances from 2.88 to 2.33 A is foln@ where the Al B7 cn2
respective structural displacements vary from 44% to 70% along

® Abstract published idvance ACS Abstract©ctober 1, 1997. a coordlr!ate from a square pyramid toward an octahe?_ﬂon.
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some of these are applicable as models for activated states oranging from 36% to 54%3 In the series containing the

intermediates in nucleophilic substitution reactions of silig&h.
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Of particular interest in the present context are series of
organosilanes whose structures followed a trajectory from a
tetrahedronTgy) toward a trigonal bipyramid (TBP) as a result
of donor action by either a sulfur atd&#42%r sulfonyl group®
present as part of an eight-membered ring syst&if.andF,°
respectively, are members of these series. In the sulfur
series?425the Si-S distances ranged from 3.292(1) to 2.978(4)
A for members exhibiting this coordination. Linear interpolation
between the SiS van der Waals sum of 3.90%%and the sum
of covalent radii of 2.20 A" gave a displacemerfiy — TBP

(17) Carfe F.; Cerveau, G.; Chuit, C.; Corriu, R. J. P.; Reye ABgew.
Chem., Int. Ed. Engl1989 28, 489.

(18) Breliere, C.; Cafrg.; Corriu, R. J. P.; Poirier, M.; Royo, G.; Zwecker,
J. Organometallics1989 8, 1831.

(19) Auner, N.; Probst, R.; Hahn, F.; Herdtweck, JEOrganomet. Chem
1993 459, 25.

(20) Breliere, C.; CafrgF.; Corriu, R. J. P.; Royo, G.; Wong Chi Man, M.
C.; Lapasset, JOrganometallics1994 13, 307.

(21) Holmes, R. RPentacoordinated PhosphorafReaction Mechanisms
ACS Monograph 176; American Chemical Society: Washington, DC,
1980; Vol. Il, 237 pp.

(22) Holmes, R. RPentacoordinated PhosphoraStructure and Spec-
troscopy ACS Monograph 175; American Chemical Society: Wash-
ington, DC, 1980; Vol. I, 479 pp

(23) (a) Holmes, R. RChem. Re. 199Q 90, 17—31 and references cited
therein. (b) Chuit, C.; Corriu, R. J. P.; Reye, C.; Young, JC8Bem.
Rev. 1993 93, 1371 and references cited therein.

(24) Prakasha, T. K.; Srinivasan, S.; Chandrasekaran, A.; Day, R. O;
Holmes, R. RJ. Am. Chem. Sod 995 117, 10003-10009.

(25) Day, R. O.; Prakasha, T. K.; Holmes, R. R.; EckertOrfjanometallics
1994 13, 1285-1293.

(26) Bondi, A.J. Phys. Cheml964 68, 441.

sulfonyl donor oxygen atori?,the Si-O distances for the three
members were confined to a narrow range, 2.90423341(2)

A, as the displacemerify — TBP increased from 41.2% to
44.9%. Here the van der Waals sum is 3.68 dnd the sum

of the covalent radii for the SiO coordination is 1.91 A&7
Comparable series in phosphorus chemistry involving sulfur
donor groups are lacking, although recent work by Corriu and
co-workerg®-31 has shown that compounds of three- and four-
coordinated phosphorus in constrained ring systems undergo
donor action with nitrogen ligands with-N distances ranging
from 2.706(638 to 3.011(4) A2® These results are consistent
with  the fact that five-coordinated phosphorus
has been widely postulated as an activated state in
nucleophilic displacements occurring at tetracoordinate phos-
phorus?21:22,233.3234 |t seems reasonable that phosphorus in
lower coordination states should be receptive to attachment to
donor groups due to its inherent electrophilicity. Such action
would represent the initial stage in a nucleophilic displacement,
i.e., prior to reaching the full pentacoordinated geometry that
serves at or near the barrier state.

To investigate the likelihood of this process for phosphorus
compounds containing sulfur donor atoms, the series of
compoundd—6 comprising phosphatesand5 and phosphites
1-3, and6 was synthesized and the tendency of members to
undergo an increase in coordination by sulfur donor action was
examined. To accomplish this objective, X-ray analysis of their
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structures was obtained. In additidhi and3'P NMR spectra
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Society: London, 1958 and 1965.

(28) Chuit, C.; Corriu, R. J. P.; Monforte, P.; Rey@.; Declercq, J.-P.;
Dubourg, AJ. Organomet. Cherd996 511, 171-175 and references
cited therein.

