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New phosphites, &5[(t-Bu)MeCGsH,O].P(OGFs) (1), S[MexCeH20].P(OGFs) (3), and HC[(t-Bu),CeH20]2P-

(OGsFs) (6), a phosphate, SIBu)MeGsH20].P(0)(OGFs) (4), and pentaoxyphosphoranesSfit-Bu)MeGH,0],P-
(OGsFs5)(02C6Cly) (2) and S[MeCsH20].P(OGFs)s (5), all containing pentafluorophenoxy ligands, have been
prepared and characterized by NMR and X-ray studies. Starting with eithefd®@e phosphites or PO&lor

the phosphate, reactions with diols formed cyclic chlorophosphites or a chlorophosphate, respectively, in situ,
followed by condensation with pentafluorophenol to give the products. An oxidative addition reacfiovitof

a quinone produced while 5 was prepared from P(Q€s)s formed in situ, followed by oxidative addition with

a diol. Other tharg, all contained sulfonyl X and 2) or sulfur 3—5) donor groups which coordinated with
phosphorus to give pseudo trigonal bipyramidhlafid 3), trigonal bipyramidal 4), and octahedral2(and 5)
geometries. In the presence of gFgligands, the sulfur atom and oxygen atom of the sulfonyl group exercise
similar donor abilities for oxyphosphoranes, which contrasts with previous studies where ligands of lesser
electronegativity were employed that showed sulfur to supply stronger donor interaction in displacing
oxyphosphoranes toward an octahedral geometry. This leveling effect is attributed to the enhancement of the
electrophilicity at phosphorus in the presence of pentafluorophenoxy ligands. In support of earlier work, it is
now quantitatively well defined that donor action causes an increase in coordination geometry at phosphorus
where the strength of such action increases in the order phosphgihesphites< oxyphosphoranes.

Introduction states. This effect strongly depends on the electrophilicity at

Recent studies have shown that donor action by sgiftr, ~ Phosphorus provided by its substitutent makéugzor com-
oxygen!214-16 and nitrogefP atoms incorporated into flexible ~ Pounds of biological interest, phosphite$, phosphates,and
ring systems may serve to increase the coordination geometryP€Ntaoxyphosphoranié§™i> comprise model classes which have
at phosphorus in the tr#-1315tetra-2 and pentacoordinatétf-15 met thls c_rlterlon and have been de_monstrated to undergo such
coordination changes. The phosphites and phosphates increase
(1) (a) Pentacoordinated Molecules. Part 124. (b) Part 123: Timosheva, their coordination to pseudo trigonal bipyramidal and trigonal

ll\lé gg.; éhigigsfggzran’ A, Day, R. O.; Holmes, RIRrg. Chem. bipyramidal (TBP), respectively, while pentaoxyphosphoranes
@) Sherlock, D. J.: Chandrasekaran, A.: Day, R. O.; Holmes, Ridg. approach octahedral geometry as a result of donor action. Some
Chem 1997 36, 5082-5089. examples in Chart 1 ark—E25.13.14nyolving sulfur, oxygen,
(3) Prakasha, T. K.; Day, R. O.; Holmes, R. IRorg. Chem 1992, 31, and nitrogen as donor atoms. All of these have the same
@) é?;g;slﬁiof K.; Day, R. O.; Holmes, R. IRorg. Chem 1992 31, aromatic ring substituents but vary in the other groups waile
3391-3397. and D differ only in the type of donor ligand. Listed below
(5) f{akgzgg'-;égg Day, R. O.; Holmes, R..RAm. Chem. Sod993 each formulation are the phosphottdonor atom distance and
(6) Ho?mes, R.R,; I5rakasha, T. K.; Day, R.Rhosphorus, Sulfur Silicon the percent displagem_ent toward the geomgtry aSSOCiaFEd with
1993 75, 249-252. its increased coordination. The phosphii&is included which
] Z';érgfjég R.; Prakasha, T. K.; Day, R. [@org. Chem.1993 32, shows carbonyl oxygen coordination in the presence of the less
(8) Sherlock, D. J.; Chandrasekaran, A.; Day, R. O.; Holmes, RL.R. electronegative phenyl group.
Am. Chem. Sod 997 119, 13171322. In all of these compounds, five- or six-membered rings are

(9) Sherlock, D. J.; Chandrasekaran, A.; Prakasha, T. K.; Day, R. O.; formed. However, due to the ring flexibility, other structural

(10) ggmeslg_.R('ZE;Qg:ag'sg(gfgli?gps;gkgggalo%: K. Day, R. O.; Holmes, &fangements are possible, which allows for the absence of donor

