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1-Oxo-2-oxa-1-phosphabicyclo[2.2.2]octane: A New
Mechanistic Probe for the Basic Hydrolysis of Phosphate Esters

Andrzej E. Wrd blewski and John G. Verkade*

Contribution from Gilman Hall, Department of Chemistry, lowa StateJdrsity,
Ames, lowa 50011-3111

Receied April 4, 1996

Abstract: Synthesis of the title compourtivas accomplished in a multistep sequence starting from hypophosphorous
acid. In strong base, the bicyclic phosphin2teydrolyzes 2 orders of magnitude faster than the bicyclic phosphate
OP(OCH)3CCHs (1a) and the acceleration is entirely enthalpic. This rate enhancement is attributed to the greater
ease with which2 achieves the five-coordinate transition state. The molecular struct@&edetermined by X-ray
means, compared with that 4& reveals no evidence of strain within either bicyclic framework. The observed
acceleration does not support the contribution of a stereoelectronic effect in the hydrolysis of six-membered ring
phosphates.

Introduction hydrolyzes 0.81x 10° times faster than triethyl thionophosphate
under the same conditions. The rate enhancements observed
for the bicyclic phosphates with respect to their acyclic analogs
were attributed at least in part to stereoelectronic effects, since
in the bicyclic phosphate systems there are two lone electron
epairs forced to be app to the breaking® bond in transition
state A, while this constraint is not operative in the acyclic
é\nalogs“.

The mechanism of phosphate ester hydrolysis has recently
attracted much attention because of the crucial biological
importance of this reactiolr* On the basis ofab initio
molecular orbital calculatiodsand laboratory experiments,
Gorenstein and co-workers advocated the importance of the rol
of kinetic stereoelectronic effects in the reactions of organo-
phosphorus compounds. Rate enhancements observed for cycli
or bicyclic phosphates compared with their acyclic analogs were
suggested to be due, at least in part, to stereoelectronic effects . /
that facilitate cleavage of the apica-® or P-N bonds in O psl 0 o
trigonal bipyramidal intermediates. These stereoelectronic T‘O T‘CHZ
effects presumably arise from antiperiplanar (app) interactions 0 o)
of the breaking apical bond with electron lone pairs on
equatorially positioned oxygen or nitrogen atoms. A B

These studies were frustrated to some extent, however, by
the conformational flexibility of the monocyclic and decalin- Subsequently we became interested in attempting to devise
type bicyclic phosphate esters employed. Thus, a conforma-further tests of the role of antiperiplanar electron pairs in rate
tionally biased system which also possesses stereoelectronicallenhancements of the hydrolysis of bicyclic six-membered ring
favorable electron pairs at the oxygens was introduced by phosphates. To this end 1-oxo-2-oxa-1-phosphabicyclo[2.2.2]-
incorporating the phosphate ester residue into the bicyclo[2.2.2]- octane 2) was synthesized. This compound has only one
octane framework of compourih* It was observed at pH 14 hydrolyzable P-O bond, and in contrast th two ring O atoms

are replaced by two methylene groups, thus providing, CH

¢h Q groups in the trigonal bipyramidal transition st&enstead of
O/P""(')'o 5/”", 7 the two O atoms that are crucial to the manifestation of the
},‘; g]i‘fg ¢ stereoelectronic effect iA. A comparison of the rates of the
LS ¢ base-catalyzed hydrolysis dfand1acould be expected to allow
a direct assessment of the rate enhancement in bicyallny

a stereoelectronic effect. According to the antiperiplanar lone
pair hypothesis (ALPH)lais expected to hydrolyze faster than

that compound.a hydrolyzes 5.0« 1C° times faster than triethyl 2~ However, we found that the bicyclic phosphinataydro-

phosphate 3), while the thiono analogue of, namely 1b, lyzed more than 2 or_ders of magnitude faster thbea
Furthermore, by comparing rates of the base-catalyzed hydroly-
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(1) (a) Thatcher, G. R. J.; Kluger, Rdv. Phys. Org. Cheml989 25, system in the absence of a stereoelectronic effect. If the rate
99. (b) Tole, P.; Lim, CJ. Am. Chem. S0d994 116, 3922. (c) Uchimaru, enhancement d over4 was found to be smaller than that for

gg E‘é@“;’r'lds;gfsetgﬁcrég' CYXQHT"?’:ﬁSSé fé;fgrz';iéforg' Chem1994 laover3, the stereoelectronic effect mwould be substanti-
(2) Taira, K.; Gorenstein, D. Gl. Am. Chem. Sod984 106 7825 and ~ ated. Somewhat surprisingly, we find that this factor for

references cited therein. relative to4 is more than an order of magnitude greater than

(3) Farschtschi, N.; Gorenstein, D. G.; Fanni, T.; TairaPKosphorus, ; ; i
Sulfur, Silicon199Q 47, 93 and references cited therein. for 1a comp_ared with that 08. In .an .effort to identify the
(4) Fanni, T.; Taira, K.; Gorenstein, D. G.: Vaidyanathaswamy, R.; SOUIC€ of this acceleration, the activation parametet$ and

Verkade, J. GJ. Am. Chem. Sod.986 108 6311. AS" were estimated from Eyring theory. However, these

S0002-7863(96)01114-6 CCC: $12.00 © 1996 American Chemical Society



Basic Hydrolysis of Phosphate Esters

experiments required the replacement of 1,4-diokdmyel,2-
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h, 0.02 Torr) gaves (21.8 g, 87.5%) as a colorless oitH NMR: ¢

dimethoxyethane as an organic solvent. For this and additional2.04 (dtd, CHP, 2J(PH) = 15.2 Hz,%)(HH) = 7.6 Hz,?)(HPCH) =
reasons discussed later, we are unable to make direct comparil-8 Hz), 2.5-2.7 (m, CHCO), 3.67 (s, CHOC), 3.75 (CHOP,

sons of our rate constants fda and 3 with those reported
earlier?