(29) Chauhan, M.; Chuit, C.; Corriu, R. J. P.; Rey®; Declercq, J.-P;
Dubourg, A.J. Organomet. Chenl996 510 173-179.

(30) Carfe F.; Chuit, C.; Corriu, R. J. P.; Monforte, P.; Nayyar, N. K,;
Reye C. J. Organomet. Chenl995 499 147-154.
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Dubourg, A.Angew. Chem., Int. Ed. Endl993 32, 1430.
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Chemistry Bethell, D., Ed.; Academic Press: New York, 1989; Vol.
25, pp 99-265 and references cited therein.
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1977, 49, 1059.
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were obtained to assist in the examination of structural changesH NMR: 1.42 (s,t-Bu, 18 H), 2.29 (s, Me, 6 H), 7.21 (d, 1.8 Hz,

encountered in solution. For comparison of ring conformational
changes, the X-ray structural study@®fvas carried out where
a methylene group was present in place of a sulfur atom.

Experimental Section
Phosphorus trichloride (Aldrich)N(N-dimethylamino)trimethylsi-

lane (Petrarch), and phosphorus oxychloride (Aldrich) were used as

supplied. Triethylamine (Eastman) was distilled over potassium
hydroxide. 2,2Thiobis (4-methyl-6tert-butylphenol)] 2,2-thiobis
(4,6-ditert-butylphenol)3 2,2-methylenebis(4-methyl-Grt-butylphe-
nol) 2¢ and 2,2-thiobis(4-methyl-6tert-butylphenyl)] chlorophosphite
(1),'° and 2,2-thiobis[(4-methyl-6tert-butylphenyl)oxy](1,2,3,4-tetra-
chlorophenylene-5,6-dioxy)chlorophosphorag(were synthesized
according to literature methods. Solvents were purified according to
standard procedurés. Skelly C, which was employed as a solvent, is
a petroleum ether fraction that boils in the-88 °C range. All

aryl, 2 H), 7.38 (d, 1.8 Hz, aryl, 2 H)3'P NMR: —9.49. Anal. Calcd
for CxoH2eCIOsPS: C, 60.21; H, 6.39. Found: C, 59.63; H, 6.47.

S[(t-Bu)MeCgH0].P(0)(OC:Cl4s-0-OH) (5). Recrystallization of
S[(t-Bu)MeGH20].PCI(O,CsCls), 7 (0.20 g, 0.3 mmol), from dichlo-
romethane (15 mL) and wet acetonitrile (25 mL) géugield 0.13 g,
67%), mp 217#220°C. *H NMR: 1.32 (s,t-Bu, 18 H), 2.30 (s, Me,

6 H), 6.97 (s, OH, 1 H), 7.207.40 (m, aryl, 4 H).3P NMR: —16.62.
Anal. Calcd for GgH2sClsOsPS: C, 51.71; H, 4.46. Found: C, 51.34;
H, 4.55.

CH_[(t-Bu)MeCeH-0].PCI (6). To a solution of phosphorus
trichloride (1.50 mL, 17.2 mmol) in diethyl ether (100 mL) that was
stirred at 0°C was added dropwise a solution of 2rRethylenebis(4-
methyl-6tert-butylphenol) (5.07 g, 14.9 mmol) and triethylamine (4.30
mL, 30.9 mmol) in diethyl ether (75 mL). On completion of the
addition, the solution was allowed to come to room temperature and
stirred for 24 h. The solution was filtered and the solvent remaned

reactions were carried out in a dry nitrogen atmosphere. Proton NMR vacua The residue was dissolved in dichloromethane (10 mL). Skelly
spectra were recorded on a Bruker AC200 FT-NMR spectrometer. C (15 mL) was added and the solution allowed to stand under a flow
Phosphorus-31 NMR spectra on solutions were recorded on a Brukerof nitrogen to obtain the crystalline product (yield 2.23 g, 38%), mp

MSL300 FT-NMR spectrometer. A Bruker ASX-300 was used to
record3'P solid state NMR spectra. All proton spectra were recorded
in CDCl;. Phosphorus NMR spectra were recorded in toluene.
Chemical shifts are reported in ppm, downfield positive, and relative
to tetra-
methylsilane {H) or 85% HPO, (3*P). All spectra were recorded at
around 23°C. Elemental analyses were performed by the University
of Massachusetts Microanalysis Laboratory.