R. R.Inorg. Chem 1997, 36, 5730-5734. coordination if factors are unfavorable for its formation. This
(11) 3\’/\4?293,32 Y.; McDonald, R.; Cavell, R. Gnorg. Chem 1996 35, occurs inG—J,101415180r example. That these all lack donor
(12) Holmes, R RChem. Re. 1996 96, 927-950 and references therein. cgordlnatmn '_S demonstrated by the phospherisnor atom
(13) Sood, P.; Chandrasekaran, A.; Day, R. O.; Holmes, fd®g. Chem. distances, which are all very close to the sum of the van der
1998 37, 3747-3752. Waals radiit®

(14) Chandrasekaran, A.; Day, R. O.; Holmes, RJRAm. Chem. Soc
1997 119 11434-11441.
(15) Chandrasekaran, A.; Day, R. O.; Holmes, RIforg. Chem 1997,

36, 2578-2585. (17) Holmes, R. RAcc. Chem. Red998 31, 535-542.
(16) Timosheva, N. V.; Chandrasekaran, A.; Day, R. O.; Holmes, R. R. (18) Prakasha, T. K.; Day, R. O.; Holmes, R.IRorg. Chem 1994 33,
Inorg. Chem.1998 37, 3862-3867. 93-98.
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Whether or not donor action occurs depends to some extentp_g _ 5 744(2)A. 56.6

on the coordination tendency of a particular donor ligand.
Indications are that the sulfur atom is a stronger coordinating
agent than the sulfonyl oxygen atdfmt” e.g., the structure of

C is displaced further toward the octahedron tia(Chart 1).
Other comparisons have been made supporting this conch¥sion.
In addition, it has been observed, in a more limited way, that
coordination ability increases from phosphates to phosphites to
pentaoxyphosphoranésl’

In the present study, we focus on a series of oxygen ligated
phosphorus compounds varying in coordination number from
3to 5. To quantitatively determine factors responsible for donor
interactions, particularly the influence of coordination number
on donor strength, the pentafluorophenoxy ligand is utilized as
a constant component in all formulations as well as incorporating

the same type of eight-membered ring system in each derivative.

The work was designed to expand our knowledge of the less

Sood et al.
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studied ability of phosphites and phosphates to undergo donor(4,6-ditert-butylphenol? andN-chlorodiisopropylamiré were prepared

interaction and to assess the comparative influence of sulfur vs
oxygen in their competitive effects in increasing coordination

by literature methods. All reactions were carried out in a dry nitrogen
atmosphere using standard Schlenk-type glasstahelting points

geometry in these states. This resulted in the synthesis and®'® uncorrected. Proton NMR spectra were recorded on a Bruker

X-ray and NMR studies o1—5. Phosphites, which does not
contain a ring donor atom, was included in the study for
comparison of ring conformations with and without donor
interactions. The formulations are depicted in Chart 2.

Experimental Section

Phosphorus trichloride, pentafluorophenol, and tetrachloro-1,2-
benzoquinone were used as supplied from Aldrich. Triethylamine
(Eastman) was distilled from potassium hydroxide. Solvents were of
HPLC grade and were purified according to standard procedUpe3:
Thiobis(4,6-dimethylphenoP 2,2-thiobis(4-methyl-6tert-butylphe-
nol) ® 2,2-sulfurylbis(4-methyl-6ert-butylphenol? 2,2 -methylenebis-

(19) Bondi, A.J. Phys. Chem1964 68, 441.

(20) (a) Riddick, J. A., Bunger, W. B., Ed€rganic Solents 3rd ed.;
Physical Methods in Organic Chemistry, Vol. II; Wiley-Interscience:
New York, 1970. (b) Vogel, A. L.Textbook of Practical Organic
Chemistry Longman: London, 1978.

(21) Pastor, S. D.; Denney, D. Phosphorus Sulfur Relat. Elerh987,
32, 105.

(22) Chandrasekaran, A.; Day, R. O.; Holmes, RORganometallics1996
15, 3189-3197.

AC200 FT NMR spectrometer. Phosphorus-31 NMR spectra were
recorded on a Bruker MSL300-FT NMR spectrometer. Proton spectra
were recorded in CDGlexcept where otherwise noted. Phosphorus-
31 NMR spectra were recorded in toluene unless stated otherwise.
Chemical shifts are reported in ppm, downfield positive, relative to
tetramethylsilane!t) or 85% HPO, (3'P). All NMR spectra were
recorded at~23 °C. Elemental analyses were performed by the
University of Massachusetts Microanalysis Laboratory.