Experimental Section

Melting points were taken on a Thomas-Hoover capillary melting
point apparatus and are uncorrectét and*3C NMR spectra were
measured on a Nicolet NT-300 NMR spectrometer in chlorofdras-
solvent, and chemical shifts are reported in parts per million downfield
from tetramethylsilane using chloroforrH, 7.26 ppm) and chloro-
form-d (*3C, 77.10 ppm) resonances as secondary standafdsNMR

3J(HCOP)= 11.8 Hz), 7.14 (dt, HPL(HP) = 547.8 Hz 3J(HPCH) =
1.8 Hz). 3C NMR: ¢ 23.25 (d, CPJ(CP)= 95.2 Hz), 25.7 (SCH2-
CO), 51.54 (sCH30,C), 52.32 (d, CHOP,2J(COP)= 5.4 Hz), 171.72
(d, COO,3J(PCCC)= 12.2 Hz). **P NMR: 4 39.76.

A mixture of crude6 (21.8 g, 0.131 mol) and methyl acrylate (13.0
mL, 0.144 mol) was added dropwise to a solution of sodium methoxide
(made from 0.65 g, 0.028 mol, of sodium in methanol, 8.2 mL)-&%3
°C. When the addition was complete, the mixture was allowed to warm
to room temperature and was then diluted with chloroform (100 mL).
The solution was neutralized with acetic acid (1.8 mL, 0.031 mol) and
then washed with ice-cold water and aqueous NaklCThe aqueous

spectra were recorded on a Bruker WM-300 spectrometer for the washings were extracted with chloroform 320 mL). The organic

chloroform4 solutions, and chemical shifts are externally referenced
to 85% HPO, with positive values downfield from the standard.

extracts were dried over MgSQand the solvent was evaporatied
vacuo(24 h, 0.04 Torr), leaving crudéas a yellow oil (31.47 g, 95%).

Solvents were reagent grade, predried over molecular sieves, and, whetH NMR: 6 2.05 (dt, CHP, 2J(HP) = 13.4 Hz,3J(HH) = 7.9 Hz),

necessary, distilled from sodiuabenzophenone ketyl prior to use.

3P NMR spectra for the kinetic experiments were obtained with a
Bruker WM-200 spectrometer at 81.0 MHz, employing the following
parameters: sweep width, 8064 Hz; memory size, 16K; pulse width,

2.54-2.65 (m, CHCO), 3.68 (s, CHO,C), 3.68 (d, CHOP,3J(HCOP)
=10.6 Hz). 3C NMR: ¢ 22.78 (d, CPLJ(CP)= 93.1 Hz), 26.36 (s,
CH,CO), 51.05 (d, CHOP, 2J(CP) = 5.2 Hz), 51.87 (SCHs0,C),
172.28 (d, C@ 3J(CCCP)= 14.8 Hz). 3P NMR: ¢ 56.11. The

15 us; relaxation delay, 0.5 s. The number of transients was selected preparation was contaminated with. 6% of 8 (0(*'P) 48.65) anda.

according tdy,, values for the reactions and was between 50 and 200
for 1a, depending on temperature, and was 500 3ceind 4 at all

4% of an unidentified impurity (3'P) 45.84).
A solution of sodiuntert-amyl oxide (made from sodium hydride,

temperatures. Integrations of these spectra were performed using the3.6 g, 0.150 mol, antert-amyl alcohol, 16.5 mL, 0.150 mol, in benzene,

NMR1 program. The processing of the FID included exponential
multiplication with a line-broadening of 1.0 Hz and zero-filling to 64K.

Each signal was fitted to a Lorentzian curve three times using a curve-

fitting routine. Mean integrations were then calculated.

Relaxation times T;) were measured with a Bruker WM-200
spectrometer by the inversiemecovery method for at least seven
differentz values. Further calculations were performed using NMR1
software. 3P NMR spectra for thé8OH--catalyzed hydrolysis o2
were obtained with a Varian VXR 300 spectrometer at 121.4 MHz
(3824.1 Hz sweep width, 27 008 data points).

Ethyl diethylphosphinatelj was prepared from tetraethyldiphosphine
disulfide according to literature proceduf€spurified by chromatog-
raphy on silica gel (chloroform), and distilled twide vacua Bp:
86—88°C, 11 Torr (lit® bp 87-9 °C, 12 Torr. 'H NMR: ¢ 1.07 (dt,
CH4CP, 3J(HP) = 17.6 Hz,3J(HH) = 7.6 Hz), 1.24 (dt, CKCOP,
3J(HH) = 7.1 Hz,*)(HP) = 0.5 Hz), 1.64 (dq, CkP, 2J(HP) = 13.9
Hz, 3J(HH) = 7.6 Hz), 3.98 (dg, CKDP,3J(HP) = 7.1 Hz,3J(HH) =
7.1 Hz). 3P NMR: ¢ 59.97.

The bicyclic phosphatéa was prepared as described previously,
and triethyl phosphate3) purchased from Aldrich was used without
further purification.

Although the sequential transformation ofR0, to CH;OP(O)H:

(5) to CH;OPH(O)CHCH,CO:Me (6) to MeOP(O)(CHCH,CO.Me),

(7) to MeO(O)PCHCH,C(OH)=C(COMe)CH; (8) to MeO(O)P(CH-
CH,).C=0 (9) was reported earliérthe following procedure to obtain
9 was found to be superior.