S[(t-Bu)MeC¢H,0O],PNMe; (2). To a solution ofl (0.74 g, 1.7
mmol) in toluene (25 mL) was added (dimethylamino)trimethylsilane
(0.30 mL, 1.8 mmol). The solution was then heated and refluxed for
1 h. The solution was allowed to cool and the solvent remadned
vacua The residue was dissolved in dichloromethane (20 mL). Skelly
C (20 mL) was added and the solution left under a stream of nitrogen
to obtain the crystalline product (yield 0.38 g, 50%), mp 4147 °C.

IH NMR: 1.36 (st-Bu, 18 H), 2.24 (s, aryl-Me, 6 H), 2.88 (d, 9.4 Hz,
NMe,, 6 H), 7.14 (d, 2.2 Hz, aryl, 2 H), 7.30 (d, 2.2 Hz, aryl, 2 Bp
NMR: 132.46. Anal. Calcd for GH3.NO,PS: C, 66.82; H, 7.89; N,
3.25. Found: C, 66.76; H, 8.05; N, 3.26.

S[(t-Bu).CeH-0],PCI (3). To a solution of phosphorus trichloride
(1.50 mL, 17.2 mmol) in diethyl ether (300 mL) that was stirred at 0
°C were added dropwise 2;thiobis (4,6-ditert-butylphenol) (7.60 g,
17.2 mmol) and triethylamine (5.0 mL, 35.97 mmol) in diethyl ether
(50 mL). On completion of the addition, the mixture was allowed to
come to room temperature and stirred for 12 h. The solution was
filtered and the solvent removed vacua The residue was washed
with Skelly F (20 mL) and dissolved in dichloromethane (40 mL).
Skelly C (40 mL) was added and the solution left under a flow of
nitrogen to obtain the crystalline product (yield 5.06 g, 58%), mp-143
147°C. H NMR: 1.31 (s;t-Bu, 18 H), 1.42 (st-Bu, 18 H), 7.41 (m,
aryl, 2 H), 7.54 (d, 2.5 Hz, aryl, 2 H)3'P NMR: 170.38. Anal. Calcd
for CogHadCIOPS: C, 66.34; H, 7.90. Found: C, 65.77, H, 7.82.

S[(t-Bu)MeCgH0],P(O)CI (4). To a solution of phosphorus
oxychloride (0.53 mL, 5.6 mmol) in diethyl ether (100 mL) that was
stirred at room temperature was added dropwise a solution 6f 2,2
thiobis(4-methyl-6tert-butylphenol) (2.00 g, 5.6 mmol) and triethyl-
amine (2.00 mL, 14.4 mmol) in diethyl ether (100 mL). On completion
of the addition, the mixture was stirred for 20 h. The solution was
filtered and the solvent removed vacua The residue was washed
with Skelly F (30 mL) and dissolved in dichloromethane (50 mL).
Skelly C was added and the solution left under a flow of nitrogen to
obtain the crystalline product (yield 0.91 g, 37%), mp 1887 °C.

(34) Gerlt, J. A.; Westheimer, F. H.; Sturtevant, J.MBiol. Chem1975
250, 5059.

(35) Pastor, S. D.; Spivak, J. D.; Steinhuebel, LJPHeterocycl. Chem
1984 21, 1285.

(36) (a) Davis, A. R.; Sullivan, A. V. U.S. Patent 2,538,355, 1951. (b)
Davis, A. R.; Sullivan, A. V.Chem. Abstr1951, 45, 4086b, e.

(37) (a) Weissberger. Organic Solvents.Rhysical Methods in Organic
Chemistry Riddick, J. A., Bunger, W. B., Eds.; Wiley Interscience:
New York, 1970; Vol. Il. (b) Vogel, A. I.Textbook of Practical
Organic ChemistryLongman: London, 1978.

145-147°C. H NMR: not recorded due to decomposition in solution.
3P NMR: solid state 165.71. Anal. Calcd fop3CIO,P: C, 68.24;
H, 7.42. Found: C, 68.67; H, 7.49.

X-ray Studies. The X-ray crystallographic studies were done using
an Enraf-Nonius CAD4 diffractometer and graphite-monochromated
Mo Ka radiation ¢ = 0.710 73 A). Details of the experimental
procedures have been described previogfsly.