Syntheses. (a) [2,2Sulfurylbis(4-methyl-6-tert-butylphenyle-
neoxy)-0,0'](pentafluorophenoxy)phosphite, QS[(t-Bu)MeCgH-O]P-
(OCgFs) (1). A solution of 2,2-sulfurylbis(4-methyl-6tert-butylphenol)
(8.94 g, 22.9 mmol) and phosphorus trichloride (2.00 mL, 22.9 mmol)
in diethyl ether (350 mL) was cooled to €. Triethylamine (6.37
mL, 45.8 mmol) in diethyl ether (50 mL) was added dropwise to the
cold mixture which was stirred for 36 h. The system was then filtered,
leaving a yellow solution. Pentafluorophenol (4.22 g, 22.9 mmol) and
triethylamine (3.19 mL, 25.2 mmol) in diethyl ether (50 mL) were added

(23) Odorisio, P. A.; Pastor, S. D.; Spivak, J. D.; Bini, D.; Rodebaugh, R.
K. Phosphorus Sulfur Relat. Elerh984 19, 285.

(24) Bock, H.; Kompa, K. LChem. Ber1966 99, 1347.

(25) Shriver, D. F.; Drezdzon, M. AThe Manipulation of Air-Sensite
Compounds2nd ed.; Wiley-Interscience: New York, 1986.
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dropwise to the solution with stirring that was continued for 24 h,
followed by filtration. The yellow solution was concentrated under a
flow of nitrogen, producing a pale yellow solid. This was dissolved
in a 1:1 mixture of dichloromethane/Skelly C (80 mL), and the mixture
was concentrated under a nitrogen flow to yield the product as large
colorless crystals: yield 4.3 g (34%); mp 190. *H NMR: 1.37 (s,

18 H, C(CHy)s3), 2.38 (s, 6 H, CH), 7.50-7.76 (4 H, Ar). 3P NMR:
132.0 (t,“Jp—F 66 Hz). Anal. Calcd for GgH2sFsOsPS: C, 55.81; H,
4.65. Found: C, 55.35; H, 4.50.

(b) [2,2-Sulfurylbis(4-methyl-6-tert-butyl- O-phenyleneoxy)(pen-
tafluorophenoxy)(tetrachloro-1,2-benzenedioxy)phosphorane, £3-
[(t-Bu)MeCgH,0].P(OCsFs)(02C6Cls) (2). [2,2-Sulfurylbis(4-methyl-
6-tert-butylphenyleneoxy,0'|(pentafluorophenoxy)phosphité) (1.00
g, 1.66 mmol) and tetrachloro-1,2-benzoquinone (0.41 g, 1.66 mmol)

were dissolved in toluene (20 mL), and the solution was heated under

reflux for 45 min. The solvent was removed under vacuum and the
residue dissolved in dichloromethane (30 mL). Skelly C (30 mL) was
added and the solution left under a flow of nitrogen to yield the product
as a crop of colorless crystals: yield 0.92 g (65%); m@50°C. H
NMR: 1.40 (s, 18 H, C(CH)), 2.37 (s, 6 H, CH), 7.45-7.79 (m, 4 H,

Ar). P NMR:—67.04. Anal. Calcd for €H,sClsFsO/PS: C, 48.12;

H, 3.30. Found: C, 48.30; H, 3.39.

(c) [2,2-Thiobis(4,6-dimethyl-O-phenyleneoxy©,0'](pentafluo-
rophenoxy)phosphite, S[MeCsH20].P(OC¢Fs) (3). The procedure
for the synthesis of3 was similar to that forl. The compounds
(quantities) used were as follows: phosphorus trichloride (1.50 mL,

Inorganic Chemistry, Vol. 37, No. 24, 1998331

17.2 mmol) in diethyl ether (300 mL); Z;ehiobis(4,6-dimethylphenol)
(4.71 g, 17.2 mmol); triethylamine (4.80 mL, 34.4 mmol) in diethyl
ether (100 mL); pentafluorophenol (3.16 g, 17.2 mmol); triethylamine
(2.40 mL, 17.2 mmol) in diethyl ether (50 mL). Yield: 2.42 g (29%).
Mp: 107°C. 3P NMR: 136.8 (t/Jp—¢ 36 Hz). Due to decomposition
in solution, thelH NMR spectrum was not observed. Anal. Calcd
for CoHi16Fs0sPS: C, 54.32; H, 3.29. Found: C, 54.93; H, 3.40.