1-Methoxy-1-oxophosphorinan-4-one (9). A 50% solution of
hypophosphorous acid (Aldrich) was drigdvacuoovernight, leaving
a solid? (9.89 g, 0.150 mol). This crude acid was treated with trimethyl
orthoformate (18.0 mL, 0.165 mol) at room temperature, and the

solution was stirred for 2 h. The solution was added dropwise to a

mixture of methyl acrylate (13.5 mL, 0.165 mol) and ethyldiisopro-
pylamine (2.6 mL, 0.015 mol) at 8. After the reaction mixture had
been allowed to stand at room temperature for 3 d, chloroform (50

mL) was added and the solution was washed with saturated cold

aqueous NaHC® The water phase was extracted with chloroform (5

x 20 mL). The extract and washings were combined and dried over

MgSQ:.. Removal of the solvent and volatile impuritissvacuo (10

(5) (a) Parshall, GOrganic SynthesegViley: New York, 1973; Collect.
Vol. V, p 1016. (b) Pollard, K. A.; Harwood, H. J. Org. Chem1962 27,
4444,

(6) Cook, R. D.; Diebert, C. E.; Schwarz, W.; Turley, P. C.; Haake, P.
J. Am. Chem. S0d.973 95, 8008.

(7) Verkade, J. G.; Reynolds, L. 7. Org. Chem196Q 25, 663.

(8) Gallagher, M. J.; Sussman,Bhosphorusl975 5, 91.

(9) Fitch, S. JJ. Am. Chem. S0d.964 86, 61.

100 mL) was added to a solution @f(31.5 g, 0.125 mol) in benzene
(180 mL) at room temperature. The reaction mixture was warmed,
and a distillate of bp 5465 °C followed by another up to 80C was
slowly collected at atmospheric pressure. The cooled residue was
filtered and washed with benzene, and the solid was added portionwise
to a vigorously stirred aqueous solution of concentrated HCI (16.6 mL)
in 22 mL of water at 5-8 °C. The organic phase was extracted with
chloroform (5x 50 mL), dried over MgS@ and concentrated overnight

in vacuq affording crude8 (24.0 g, 87%) as a brown oil. A sample
of this material was purified on a silica gel column with chloroferm
methanol (40:1, v/v) to give a colorless oil which solidified after a
few weeks at room temperaturéH NMR: 6 1.98 (dt, CHP, 2J(PH)
=15.6 Hz,3J(HH) = 7.1 Hz), 2.57-2.79 (m, CHP, CCHC), 3.72 (d,
CH3OP,3J(HCOP)= 10.9 Hz), 3.76 (s, CkD-C), 12.6 (br s, HO)**C
NMR: 21.40 (d,CPC,3J(CP)= 88.9 Hz), 21.65 (d, C®, 1J(CP)=
90.4 Hz), 28.09 (dCH,CP, 2)J(CCP)= 5.9 Hz), 50.63 (d, CkDP,
2J(COP) = 4.2 Hz), 51.82 (sCH30.C), 92.59 (s, C-3 based on the
usual lack of two-bond coupling t8'P), 171.15 (d, C-4 or CO,
3J(CCCP)= 14.4 Hz), 172.04 (d, C-4 or CG)(CCCP)= 12.4 Hz).

3P NMR: ¢ 48.91. Compoun@® was found to be 100% enolized as
judged from the!3C and'H NMR spectra.

A mixture of crude8 (24.0 g, 0.109 mol) and 0.01 M HCI (25 mL)
was kept at 98C for 3 d. After cooling, the solution was saturated
with sodium chloride and extracted with chloroform (%020 mL).

The organic extract was dried over Mg$©@oncentrated, and distilled

to give 9 (7.19 g, 40.7%) as a colorless oil which immediately

crystallized. Bp: 136-135°C, 0.3 Torr; (lit® bp, 135°C, 1 Torr).

Mp: 56—57.5°C (lit.® mp 38-40 °C, 51-52 °C hemihydrate).'H

NMR: 6 2.19 (dt, CHP,2J(HCP)= 16.4 Hz 3)(HH) = 6.7 Hz), 2.6 7

2.77 (m, CHCO), 3.82 (d, CHOP,3J(HP) = 10.8 Hz). 13C NMR: ¢

23.68 (d, CHP, }J(CP) = 89.2 Hz), 36.75 (dCH.CP,2J(CP)= 4.5

Hz), 50.97 (d, CHOP,2J(CP)= 7.6 Hz), 206.81 (d, €0, 3J(CP)=

9.3 Hz). 3P NMR: 6 48.29.
1-Methoxy-4-methylene-1-oxo-phosphorinane (10)To a suspen-

sion of freshly sublimed potassiutart-butoxidé® (2.64 g, 23.3 mmol)

in dry ether (40 mL) at room temperature was added portionwise

methyltriphenylphosphonium iodi#fg9.41 g, 23.3 mmol). The yellow

slurry was refluxed for 15 min, and then most of the ether was distilled

off.2 The ketone9 (3.3 g, 21 mmol) was then added in portions

followed by benzene (5 mL). The reaction mixture was stirred at 40

°C for 1 h, cooled to room temperature, and partitioned between

chloroform and water. The water phase was extracted with chloroform

(10) Pearson, D. E.; Buehler, C. €&hem. Re. 1974 74, 45.

(11) Lightner, D. A,; Crist, B. V.; Kalyanam, N.; May, L. M.; Jackman,
D. E.J. Org. Chem1985 50, 3867.