The colorless crystals were mounted in thin-walled glass capillaries
which were sealed to protect the crystals from the atmosphere as a
precaution. Data were collected using the26 scan mode with 3<
20mok0 < 43° at 23+ 2 °C. No corrections were made for absorption.
All of the data were included in the refinement. The structures were
solved by direct methods and difference Fourier techniques and were
refined by full-matrix least-squares. Refinements were baseB?on
and computations were performed on a 486/66 computer using
SHELXS-86 for solutiof?2and SHELXL-93 for refinement® All of
the non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included in the refinement as isotropic scatterers riding in ideal
positions or with torsional refinement (in the case of methyl hydrogen
atoms) on the bonded carbon atoms. The final agreement factors are
based on the reflections with> 2¢;. In compound3 one of thetert-
butyl methyl groups was disordered. It was refined isotropically in
two positions with equal occupancy (shown in Figure 3 with primed
labels). Despite repeated attempts, a good quality crystal was not
obtained for2. The poor quality of the data and the pseudosymmetry
in the molecule made it impossible to complete the structure refinement.
Hence, it was left at the isotropic level and no hydrogens were included
in the calculationd? Crystallographic data are summarized in Table
1.

Results and Discussion

The atom-labeling schemes fbr-6 are given in the ORTEX
plots* of Figures 1-6, respectively. The thermal ellipsoids are
shown at the 40% probability level, and all hydrogen atoms
are omitted for clarity. Selected bond parameters are listed in
Table 2.

Syntheses The cyclic phosphiteg, 3, and6 and the cyclic
phosphategt and 5 represent new compounds. The chloro-
phosphitel had been reported previously. The aminophos-
phite 2 was synthesized by displacement of the chlorine atom
in 1 with Me;NSiMe;s in toluene solution. The chlorophosphites
3 and 6 were prepared by treating PGNith the appropriate
diol ligand in the presence of # in ether solution. A similar

(38) Sau, A. C.; Day, R. O.; Holmes, R. Rworg. Chem 1981, 20, 3076.

(39) (a) Sheldrick, G. M.Acta Crystallogr 199Q A46, 467—473. (b)
Sheldrick, G. M.SHELXL-93: program for crystal structure refine-
ment University of Gottingen: Gottingen, 1993.
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Table 1. Crystallographic Data for Compounds-6

1 2 3 4 5 6
formula ngHnglOgPS Q4H34N02PS Q3H40C|02PS QszgClOsPS Q3H29C|405PS Q3H3QC|02P
fw 422.9 4315 507.1 438.9 651.3 404.9
cryst syst monoclinic orthorhombic _triclinic monoclinic _triclinic monoclinic
space group P2,/c (No. 14) P2;nb (Pna2;; No. 33) P1(No. 2) P2;/c (No. 14) P1 (No. 2) P2,/n (No. 14)
cryst size,mm 0.46¢ 0.45x 0.80 0.10x 0.65x 0.80  0.12x 0.50x 0.50 0.60x 0.65x 0.70 0.70x 0.75x 0.87 0.40x 0.50x 1.00
a(d) 8.398(3) 8.173(2) 11.853(3) 12.593(3) 11.593(4) 14.425(8)
b (A) 16.135(4) 12.394(3) 11.152(2) 10.635(3) 12.056(2) 10.008(3)
c(A) 16.434(3 22.895(7) 13.154(2) 17.711(3) 12.296(3) 16.442(4)
o (deg) 90 90 77.72(2) 90 112.48(2) 90
S (deg) 92.29(2) 90 72.29(2) 105.29(2) 95.28(2) 107.59(3)
y (deg) 90 90 78.41(2) 90 102.71(2) 90
V (A3) 2225(1) 2319(1) 1601.0(6) 2288.0(9) 1519.1(7) 2263(2)

z 4 4 2 4 2 4

Dcaic (g/cn¥) 1.262 1.236 1.052 1.274 1.424 1.189
Unmoka (€M) 3.52 2.28 2.54 3.48 5.47 254
total reflns 2543 1438 3361 2607 3461 2583
reflns withl > 2¢; 1805 910 2388 1970 2960 1813
Ra 0.0469 0.1663 0.0599 0.0437 0.0510 0.0526
R.? 0.1018 0.3817 0.1486 0.1146 0.1285 0.1265

AR = JIIFol = [Fell/ZIFol. ® Ru(F?) = { SW(Fo? — FcA)2 Y who'} 2

N
Figure 1. ORTEX diagram of SftBu)MeGCsH>0].PCI (1). M\%
process was used to obtain the chlorophosphatéh the use

: %

C12 (J T )Cc11

C Xz)

of POCE in place of PG. The cyclic phosphaté resulted Figure 2. ORTEX diagram of SKBu)MeCsH.0.PNMe; (2).