(d) [2,2-Thiobis(4-methyl-6+tert-butylphenyleneoxy)O,0'](pen-
tafluorophenoxy)phosphine Oxide, Sf-Bu)MeCgH20].P(O)(OCsFs)

(4). To an ice cold solution of phosphorus oxychloride (1.00 mL, 10.7
mmol) in diethyl ether (250 mL) were added 2tRiobis(4-methyl-6-
tert-butylphenol) (3.84 g, 10.7 mmol) and triethylamine (3.00 mL, 21.6
mmol) dropwise in diethyl ether (50 mL). The system was stirred for
44 h and filtered. Pentafluorophenol (1.97 g, 10.7 mmol) and
triethylamine (1.50 mL, 10.7 mmol) in diethyl ether (50 mL) were added
dropwise to the filtrate with stirring for a further 24 h. The system
was filtered, and the filtrate was left to concentrate under a nitrogen
flow. The resultant solid was dissolved in dichloromethane (50 mL),
and Skelly-C (50 mL) was added. Concentration yielded the crystalline
product: yield 4.27 g (68%); mp 200C. H NMR: 1.22 (s, 18 H,
C(CHs)), 2.30 (s, 6 H, CH), 7.17-7.44 (4 H, Ar). 3P NMR: —24.04.
Anal. Calcd for GgHogFsO4PS: C, 57.34; H, 4.78. Found: C, 56.47;
H, 5.00.

(e) [2,2-Thiobis(4,6-dimethylphenoxy)]tris(pentafluorophenoxy)-
phosphorane, S[MeCgH,0].P(OCsFs); (5). Pentafluorophenol (6.33
g, 34.4 mmol) was dissolved in dichloromethane (250 mL), and
phosphorus trichloride (1.00 mL, 11.5 mmol) was added. Triethylamine
(4.80 mL, 34.4 mmol) was injected via a syringe over the course of 3
min and the solution stirred for 4 h. 2;Zhiobis(4,6-dimethylphenol)
(3.14 g, 11.5 mmol) was added to the system, Bchlorodiisopro-
pylamine (1.70 mL, 11.5 mmol) was injected with stirring continued
for 44 h. The solvent was removed under vacuum, and diethyl ether
(200 mL) was added to the residue. The mixture was filtered and the
resultant yellow solution concentrated under a stream of nitrogen,
producing colorless crystals of the product: yield 1.80 g (18%); mp
>250°C. H NMR: 1.98 (s, 6 H, CH), 2.25 (s, 6 H, Ch), 6.97—

7.32 (4 H, Ar). 3P NMR: —93.0. Anal. Calcd for @H;6F1505PS:
C, 47.89; H, 1.88. Found: C, 48.07; H, 1.86.

() [2,2'-Methylenebis(4,6-ditert-butyl- O-phenyleneoxy©,0']-
(pentafluorophenoxy)phosphite, HC[(t-Bu),CsH20].P(OCsFs) (6).

The procedure for the synthesis ®fwas similar to that forl. The
compounds (quantities) used were as follows:'-B)2thylenebis(4,6-
di-tert-butylphenol) (7.29 g, 17.2 mmol); phosphorus trichloride (1.50
mL, 17.2 mmol) in diethyl ether (450 mL); triethylamine (4.80 mL,
34.4 mmol) in diethyl ether (40 mL); pentafluorophenol (3.16 g, 17.2
mmol); triethylamine (2.50 mL, 18.0 mmol) in diethyl ether (30 mL).
Yield: 6.7 g (61%). Mp: 132C. H NMR: 1.39 (s, 18 H, C(Ch)3),
1.41 (s, 18 H, C(CH)3), 4.35-4.44 (dd, 2 H, CH), 7.277.32 (m, 4

H, Ar). 3P NMR: 130.7. Anal. Calcd for &H4FsO3P: C, 66.03;

H, 6.60. Found: C, 66.52; H, 6.70.

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 the20 scan mode with 3<
260mo ka < 43° at 234+ 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 procedures. Refinements were
based orf?, and computations were performed on a 486/66 computer
using SHELXS-86 for solutici and SHELXL-93 for refinemert€ All
the non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included in the refinement as isotropic scatterers riding in either
ideal positions or with torsional refinement (in the case of methyl

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

(27) Sheldrick, G. MActa Crystallogr 1990 A46, 467.