(12) Fitjer, L.; Quabeck, USynth. Commuri985 15, 855.
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(4 x 20 mL), and the organic extracts were dried over MgS®lost
of the triphenylphosphine oxide formed was removed on a silica gel

“Wewski and Verkade

Table 1. Observed and Calculate®seudo-First-Order Rate
Constants (s™) for the Hydrolysis ofla, 2, 3, and4°

column with chloroform-methanol (100:1, v/v), and the residue was
distilled to givel0 (2.22 g, 66.6%) as a yellow mobile oil. Bp: 70
73°C, 0.1 Torr. *H NMR: 6 1.7-2.0 (m, CHP), 2.3-2.6 (m, (H,-
CH.P), 3.70 (d, CHOP, 3J(HP) = 10.7 Hz), 4.71 (s, bC=C). 13C
NMR: ¢ 27.02 (d, CHP, 1J(CP) = 85.9 Hz), 39.22 (dCH,CH,P,
2J(CCP)= 5.9 Hz), 50.26 (d, CEDP,2J(COP)= 6.0 Hz), 112.52 (s,
CH,=C), 144.80 (d,C=CH,, 3J(CCCP)= 10.4 Hz). 3P NMR: ¢
50.44.

1-Methoxy- and 1-(Hydroxymethyl)-1-oxo-phosphorinane (11
and 12, Respectively). To a solution 0f10 (2.20 g, 13.9 mmol) in
THF (13 mL) was added a solutiorf & M borane-THF complex in
THF (16.6 mL, 16.6 mmol, Aldrich) at-610 °C followed by stirring
at room temperature for 2 h. Water (2 mL) was then added & 2
followed by a solution of 180 mg of solid NaOH in 4 mL of water.
Finally, hydrogen peroxide (1.67 mL, 30% solution) was added
dropwise, and the mixture was stirred at XD for 2 h. The solvent

was evaporated at room temperature, and the residue was partitioned

between chloroform and water. The organic phase was dried over
MgSQ,, concentrated in vacuo, and chromatographed on a silica gel
column with chloroform-methanol (100:1, v/v) to give a 1:1 mixture
of isomers of11 (0.581 g, 23.5%).'H NMR: 4 1.2-2.1 (m, CH-
CHyp), 3.1 and 3.25 (2 br s, OH), 3.36 (d, @B, 3J(HH) = 5.9 Hz),
3.42 (d, CHO, 3J(HH) = 6.1 Hz), 3.61 and 3.62 (2 d, GBP,
3J(HCOP)= 10.7 Hz). 13C NMR: ¢ 24.85 (d, CHP, LJ(CP) = 86.3
Hz), 24.43 (d, CHP,*J(CP)= 86.7 Hz), 25.23 (dCH,CP,2J(CCP)=
3.7 Hz), 26.33 (dCH,CP,2J(CCP)= 4.7 Hz), 39.19 (dCH, 3J(CCCP)
= 7.1 Hz), 39.93 (d, CH3J(CCCP)= 5.8 Hz), 50.00 (d, CkDP,
2J(COP)= 6.8 Hz), 50.45 (d, CEDP,2J(COP)= 6.3 Hz), 65.02 and
66.02 (2 s, CHO). 3P NMR: 6 52.21 and 53.69. The water phase
was acidified with 4 mL of HCI (1:1 concentrated HCH®I v/v) and
refluxed for 12 h. Water was evaporated, and then the residue was
co-evaporated with water twice (2 30 mL) followed by dryingin
vacuo over NaOH pellets. The oily residue was extracted with
methanol at room temperature, and the extracts were filtered, evapo-
rated, and leftn vacuofor 2 d togive the crude acid2 (1.3 g, 57%)
as a yellow oil. 13C NMR (CD;0OD): ¢ 26.90 (d, CHP, YJ(CP) =
100.0 Hz), 27.19 (dCH.CP, 2J(CCP) = 3.9 Hz), 40.89 (d, HC,
3J(CCCP)= 5.9 Hz), 68.06 (s, CHOH). 3P NMR (CD;OD—CHs-
OH): 6 52.23.

1-Oxo0-2-0xa-1-phosphabicyclo[2.2.2]octane (2)A mixture of the
crude acidl2 (1.24 g, 7.56 mmol), dicyclohexylcarbodiimide (DCC,
1.87 g, 9.06 mmol), 4N,N-dimethylamino)pyridine (DMAP, 0.184 mg,
1.51 mmol), triethylamine (10 mL), and THF (50 mL) was refluxed
for 9 h. Volatiles were then evaporated under vacuum, and the residue
was suspended in benzene and filtered. The oil obtained upon

temp,
K 10% (1a) 10% (2) 10% (3) 10° (4)
254 7.16+0.18
7.31+ 0.09
259 13.44+ 0.26
13.04+ 0.42
264 22.17+ 0.48
23.20+ 0.32
269 32.39+ 0.55
32.92+ 0.28
274 0.1044f 0.0011 53.27 0.98
0.0993+ 0.0007 52.8 1.1
279 0.2082+ 0.0016
0.2112-+ 0.0017
284 0.3271t 0.0018
0.3637- 0.0030
289 0.6105+ 0.0089
0.6450- 0.0059
1.057Q+ 0.0096
1.063+ 0.018
1.100+ 0.012
298 11.272+ 0.074
303 18.418t 0.088
308 27.26+ 0.28
313 42.47+ 0.20
60.12-+ 0.63
318 7.2140.13
323 10.26+ 0.16
328 17.01+ 0.21
333 24.68+ 0.56
338 30.36+ 0.35
343 42.67+0.35
304 3.08+0.13 628£55  2.39+0.26 19.55t0.29

aBased on a Irk »s 1/T relationship. The error ranges are the
standard deviation$.0.6 M NaOH in 44% aqueous 1,2-dimethoxy-
ethane.