(40)

(41)

Although solution of the structure of compoudih the orthorhombic from hydrolysis of the bicyclic precursof in a mixture of

space groufP2;nb was facile, some of the refined isotropic thermal ; [ ; o
parameters were unusually small and attempts at anisotropic refine- dichloromethane and acetonitrile. Yields ranged from 37% to

ments resulted in several atoms becoming non-positive definite. In 67%. The compounds are subject to hydrolysis which may have
addition, significant residual electron density appeared in locations been promoted to some extent by sulfur donor action and the
that were chemically unreasonable. Although the molecule has a ggge of cleavage of the€! bond.

pseudo mirror plane passing through the P, S, and N atoms, no unusual . .

correlations between parameters for atoms related by this pseudosym- Structures. The geometries of the phosphites3 may be
metry were observed in the refinement, and the orientation of this regarded as pseudo trigonal bipyramids (TBP), Figure8,1
plane is not commensurate with refinement of the structure with the and the geometries of the phosphatesind 5 as trigonal

molecule on a mirror plane in the centric analog@iemna Since several
exceptions to tha glide extinction were noted, a second crystal was bipyramids, Figures 4 and 5. In all of these cyclic derivatives,

examined and an entire hemisphere of data was collected with this the sulfur atom present as a bridgehead between the two aryl
crystal. scans obtained with this crystal were not unusual. Refine- components exhibits coordinative tendencies to phosphorus as

ments in both orthorhombic and monoclinic space groups that contain expressed by the-PS distance in this series. The latter values
only an axial glide were considered. Refinement of the structure was

possible with two molecules per asymmetric unit in the monoclinic ange from 3_-177(2) A fob to 2.816(2) A forl. This range
space groupPs, but this led to insignificant decreasesRp; andR,, compares with the sum of the van der Waals radii for

similar residual electron density, and unimproved behavior of the nhosphorus and sulfur of 3.6%%and the sum of the covalent

thermal parameters. Therefore we report the partial refinement of the " 27 P _ L
structure, left at the isotropic level with hydrogen atoms omitted, in 'adii of 2.12 A?" In all of the derivativesl—5, the ring is in

the space group2;nb.
ORTEX 5e, McArdle, P. Crystallography Centre, Chemistry Depart- (42) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry4th
ment, University College Galway, Ireland, 1996. ed., Harper Collins College Publ.: New York, 1993; p 213.
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car A\C22
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C24

Figure 3. ORTEX diagram of SfBu),CsH.O].PCI (3); only one set
of the disordered methyl groups is shown (with primed labels).

Figure 4. ORTEX diagram of SEBu)MeGH-0].P(O)CI @).

a boat-boat conformationgynarrangement). This is apparent,

for example, in Figure 1, where the atoms P, O1, C1, C6, S,
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Figure 6. ORTEX diagram of CH(t-Bu)MeGH>O],PCl (6).

C7, C12, O2 show this ring orientation. This contrasts with 162.9(1} for 5 to 172.2(1j for 3. A better measure of the

the ring conformation foé in Figure 6, which has the same
composition asl except for the replacement of the sulfur

displacement toward a TBP is one that we have used in earlier
studied3152425of sulfur donor atom coordination in cyclic

bridgehead atom by a methylene group. Here the ring atomssilanes containing the same type of ring system as is present

P, O1, C1, C6, C23, C7, C12, O2 outline a boahair oranti
conformation. The cyclic phosphat® exhibits a special

here. In this procedur®®,the degree of displacement from a
pyramidal (for1—3) or tetrahedral geometry (fdrand5) toward

property due to the presence of the appended hydroxyl groupa TBP is simply estimated from the+S distance and noting
which interacts intermolecularly to give a hydrogen-bonded how far it is displaced from the van der Waals sum of 3.65 A

dimer as shown in Figure 7. The ©814 distance for the

hydrogen-bonded linkage G%14---0O3 is 1.86 A with the O5

H4 distance fixed at 0.82 A. The ©%{4---O3 angle is 158.
The sulfur atom is located in an axial position of the TBP

geometries fol—5, which then places the lone electron pair in

the remaining equatorial site for the phosphites3 and orients

the phosphoryl oxygen atom at this site for the phosphétes

toward the sum of the covalent radii of 2.122A.The results
are presented in Table 3 as % TBP along with other pertinent
bond parameter data indicating increased coordination supplied
by sulfur donor action.