(28) Sheldrick, G. MSHELXL-93: program for crystal structure refine-
ment University of Gdtingen: Gdtingen, Germany, 1993.
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Table 1. Crystallographic Data for Compounds-6
1 2 3 4 5 6

formula ngHngsOsPS Q4H28C|4F507Psl/2CH2C|2 C22H16F503PS QgstFsOAPS Q4H16F1505PS Q5H42F503P
fw 602.5 890.9 486.4 586.5 852.5 636.7
cryst syst triclinic triclinic monoclinic triclinic orthorhombic monoclinic
space group P1 P1 P2;/n P1 Pbca P2i/n
crystsize (mm) 0.9 0.35x 0.35 0.50x 0.50x 0.40 1.00x 0.10x 0.10 1.00x 0.40x 0.25 1.00x 0.60x 0.40 0.75x 0.55x 0.35
a(A) 10.547(2) 12.513(5) 4.601(1) 10.561(1) 15.568(4) 17.380(3)
b (R) 12.419(8) 13.223(2) 19.156(3) 12.057(3) 17.524(10) 9.626(3)
c(A) 12.905(4) 13.772(5) 23.655(5) 12.816(2) 25.650(12) 20.389(3)
o (deg) 61.79(4) 84.82(2) 90 110.08(2) 90 90
B (deg) 76.76(2) 83.51(3) 94.13(2) 98.70(1) 90 90.73(1)
y (deg) 75.40(4) 67.82(2) 920 107.78(2) 90 90
V (A3) 1429(1) 2094(1) 2079.5(7) 1398.3(4) 6998(6) 3411(1)
z 2 2 4 2 8 4
Dearc (9/crr?) 1.400 1.413 1.554 1.393 1.618 1.240
Uno ko (€M) 2.38 5.00 3.00 2.39 2.60 1.40
no. of tot. reflns 3266 4767 2380 3198 4011 3897
no. of reflns with 2564 3378 1500 2609 2017 2366

| > 20
R 0.0823 0.0684 0.0385 0.0455 0.1010 0.0699
RiP 0.2382 0.1978 0.0803 0.1147 0.2571 0.1725

dR=}||Fd — ‘FCH/Z‘FOL PR, = [XW(FoZ - FCZ)Z/ZWFOA]IIZ-
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ci —.C

L
Jc12m
L]
L
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Figure 1. ORTEX diagram of GS[(t-Bu)MeCGH,O.P(OGFs) (1).

hydrogen atoms) on the bonded carbon atoms. The final agreement

factors are based on the reflections with 20;. Crystallographic data
are summarized in Table 1.

In crystals of 2, one-half of a molecule of a loosely bound
dichloromethane molecule was located which was refined isotropically.
The hydrogens on the methylene carbon were fixed at the calculated
positions. In compoun®, one of thetert-butyl methyl groups was
disordered. These carbons were refined isotropically in two positions
with equal occupancy (shown in Figure 6 with primed labels) and their
hydrogens were not fixed.

Results and Discussion

The atom-labeling schemes f@r-6 are given in the OR-
TEX?® plots of Figures %6, respectively. The thermal el-
lipsoids are shown at the 40% probability level, and all hydrogen
atoms are omitted for clarity. Selected bond parameters are
given in Tables 2 and 3.

Syntheses The cyclic phosphite$, 3, and6 were prepared
by a common method which involved reaction of a diol with

(29) McArdle, P.ORTEX 5eCrystallography Centre, Chemistry Depart-
ment, University College Galway: Galway, Ireland, 1996.

Figure 2. ORTEX diagram of GS[(t-Bu)MeGsH20],P(OGsFs)(O2Cs-
Cly) (2.

02

22 C19

C13
C14 C18,
@
F4

Figure 3. ORTEX diagram of S[MgCsH.0].P(OGFs) (3).

PCk in diethyl ether solution in the presence oglEtto first

form the cyclic chlorophosphite in situ followed by condensation
with pentafluorophenol. The same procedure was used in the
formation of the cyclic phosphateexcept that POGlwas used
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Figure 4. ORTEX diagram of SftBu)MeCsHO].P(O)(OGFs) (4).