Basic Hydrolysis of 2. A 25 mL flask containing a magnetically
stirred mixture of DME (1.50 mL) and 0.62 M NaOH in,© (1.20
mL) was cooled to the required temperature in a well-insulated ethanol
bath using an RK20 thermostat (Brinkmann) equipped with an RKS
control unit. A solution oR in D,O (47uL, 68 umol) was then injected
followed by quenching at various time intervals by injection of glacial
acetic acid (4%L, 1.1 equiv). At selected temperatures this procedure
was repeated seven to eight times to monitor the progress of hydrolysis
for at least 2 half-lives. After quenching, the slightly acidified solutions

evaporation of the solvent under vacuum was chromatographed on silicayere transferred to 10 mm NMR tubes, at# NMR spectra were

gel with chloroform to give crud® (0.71 g, 64%). Crystallization
from benzene hexane afforded 336 mg of pufe Mp: 220-223°C.

IH NMR: 6 1.73-1.77, 1.9-2.3 (2 m, CHCH.CH), 4.51 (dd, CHO,
8J(HP)= 5.4 Hz,*)(HH) = 1.4 Hz). *C NMR: ¢ 21.83 (CHP,'J(CP)

= 81.4 Hz), 25.94 (dCH.CP, 2J(PC) = 5.7 Hz), 26.43 (dCCCP,
3J(CCCP)= 47.6 Hz), 76.90 (d, CKOP, 2J(COP) = 4.4 Hz). 3P
NMR: ¢ 46.05. IR (benzene)»(P=0) 1271 and 1229 cm. IR
(tetrachloroethylene): v(P=0) 1262 and 1229 cm. MS: m/e
146.04956, calcd for &11:0,P, 146.04968. MS:nm/e 146.0 (100),
131.0 (14), 116.0 (37), 88.0 (23), 68.1 (29.9), 54.0 (92.1). Anal. Calcd
for CeH110,P (found): C, 49.31 (49.34); H, 7.59 (7.46); P, 21.20
(21.24).

Basic Hydrolysis of 3 and 4. In a 10 mm NMR tube, 1,2-
dimethoxyethane (DME) (1.50 mL) and 0.62 M NaOH in@(1.20
mL) were mixed. The temperature of the solution was sustained for
30 min in the probe of the spectrometer. Then, compdifidl.5uL,

67.7 umol) or 4 (10.0uL, 66.6 umol) was injected, and the reaction
was monitored at different temperatures (Table 1).

Basic Hydrolysis of 1a. In a 10 mm NMR tube, a solution dfa
(66.95umol) in DME (1.50 mL) was mixed with BD (1.10 mL). The
temperature of the solution was sustained for aldduin theprobe of
the spectrometer. Then, 7.32 M NaOH in@(100xL) was injected,
the sample was shaken well, and the reaction was monitored at five
temperatures (Table 1).

recorded employing the following parameters: sweep width, 8064 MHz;
memory size, 16K; pulse width, 9423.5us); relaxation delay, 45 s;
number of transients, 40.

Integration Correction Factors. It appeared that full relaxation
of 3P nuclei would be achieved in about 1 min, thus precluding direct
guantitative measurements especially for the reactions having half-lives
of only several minutes. Thus, we decided to acqéifeNMR data
under nonequilibrium conditions and later correct for the observed
integrals by multiplication of the ester-to-Na salt ratios by the
appropriate correction factor (Table 2). The validity of this approach
was confirmed by comparing molar ratios measured gravimetrically
(for 1a) with those obtained from'P NMR integrals. Surprisingly,
the estimated error for three different concentrations was less than 1%.
By contrast3P NMR integrals of2 and the sodium salt df2 could
be obtained directly from spectra of the quenched mixtures by using
sufficiently long delays.

The correction factors were obtained according to the following
procedure. The solution of the sodium sala(68 umol) in DME
(2.50uL) and D,O (1.20 mL) obtained after complete hydrolysis of
1a, 3, or 4 with excess base at room temperature was slightly acidified
by adding 1.1 equiv of glacial acetic acid to react with the excess base.
Glacial acetic acid was not added to the sample of hydrolgzbdcause
its hydrolysis rate at 24C is negligibly slow. Thenca. 34 umol of
the ester was added in each case, BRINMR spectra were collected
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Table 2. Relaxation TimedT; (s), 3P NMR Chemical Shifts (ppm), and Correction Factors for the Mixtures of Esters and Their Respective
Na Salts

ester T1 (0(3P)) Na salt T1 (6(3*P)) correction factcr
la 9.4+ 0.5 (-5.21) HOCHCMe(CH,0),PO, Na* 5.44 0.1 (~2.86) 1.585¢ 0.025