A feature negating the operation of a ring strain influence as
a contributing factor in determining the-fS distances is the
observation that in the absence of a donor atom, & the

and5. The degree to which the TBP is approached can be seenring assumes aanti chair-like conformation in place of the

from the axial S-P—R angles for this series. They range from

synboat-like conformation that is present for the ring containing
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Table 2. Selected Bond Lengths (A) and Angles (deg) for Compouhd6

Inorganic Chemistry, Vol. 36, No.

22, 1995087

atoms 1 2 3 4 5 6
P-0O1 1.625(3) 1.66(2) 1.633(3) 1.575(3) 1.571(3) 1.624(3)
P-02 1.620(3) 1.63(2) 1.629(4) 1.561(3) 1.565(3) 1.624(3)
P-03 1.457(3) 1.443(3)
p—XP 2.119(2) 1.65(3) 2.303(3) 2.002(2) 1.586(3) 2.018(2)
P-S 2.816(2) 2.952(9) 3.043(2) 3.114(2) 3.177(2) 3.323(5)
01-P-02 101.4(2) 97.7(9) 100.1(2) 105.9(2) 104.9(2) 103.3(2)
01-P-03 117.9(2) 118.1(2)
01-P—X 93.4(1) 98.0(10) 95.5(2) 101.1(2) 103.2(2) 95.7(1)
02-P-03 119.8(2) 116.5(2)
02-P—-X 94.0(1) 95.1(10) 95.0(2) 99.9(1) 96.4(2) 95.9(1)
03—-P—X 109.2(1) 114.8(2)
01-P—X 79.5(1) 77.8(7) 80.2(1) 72.7(1) 69.8(1)
02-P-S 79.6(1) 80.3(6) 79.5(1) 72.3(1) 71.4(1)
0O3—-P-S 83.0(1) 81.8(1)
X—P-S 169.24(7) 173.3(9) 172.22(8) 167.71(7) 162.9(1)
P-01-C1 129.2(3) 133(2) 124.8(3) 129.4(2) 127.5(3) 117.3(2)
P-02-C12 129.0(3) 132(2) 126.4(3) 129.1(2) 126.9(2) 115.6(2)

aThe structure was refined isotropically only. Hydrogens were not included in the calculatiorsOR$63 and wR2= 0.3817 forl > 20;. ° X
= Clfor 1, 3, 4,6, X =N for 2; X = O4 for 5. ¢ P---C23 distance.

W/\ _@
Q>
ct €23
c18
cu4

CL3

Figure 7. ORTEX diagram illustrating the hydrogen-bonded dimer formatiorbfas a result of O5H4---O3 interactions. The two molecules are
related by 1— X, 2 - Y, —Z.

a sulfur donor atom inl—5. This same type ofnti ring distance for6, which lacks sulfur donor action. This is the

conformation persists in the presence of a potential donor atomexpected lengthening effect in going from a lower coordinate

when the electrophilicity at phosphorus is insufficient for donor geometry to an axial site of a TBP.

action to take places.g, in 8.4 The order of the P'S distances listed in Table 3 is consistent
with the presence of larger values for the higher coordinate

CFaCH o O\\s—o phosphates relative to the values for the phosphites,the
CFacHzo—rT<o \ __ - P—S distances fod and5 are longer than those fdr—3. The

CF3CH0 4+ > presence of a phosphoryl bond in an equ_atorial_sit_e o_f a TBP

@ for 4 and5 compared to a lone electron pair at this site i3

\ may serve to reduce the ability of sulfur to approach the

8 phosphorus atom due to the presencemoback-bonding.
However, the relatively small changes ir B distances within
each series are not amenable to rationalization at present.
Somewhat puzzling are the larger values of the axial distances
in 3 compared td.. Both the axial P-S distance and the axial

It is further noted that the TBP geometry bivhich places
the chlorine atom in an axial position has-a® bond distance
of 2.119(2) A, which is about 0.1 A longer than the €l bond
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Table 3. Comparison of P-S Bond Parameters, Ring
Conformations, and'P Chemical Shifts for Cyclic Phosphites and