_

Figure 5. ORTEX diagram of S[MgCsH20],P(OGFs)3 (5).

as the starting reagent instead of £CThe reaction is illustrated
for the preparation ol in eqs 1 and 2.
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OH Et,0

-
S + POCly + 2 ERN + 2EtsNH Cl

OH gl/©\‘
F F
(0] o
[K] + + EtsN —2ther ozp<>©/ + EtsNH CI
F F Pl +

F o
F F

FoF

(2)

4. The structures d and5 are displaced toward an octahedron
as a result of donor coordination.

Solution Structure and Ring Conformations. The 3P
chemical shifts in toluene solution that are summarized in Chart
2 are representative values for each of the coordination
geometries®3! Increasingly negative values from abetit 30
to —93 ppm occur as the coordination number increases from
phosphite to phosphate to pentaoxyphosphorane. This implies,
as is normally the case for phosphorus compod&hat the
structures are retained in solutiéh.Phosphite6, which has
no donor coordination tendencies, exhibif8R shift comparable
to 1, which exhibits oxygen atom donor coordination from the
sulfonyl group. Thus, although donor coordination, which is
relatively weak in the lower coordinated states compared to that
in oxyphosphoranesdoes not appreciably affeg chemical
shifts3® ring conformational changes take place as a result of

The cyclic pentaoxyphosphoranes were prepared by differentan increase in coordination geometry. All of the compounds

methods. For the bicyclic derivativ an oxidative addition

reaction of the phosphitg with a quinone led to the product.

The formation of the monocyclic derivativiewas achieved by
the condensation reaction of R@lith pentafluorophenol in the
presence of BN in ether solution to give P(QOfs); in situ

followed by oxidative addition with a diol in the presence of

(i-PrpNCI. Yields ranged from 18 to 68%.
Basic Structures The cyclic phosphited and 3 and the

cyclic phosphatd have structures which are displaced toward
trigonal bipyramidal. Each of these have the ring donor atom
occupying an axial position and the two ring oxygen atoms
occupying equatorial sites. A lone electron pair is assumed t

occupy the remaining equatorial site for the phospHitead3

1-5 have ring conformations in syn-boat forms, whereas for
6, the ring exists in an anti-chair conformation. This results in

(30) Holmes, R. R.; Prakasha, T. Rhosphorus, Sulfur Silicoh993 80,
1-22.

(31) Quin, L. D., Verkade, J. G., Ed®hosphorus-31 NMR Spectral
Properties in Compound Characterization and Structural Anajysis
VCH Publishers: New York, 1994; see also references therein.

(32) Dennis, L. W.; Bartuska, V. J.; Maciel, G. E.Am. Chem. Sod982
104, 230.

(33) Holmes, R. RPentacoordinated Phosphoru$tructure and Spec-
troscopy Vol. I; ACS Monograph 175; American Chemical Society:
Washington, DC, 1980; see also references therein.

o (34) Solid staté’P NMR measurements also confirm the retention of solid-

state structure in solution. See ref 3 for comparison between these
two states for oxyphosphoranes.

while the phosphoryl oxygen atom does so for the phosphate (35) Reference 30, p 179.
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Table 2. Selected Bond Parameters for Cyclic Phosphites and Phosphates Measuring the Degree of Trigonal Bipyramidal Coordination

bond distances (A) bond angles (deg)

compd-d P-01 P-02 P-R P-S 01-P-02 Rix—P—$? % TBP  Yeq(degh
B (R=03) 1571(3) 1.565(3) 1.586(3) 3.177(2) 104.9(2) 162.9(1) 31 339.5(2)
O(R=CI) 1575(3) 1.561(3) 2.002(2) 3.114(2) 105.9(2) 167.7(1) 35 343.6(2)
4(R=03) 1567(3) 1.579(2) 1.601(3) 3.085(2) 105.4(1) 163.7(1) 37 344.6(2)
L (R=CI) 1.633(3) 1.629(4) 2.303(3) 3.043(2) 100.1(2) 172.2(1) 40
M (R=NMe;) 1.66(2) 1.63(2) 1.65(3)  2.952(9) 97.7(9)  173.3(9) 47
A (R=03p 1.627(2) 1.626(2) 1.684(3) 2.876(2) 100.3(1) 163.5(1) 51
3(R=03) 1.644(3) 1.635(3) 1.670(3) 2.828(2) 99.7(2) 174.9(1) 54
N (R=CI) 1.625(3) 1.620(3) 2.119(2) 2.816(2) 101.4(2) 169.2(1) 55
1(R=03) 1.637(4) 1.630(5) 1.668(5) 2.652(5PSO) 98.9(2) 172.9(2) (R-P-OSO) 46
6 (R=03)f 1.611(4) 1.625(4) 1.652(5) 3.350(6)EH,) 104.5(2) 123.2(2) (RP—CHy)

aWith reference to a trigonal bipyramid with sulfur (or O4 fiby in an axial position and both ring oxygen atoms in equatorial positions.
b Percent geometrical displacement from a pyramidd, 3, andL —N) or a tetrahedrong, O, and4) toward a TBP ¢ Compound labels refer to

the following:

Cl
F o]
F o a 0
R = t:( NMe,  Cl R - cl
[ F a OH
F a
L2 Al M 2 N 2 B 2 0?2

d References are listed as superscripts below each formula. Data for comdo@ds and6 are from this work & An additional coordination is
present inA due to the weak interaction of an ortho fluorine atom with phosphorus—& Bistance of 3.006(3) A is obtained A CH, group is
in place of a donor atom fd8. Thus, coordination is precluded but is listed here for comparison.