2 9.0+ 0.4 (54.52) 12(Na) 1.9+ 0.2 (38.51) not used

3 13.34 0.1 (-0.10) (EtO)PONat 11.84 0.3 (0.97) 1.120+ 0.013

4 10.3+ 0.06 (66.13) EPO, Na" 4.3+ 0.3 (47.80) 1.635: 0.033

aThe error is the standard deviation calculated a3i[— (3x)¥n]|(n — 1)]¥2

Table 3. Calculated EnthalpiesEntropiest and Free Energi@of Scheme &
Activation for the Hydrolysis ofla, 2, 3, and4 in Strong Base H
AH* kcal/mol  AS, kcal/mol (x1073)  AG*300, kcal/mol H;P0, —2~ CH,OP(O)H, —2~ CHaoll’(O)Cl-IzCHzCOQCHa <
la 17.99+0.34 —10.9+ 1.2 21.3 5 6
2 12.93+0.34 —-16.9+1.3 18.0 OH 0
3 14.92+0.79 —35.2+24 25.5 CO.CH
14.8 —34.4 25.1 d Xy .
14.1 —34d 24 CH30P(0)(CHoCHoCOoCHjg)y — —_— -
4 15.14+ 0.35 -30.3+1.1 24.2 7 R K
143+ 0.5° —35.2 24.9 O OCH;4 O OCHg
15.8 —26.8 23.8 8 9
— CH, CH,0H CH,0H
2The error ranges are the standard deviatiéig. 300 K. ¢ Refer-
ence 26 (in HO). 4 Reference 29b (recalculated values from the data g h
in ref 26). ¢ Reference 26 (in 50% EtOHAD). ' Reference 27 (in 83.3% * 2
DMSO). )¢ R K
/7 G G
O OCH,4 O OCH, 0 OH
Table 4. Acceleration Factofsand Differencesin Enthalpies of 10 11 12
S : . =T .
ég:glrztlon (AAH*) and Entropies of ActivationAAS) for Pairs of a Conditions: (a) HC(OMe) (b) H,C=CHCOMe, i-PLNEE; (c)
H,C=CHCO;Me, MeONa; (d)t-AmONa, benzene; (e) 0.01 M HCI;
pairs of esters kéﬁ/ﬁ:’ol (f) PhsP=CHy; (g) BHa"THF, then NaOH/HO,; (h) DCC/DMAP, THF.
faster” “slower acceleration AAH*, kcal/mol  (x1079) 59.2 ppm, and the following®C NMR signals: 6 20.34 (d, CHP,
2 la 2044 20 —5.06+0.68 —6.0+25 1)(CP) = 81.7 Hz), 24.87 (dCH.CP, 2)(CP) = 5.9 Hz), 25.87 (d,
4 3 8.18+ 0.90 +0.22+ 1.1 +4.9+£35 CCCP,3J(CCCP)= 49.0 Hz), 78.26 (d, COP,2J(CP) = 6.0 Hz).
2 4 (321+29)x 10303 —221+069 +13.4+24 After injection of a solution of 0.6025 M NaOH inZ (0.30 mL, 1.1
1a 3 (1.29+0.15)x L +31+11 +24.3+ 3.6 equiv), the following spectral data for the Na saltl@were observed.
aThe error ranges are the standard deviations. %P NMR: 6 40.62. **C NMR: 6 25.97 (d,CH,CP, 2)(CP) = 4.8

Hz), 27.07 (d,CH.P, 2J(CP) = 86.5 Hz), 39.20 (dCCCP,3)(CCCP)

first with the spectral parameters used in the kinetic studies (pulse width, = -4 H2), 65.65 (SCHOH). No other signals were detected in these
15 us; relaxation delay, 0.5 s) for at least three different numbers of SPectra. )

transients (between 50 and 200 fa between 100 and 600 f&rand Crystal Structure Analysis of 2. Crystals of2 were grown from

4). Then,3P NMR spectra were observed for the same sample using & dichloromethane solution layered with hexane. Some difficulty was

a 90 pulse and relaxation delays (70 s frand3 and 52 s fod) for encountered in finding a single crystal which yielded accurate cell
at least three different numbers of transients (between 10 and 40 for CONstants, apparently because of a large mosaic spread. All nine non-

1a, between 30 and 300 f@&and4). The sequence was completed by hydrogen atoms were located by direct methidds_\ll of the expec_ted
once again recording spectra with parameters used in the kinetic hydrogen atoms were located in subsequent difference Fourier maps

measurements (as in the first step). This sequence allowed us to@nd were refined with isotropic thermal parameters. One of the

calculate at least six different values of a given correction factor by Nydrogen atoms would not refine with a reasonable thermal parameter

dividing the ester-to-Na salt molar ratios obtained from spectra under In full-matrix least squares cycles. A check efobs) versus=(calc)

full relaxation by those ratios found from spectra in which short delays "évealed two reflections (indices 750 and 910) for whgebs) —

had to be applied. This three-step sequence was repeated. fbrl F(calc) was greater than &(F). Upon exclusion of these reflections

and 2:1 molar ratios of ester to Na salt, thus bringing the number of Tom the final least squares cycles, all of the hydrogen atoms refined

correction factor values to at least 18. Mean values and standardSatisfactorily. ~Refinement was carried out using the SHELX-76

deviations were then calculated (Table 2). programs. All calculations were performed on a Digital Equipment
Data Analysis. Pseudo-first-order rate constants at the same base Corp. MicroVAX Il computer using the CAD4-SDP package.

concentration and the Arrhenius parameters were calculated by least-
squares analysis. Enthalpies and entropies of activation were
calculated at 304 K in the normal manner using standard Eyring theory. Synthesis of 2. The synthesis 02 was accomplished in an
Pertinent data with their standard deviations are collected in Tables 3 gijght-step sequence (Scheme 1) starting frafR®.° Sequen-
and 4. tial Michael-type additions of the-PH subunits in5 and6 to

N "(')y:@lsgié 8{722With)NaliO.H. in agg-(g'gg/ a ;3'9‘E“Sfl’f87-32) M methyl acrylate followed by a Dieckmann cyclizationfogave
aOH in .2 mg) containing 0, Aldrich, 5.6 MY) I ang| 88 which after decarboxylation in dilute adfdafforded
a 5 mm NMR tube was adde?l(28.5 mg, 0.195 mmol). Afte2 h at ' y
room temperature, the clear solution was diluted witO§0.6 mL) (14) (a) SHELXS-86, G. M. Sheldrick, Institutfénorganische Chemie
and its3P NMR spectrum was recorded. Two signals at 40.620 ( der Universita, Gottingen, FRG. (b) Sheldrick, G. M. I@omputing in

; . ; Crystallography Schenk, H., Olthof-Hazekamp, R., Van Koningsveld, H.,
OP%0) and 40.582f0OP0) ppm in a 49:51 ratio were observed. Bassi, G. .. Eds.. Delft University: Delft. 1978,

Product Analysis of Hydrolysis of 2. A solution of 2 (24.0 mg, (15) Enraf-Nonius: Delft, Holland. Neutral atom scattering factors and
0.164 mmol) in RO (0.5 mL) showed a singfP NMR resonance at  anomalous scattering corrections were taken fronrternational Tables
for X-ray CrystallographyThe Kynoch Press: Birmingham, England, 1974;

(13) Margerison, D. IrComprehensie Chemical KineticsBamford, C. Vol. IV.