Phosphates

SP-Ru  Seq 3 (*'P), ppm
compd P-S(A) % TBP (deg)d (degy  solrf  solid
5 3.177(2) 309 162.9(1) 339.5(2)-16.62
4 3114(2) 350 167.71(7) 343.6(2)—9.49
3 3.043(2) 39.7 172.22(8) 170.38
20 2952(9) 47.1  173.3(9) 132.46
1 2816(2) 545 169.24(7) 168.37
6 165.71

a Compoundsl—5 have the eight-membered ring in syn boat
conformation, wherea6 has the ring in aranti chair conformation.
bPercent geometrical displacement from a pyramid-3) or
tetrahedron4 andb5) toward a TBP ¢ With reference to a TBP W|th
sulfur in an axial position and both ring oxygen atoms in equatorial
positions. R = Cl for 1, 3, and4. R = NMe; for 2. R = OCsCls-0-
OH for 5. ¢All in toluene solution. Decomposition o prevented
recording a spectruniDue to the high degree of thermal motion for
2, the uncertainty in bond parameters is large.

P—Cl distance fo3, the latter of which has two additiongrt-
butyl groups as part of the aromatic ring components, suffer al

approximate 0.2 A increase relative to these distances for the

less encumbered chlorophosphitelf a steric effect is present
in 3 due to the increased bulk of the aryl substituents, its origin
is not apparent.

Comparison with Other Series Showing Sulfur Donor
Action. In a series of related cyclic silanes that underwent a
change in geometry from tetrahedral to trigonal bipyramidal as
a result of sulfur donor actiok;?425e.g, D2 illustrated in the
Introduction, the S+S distance decreased over the range
3.292(1)-2.978(4) A as the structural displacement toward a
TBP increased from 35.8% to 54.2%. Considering that silicon
is larger than phosphorééa similar range was covered by each
of the two series studied so far.

Sherlock et al.

pentaoxyphosphorane series and 2.479(2) A foundl fiorthe
tetraoxyphosphorane series. Thus, the ease of sulfur donor atom

CF30H20\ l

CF3CH,0" ’\o

OCH,CF3
o) 9

interaction, increasing with an increase in phosphorus atom
coordination, is in accord with the increase of Lewis acidity of
phosphorus for the higher coordinated state. Actually, it is
somewhat surprising that the lower coordinate phospiit€s

and phosphate$—5 as well as the related derivatives studied
by Corriu and co-workef8-31 that exhibit P-N coordination,
e.g, P22 andQ,%° have a tendency to accommodate an electron

n! pair donor atom. It is less surprising that coordination occurs

in P and Q with the nitrogen atoms constrained in close
proximity to the phosphorus center. The more flexible eight-
membered ring employed in this study allows other ring
conformations in the absence of donor action. It is known that

PR, Ph Et
’}P/«NMeg EtOO—\P<——NMe
P-N = 2.706(6)A P-N = 2.869(3)A
p28 Q30

phosphorus trihalides act as Lewis bases;, POCt—BCls,

For the two series of phosphoranes that exhibit an increasepu3 BBr3, and PB§—BBr; exist but not PG—BF; or PCh—
in coordination toward octahedral geometries, that is, a seriesBCl,.43 In this sense, tricoordinate phosphorus shows ampho-

of pentaoxyphosphorarfe$:1! and a series of tetraoxyphos-
phorane¥ discussed in the Introduction, their structural dis-

teric charactef3-46
In a series of cyclic oxyphosphoranes containing a bridging

placements reached considerably closer to the higher coordinatesylfone grougP# in the ring system, oxygen donor action

geometry, approximately 70% in each of these series. An
example of the pentaoxy seriesBg and representative of the
formulations in the tetraoxy series dre-N.1° If we compare

cl S
Cl O\l/o
cl 0/|\0
cl R
R C  wn—{ ) NMe
L 10 M0 N 10

the displacements in the two five-coordinate series with the

extended the structural displacement toward the octahedral
geometry to 82%. This was found f&° with a donor P-O
distance of 1.936(7) A, the shortest in the series. The short
distance was attributed to the presence of the electron-withdraw-
ing pentafluorophenoxy ligands acting to enhance the electro-
philicity of the phosphorus atom.

u

}

: O
0|
P

o
Q 0

R1b

displacement in the tri- and tetracoordinate series for equal
percentage displacement in each of these series, th® P These comparisons show that donor coordination at phos-
distance is approximately 0.1 A longer in the lower coordinate Phorus is a common property and extends to tri-, tetra-, and
series. In other words, phosphorus in the pentacoordinate statdoentacoordinate phosphorus molecules leading to an increase
is more receptive or shows greater electrophilicity in accom- in coordination geometry in each case. Similar to increased
modating an incoming donor atom. This is in line with the
lower limit for the P-S donor interaction achieved in the tri-
and tetracoordinate series, 2.816(2) A focompared to the
considerably lower values, 2.362(2) A found f@r in the

(43) Holmes, R. RJ. Inorg. Nucl. Chem196Q 12, 266—275.