Table 3. Selected Bond Parameters for Cyclic Pentaoxyphosphoranes Measuring the Degree of Octahedral Coordination

bond distances, A bond angles, deg

compd® P-05 P-0O1 P-04 P-02 P-03 P-S O5-P-0I¢ 04—-P-02Z 03-P-S % octd

P 1.707(5) 1.652(5) 1.699(4) 1.649(5) 1.640(5) 2.494(3) 170.2(3)  170.9(3) 174.7(2) 68
Q (1) 1.685(4) 1.656(4) 1.691(4) 1.663(4) 1.650(4) 2.457(2) 172.8(2) 172.4(2) 173.8(2) 73
Q(2r 1.682(4) 1.646(5) 1.687(4) 1.659(4) 1.642(4) 2.495(2) 173.1(2)  169.8(2) 173.9(2) 73
5 1.691(10) 1.681(10) 1.678(10) 1.691(10) 1.620(10) 2.389(5) 170.7(5)  171.9(5) 178.6(5) 82
R 1.677(5) 1.683(5) 1.688(5) 1.678(5) 1.625(5) 2.366(3) 172.7(3) 173.2(3) 176.9(2) 76.
2 1.679(5) 1.625(4) 1.688(4) 1.629(4) 1.637(4) 2.314(5)@S0) 160.9(2) 169.6(2) 174.2(2) (6-0S0O) 68

S 1.666(7) 1.684(7) 1.688(7) 1.675(7) 1.634(7) 1.936(AHTS0) 172.4(4) 177.1(4) 179.2(3) (©6-0S0O) 82

a Compound labels refer to the following:

cl s /©" ‘ T
ey T
o~ ~~o o” (o]
d | F O | F
Cl O F O F
F F F F
pl3 Q 13
b References are listed as superscripts below each formula. Data for com@ands are from this work ¢ Relative to a square pyramid, these
are trans angle values. The cis angle values for-B102 are 92.6(2) for P, 91.5(2) and 91.2(2)for Q, 90.4(5y for 5, 91.2(3} for R, and
91.2(2y for 5, and for O4-P—05, they are 89.9(2)for P, 90.7(2) and 90.3(2)for Q, 87.9(5) for 5, 88.4(2) for R, and 90.6(2) for 2. ¢ The

degree of structural displacement from a square pyramid toward an octahedron is based on the distance of the phosphorus atom from the basal plane
of the four oxygen atom$.CompoundQ has two independent molecules in the unit cell.

a O3-P—-C7 angle of 123.2(2) which compares with axial  respectively. There are no other significant structural changes
angles forl, 3, and4 that are 172.9(2), 174.9(1), and 163.7(1)  for phosphites and phosphates. The comparison of bond
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32 +

A similar effect takes place on going from phosphites to
pentaoxyphosphoranes, as demonstrated in Table 3, which lists
bond parameters fat and5 and related compound®-S. The
P—S donor distances are much shorter, spanning the range from
2.37 to 2.49 A. This compares to the ranges of 2824 A

PHOSPHITES for the phosphites and 3.68.18 A for the phosphates
exhibiting P-S distances in Table 2. With the oxygen atom of
the sulfonyl group, we can make a comparison between the
cyclic phosphitel and the cyclic pentaoxyphosphorargand
S. The P-O donor distances are 2.652(5) A fbr2.314(5) A
2T N for 2, and 1.936(7) A foiS, which again shows the heightened
donor action for pentaoxyphosphoranes, like that for compounds
27 ; : ; ; ; ' N exhibiting P-S donor interactioR:1317
20 30 40 50 60 The percent octahedral character listed in Table 3 is derived
% TBP from a calculatiof” of the displacement of the phosphorus atom
Figure 7. Graphical display of the variation of the- distance for from the base plane of the four oxygen atoms that would be a
phosphates and phosphites listed in Table 2. See ref 37. part of a square pyramid if we neglect consideration of the
presence of the donor group. The ® bond parameters listed
parameters for these classes of compounds with tha for in Table 3 are used for this calculation along with a value of
Table 2 illustrates this aspect. the phosphorus atom displacement for an ideal square pyramid
By way of contrast, donor action causes large geometrical ©f 0428 A3:3839 For all of these phosphoranes containing