H., Tipper, C. F. H., Eds.; Elsevier Publishing Co.: New York, 1969; Vol. (16) Gallagher, M. J.; Honegger, H.; Sussmarfustr. J. Chem1982
1, pp 3606-406. 35, 363.
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2-methoxy-2-oxo-4-phosphorinanor® (n 29% overall yield.
We found this procedure superior to the one which involved
the purification of6, 7, and8 after each step. The3!P and!3C
NMR spectra of crudé revealed the presence ©fand crude

7 contained up to 109. Although basic catalysts selected by
Gallaghef for the stepwise addition to methyl acrylate worked
quite well in the presence of ethyldiisopropylamine, saimeas
formed in the first step as shown P NMR spectroscopy,

“Wewski and Verkade

unexpected that basic hydrolysis dfvould occurvia nucleo-
philic attack at the &O—P carbon atom?3 this possibility was
tested by carrying out the hydrolysis ®fwith a Nal8OH/D,O
solution and recording th&P NMR spectrum of the reaction
mixture. As expected on the basis of th&/80 isotope
effect?* two 3P signals separated by 0.038 ppm were observed,
thus clearly indicating exclusive nucleophilic attack at phos-
phorus for this compound. Furthermore, comparisons of the

and sodium methoxide was a strong enough base to promote'3C NMR spectra of taken in O and chlorofornmd solutions

the cyclization of7 to 8 even at room temperature, as was also
shown by3'P NMR spectroscopy.

The Wittig reaction of methylenetriphenylphosphoréreth
ketone9 gave 1-methoxy-4-methylene-1-oxophosphorindi® (
in 66% yield. Hydroboration o010 followed by oxidatioA” led
to two products which were identified as a 1:1 mixturecd
trans-4-(hydroxymethyl)-1-methoxy-1-oxophosphorinadé)(
and 4-(hydroxymethyl)-1-hydroxy-1-oxophosphorinatg)(

Several attempts to cyclizel in the presence of acidic or
basic catalysts failed. However, when crddavas treated with
DCC/DMAP!8 for 9 h under reflux, the cyclization occurred
and 2 was isolated in 64% yield. We also observed fairly
efficient cyclization to2 when12 was warmedn vacua

The structure o2 was substantiated By, 13C, and®lP NMR
spectroscopies. Whereas thé NMR spectrum was straight-
forward, the3C NMR spectrum displayed some intriguing
features. The signal for C-3 was fouad. 11.5 ppm downfield
of chemical shifts of the analogous carbons ¢OH) in the
monocyclic isomeric estefisl. Furthermore, the methine carbon
in 2 resonated 13 ppm upfield compared with thatlih and
revealed a very large three-bond coupling (47.6 Hz) to

with the 3C NMR spectra of12 formed in the alkaline
hydrolysis of2 in D,O indicated tha® is indeed the starting
material and that the Na salt @ is the product in our kinetic
studies.

Kinetics. Kinetic studies by NMR spectroscopy can be
properly conducted only when ratios of reacting species can be
extracted quantitatively from the peak areas. This is particularly
important because of the relatively lofig relaxation times of
the31P nucleus in our case. In order to measure ratios of esters
1a, 2, 3, and4 to their respective monosodium saltsBp NMR
spectroscopy in a quantitative manner, measuremerii d;
relaxation times were required (Table 2).

Because an acceleration factor for the basic hydrolysis of the
pair of estersd and3 was established previousiyye attempted
to follow the basic hydrolysis oR and 4 under the same
conditions (1,4-dioxane/ D, 60:40, v/v, at 304 K) and to use
3P NMR spectroscopy as we did earlier. This attempt failed
in the case oR because only a single resonance at 38.51 ppm
for the sodium salt ofLl2 was found afterca. 2 min, and no
other signals emerged within the next few hours. When 1/2
equiv of base was used at room temperature, signals at 54.98

phosphprus. .The latter phenomenon has its precedentin bicyclicgng 38.51 ppm, assigned to bicycicand the sodium salt of
phosphine oxides such as 1-oxo-1-phosphabicyclo[2.2.1]heptane 5 respectively, were observed. With this amount of base, we

13 and 1-oxo-1-phosphabicyclo[2.2.2]octariel) for which

(o]

1, 1

3J(CCCP) values of 63 and 47 Hz, respectively, were obseifed.
Finally, comparison of thé&'P NMR spectra o1 and2 showed
an upfield shift byca. 7 ppm for the bicyclic compound. Similar
shielding of the phosphorus atom was observed earlietdor
(0(3%P) —7.97¥° compared with triethyl phosphate)(fP)
—1.0)21 Significant upfield shifts of C-4 in thé3C and P in
the 3P NMR spectra of compared witHL1 may be caused by
the relatively close proximity of these nuclei Za It may be
that the value ofJ(C-4, P) in2 is solely a result of multipath
coupling?® but through-space spin interactions cannot be ruled
out.