(44) Holmes, R. RJ. Phys. Cheml196Q 64, 1295-1299.

(45) Holmes, R. RJ. Am. Chem. Sod 96Q 82, 5285-5288.

(46) Holmes, R. R.; Wagner, R. horg. Chem 1963 2, 384-388.
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coordination formed for silicon compounds illustrated in the cyclic phosphat® (—16.62 ppm) compared # (—9.49 ppm)
Introduction, sulfur, oxygen, and nitrogen serve as donor atomsmay be associated partly with—® = back-bonding in5,
in the various series. The present work represents the first studyalthough countered to some degree by the greater electronega-
where sulfur donor action leads to an increase in coordination tivity due to the chlorination o#4. For 5, the P-O,y bond
geometry for tri- and tetracoordinated phosphorus molecules. distance is 1.586(3) A, which compares with 1.83 A for the
With the knowledge of the tendency of phosphorus to increase sum of the covalent radfi for phosphorus and oxygen.
its coordination in the presence of suitable donor atoms, it seems .
reasonable that such action will take place whenever the Summary and Conclusion
opportunity presents itself. For example, at active sites of Cyclic phosphites and cyclic phosphates provide the first
phosphoryl transfer enzynm@swhen nitrogen-, oxygen-, or  series that exhibit sulfur atom coordination from the presence
sulfur-containing residues have donor atoms in appropriate of sulfur as part of a flexible eight-membered ring system. As
positions, an increase in coordination causing an alteration ina consequence, the tri- and tetracoordinate geometries are
phosphorus substrate or activated state geometry may take placadisplaced toward a TBP. The degree of donor coordination is
31p Chemical Shifts. 3P chemical shifts summarized in  greater for the cyclic phosphites compared to the cyclic
Table 3 are consistent with values expected for tri- and phosphates as measured by theSPdistance. In other series
tetracoordinated phosphorus containing electronegative ligdnds. using similar ring systems, oxyphosphoranes form hexacoor-
For example, the value for the cyclic chlorophosphitef 168.4 dinate structures via increased sulfur donor action relative to
ppm is seen to undergo an upfield shift of 177.9 ppm on the the lower coordinate phosphorus series. The latter is in line
formal addition of a phosphoryl oxygen to give the cyclic With the increase in phosphorus electrophilicity as one proceeds
chlorophosphatd at a3 shift of —9.49 ppm. to the higher coordinate series. In all of these series, donor
No discernible effect is apparent associated withSP action is enhanced With.the use of electror!egative ligands. The
coordination when the comparison is made with compounds thattendency of electron pair donor groups to increase phosphorus
have similar substituents. TR& shift for1 which shows sulfur ~ @tom coordination even for a relatively basic center as found
donor action is nearly the same as that@avhich has a related N the cyclic phosphites suggests that this occurrence may be
composition but lacks the possibility of donor coordination. A @n important consideration in detailing mechanisms of nucleo-
solid state value fof of 165.7 ppm compares with a solution ~Philic displacement reactions of phosphorus compounds. I
value of 168.4 ppm fot. However,2, which has a Mg\ group particular, nearby residues at active sites of phosphoryl transfer
in place of the chlorine atom ifi, shows a more upfield shift, ~€nzymes having sulfur, nitrogen, or oxygen donor atoms may
132.5 ppm compared to 168.4 ppm for Consistent with this ~ Participate in altering activated state geometries as well as
observation is the presence of the more electronegative chlorineSubstrates geometries.

atom resulting in electron withdrawal and enhancing sulfur  Acknowledgment. The support of this research by the
donor action. The PS distance i is 2.816(2) A. The upfield  National Science Foundation and the donors of the Petroleum

shift for 2 possibly is partly due to the ability of nittogento  Research Fund, administered by the American Chemical Society,
back-bond to phosphorus. The-R bond distance is 1.65(3) s gratefully acknowledged.

A which is considerably shorter than the sum of the covalent
radii of 1.85 AZ7 but in the range normally observed for PN
compounds. Similarly, the much smaller upfield shift for the
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