changes for oxyphosphoranes which are TBP in the absence of€ntafluorophenoxy groups, the displacement toward the octa-
such action. For monocycliG which is TBP and has its ing ~ "€dron is quite strong, ranging from 68 to 82%. .
in an anti-chair conformation, the degree of conformity to a  The greatest displacement is seen to occur for the monocyclic
trigonal bipyramid may be expressed by the following angle derivatives5, R,*® and S each containing three pentafluo-
summations. The average of the three equatorial angles isfophenoxy groups compared to one for the others. Compounds
120.0(2)+ 2.4°. Their sum is 359.9 while the axial G-P—O 5 andS have different donor groups but otherwise very similar
angle is 176.2(2) Comparable summations for angles at compositions. They show the same degree of octahedral
phosphorus for the monocyclic oxyphosphorameay be made character, implying that little difference exists between the donor
to indicate the geometrical change to hexacoordination induced@Pility of these two ligands, at least when the electrophilicity
by sulfur donor action. The average of the eight®-O angles ~ at phosphorus is increased by the presence of multiple pen-
is 92.0(5)+ 2.9°. The sum of the four ©P—0 angles that lie tafluorophenoxy groups. This behavior differs from earlier

in a near planar arrangement is 358hile the S-P—03 angle studies. As pointed out in the Introduction, indications are that
is 178.6(5). the sulfur atom is a better donor than the sulfonyl oxygen atom

in interactions with oxyphosphoran&sl? In these studies, the
ligand electronegativity is lower. For example, with sulfur as
a donor atom;T,% with aryl methyl substituents, is hexacoor-

0
L, o of
0]

PHOSPHATES

31 +

30 T+

P-S, A

29 +

Structural Comparisons. Table 2 lists bond parameters for
1, 3, and4 as well as related cyclic phosphites, andL—N
and phosphateB andO for comparison. The extent to which
the phosphorus-donor distance is displaced from the sum of the
van der Waals radi? toward the sum of the covalent radiis
used to estimate the percent TBP character. These values are

listed in Table 2. It is seen that the phosphates undergo donor Qo\ib@/

o ©
| { }
~
action to a lesser degree than the phosphites. The range for o= |~o O/ﬁ"o
the three phosphates extends from 31 to 37% TBP, whereas @ o) @ o
that for the six phosphites extends from 40 to 55% TBP.

CompoundsA and 4 provide direct comparisons, since the

ligand composition is the same except for the presence of thep_s - 2.880(1)A; 44.1% octa Ave. P-O = 3.233(5)A
phosphoryl oxygen i in place of the lone electron pair (2 independent molecules)
The amount of TBP character for phosphéte 37%, and that T H

for phosphiteA is substantially higher at 51%. Thus, the
additional information from the present study strengthens the dinate due to sulfur donor action, while the identically composed
conclusion reached earlier that the extent of donor interaction sulfone-containing phosphorarté,'® other than insertion of the
increases from phosphates to phospHiteEhis is portrayed bridging SQ group in place of the sulfur atom, is pentacoor-
graphically in Figure 77 dinate lacking any donor coordination. Compare &sandD
in Chart 1 with respect to the degree of coordination in terms

(36) Tables of Interatomic Distances and Configuration in Molecules and of perc_ent displacement towarq an OCta_hedron' Consequently,

lons Sutton, L., Ed.; Special Publication Nos. 11 and 18; The @& leveling effect appears to be in operation, as enhancement of

Chemical Society: London, 1958 and 196S. the Lewis acidity at the phosphorus atom takes place due to
(37) The linear variation in Figure 7 is a consequence of the procedure

used in the calculation. Thus, the-B distance is not an independent

term relative to the % TBP character. The graphical display is shown (38) Holmes, R. R.; Deiters, J. A. Am. Chem. Sod 977, 99, 3318.

here to emphasize the range of & distances traversed for phosphates (39) Holmes, R. R. Five-Coordinated StructuresPhogress in Inorganic

and phosphites in comparison to that for oxyphosphoranes, the latter ChemistryLippard, S. J., Ed.; John Wiley and Sons: New York, 1984;

of which are listed in Table 3. Vol. 32, pp 119-235.
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the increased ligand electronegativity offered by the presence Supporting Information Available: Tables of atomic coordinates
of pentafluorophenoxy ligands. and U(eq) values, anisotropic thermal parameters, bond lengths and
angles, and hydrogen atom parameters d(igo) values forl—6 (27
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