Mechanism of Hydrolysis in Strong Alkali and Product
Identification. Nucleophilic attack of hydroxide ion at the
phosphorus atom during hydrolysis bd and3 was confirmed
by Gorensteiret al# by comparing rates of hydrolysis of these
esters and their thiono counterparts. Usiki§-enriched
water, Haake and co-workéfshowed that basic hydrolysis of
4 involves exclusive attack at phosphorus. Although it is

(17) Brown, H. C.; Snyder, C.; Subba Rao, B. C.; Zweifel, G.
Tetrahedron1986 42, 5505.

(18) Karanewsky, D. S.; Badia, M. Cetrahedron Lett1986 27, 1751.

(19) Wetzel, R. B.; Kenyon, G. LJ. Am. Chem. Sod.974 96, 5189.

(20) Verkade, J. G.; King, R. Winorg. Chem.1962 1, 948.

(21) Mark, V.; Dungan, C.; Crutchfield, M.; Van Wazer, Topics in
Phosphorus Chemistrynterscience: 1967; New York, Vol. 5, p 332.

(22) Cook, R. D.; Diebert, C. E.; Schwartz, W.; Turley, P. C.; Haake, P.
J. Am. Chem. S0d.973 95, 8088.

were able to follow the kinetics of hydrolysis @fat 1 °C for

1 h, at which point the base was exhausted. Unfortunately, the
data obtained did not follow the second-order kinetics equation
expected for this compound, which was based on the kinetic
results obtained for its acyclic counterpdr®>—27 It became
obvious that, under pseudo-first-order conditions, the basic
hydrolysis of2 is a fast process which at room temperature takes
less than 1 min for completion.

Because kinetic studies 8frequired rate data at temperatures
below 0 °C, dioxane had to be replaced by another organic
solvent; 1,2-dimethoxyethane (DME) was chosen. However,
the same ratio of BD to DME, as well as the base and ester
concentrations, was maintained as reported edrlierall our
measurements the reactions followed good first-order kinetics
over 2 half-lives. Thus, Ik = f(t) is a straight line with a
regression coefficient = 0.999. For compound$a and 2,
the kinetic runs were repeated twice, and the calculated rate
constants agreed within less th&%% for 1a and within less
than £2% for 2. In a separaté’ NMR experiment, it was
demonstrated tha2 is not hydrolyzed by a small excess of
glacial acetic acid. Thus, th&P signal of2 at 54.76 ppm
remained when a solution containing acid-quenched aqueous
base, dioxane, anl was subjected té'P NMR observation
under the same conditions as in the kinetics experiments. For
compound a single series of experiments at five temperatures
over a 20°C range was obtained. The correlation coefficient
for the Ink vs 1/T relationship was found to be 0.9994, and the

(23) Cox, J. R., Jr.; Ramsay, O. Bhem. Re. 1964 64, 317.

(24) Cullis, P. M. In Phosphorus-31 NMR Spectral Properties in
Compound Characterization and Structural Analy§siin, L. D., Verkade,
J. G., Eds.; VCH Publishers: New York, 1994; p 315.

(25) Larsson, L.; Wallerberg, GActa Chem. Scand.966 20, 1247.

(26) Aksnes, G.; Bergesen, cta Chem. Scand.966 20, 2508.

(27) Yuan, C.; Li, S.; Liao, XJ. Phys. Org. Cheml99Q 3, 48.
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calculated activation parametek$i* andAS (Table 3) based

on these data are in good agreement with literature vaffés.
Because of this good agreement, only a single series of kinetic
runs was conducted f@.

Comparison of the rate constants extrapolated to 304 K (Table
1) for 2 and4 shows that hydrolysis of the bicyclic phosphinate
2is 32 x 1C® times faster than that of its acyclic counterpért
while the rate enhancement for the bicyclic triestarelative
to acyclic3is only 1.3x 1C%. Although significant errors can
be introduced through extrapolation, there is no doubt that the
basic hydrolysis acceleration for the phosphinate P/diis more

than an order of magnitude greater than that for the phosphate

pair1a/3. Assuming that this type of acceleration is associated
mainly with stereoelectronic effectshe present data suggest
that such influences are absent in the base hydrolysis.of
more definitive test for the nonexistence of stereoelectronic
effects in the hydrolysis of the phosphates investigated here
requires a discussion of activation parameters.

Mechanistic and Structural Considerations. The experi-

J. Am. Chem. Soc., Vol. 118, No. 42, 18983

O

Figure 1. Molecular structure o2 (PO,CgH11, fw 146.13,P2,2:2;,
colorlessa = 10.147(3) Ao = 10.400(2) A,c = 6.425(2) A,z = 4,

mental enthalpies and entropies of activation for the compoundsR« = 0.0465, GOF= 1.68). Ellipsoids are drawn at the 50% probability

studied here are collected in Table 3, and the differences in

level.

these parameters for pairs of esters are given in Table 4 along _ )
with their hydrolysis accelerations. Before addressing the compared to the PO bonds inla (1.58 A) is apparently

relative rates of the bicyclic estetsa and2 and of the acyclic
esters3 and4, we address first the acceleration of the hydrolysis
of bicyclic 1aover its acyclic analogug and of bicyclic2 over

its acyclic counterpard.

Recent calculations at the HF/3-2G(d,d) and MP2/6-
31+G* levels’® for (MeO)P(O)OH and its cyclic analogue
(CHO),P(O)OH revealed that although the strain in the ground
state of the latter molecule postulated eatfisvas confirmed

to exist, it did not contribute to the rate acceleration of the cyclic -

over the acyclic ester. Moreover, these calculations showed
that AH* and AG* for formation of both trigonal bipyramidal
(TBP) transition states (TS) were only negligibly different. It
was also found that the destabilization of the cyclic TS that

compensated by a decrease of thed#6)—C(5) and P-C(7)—
C(8) bond angles i@ to ca. 109 from ca. 115 for the P-O—C
angles inla, and an increase of the CE(8)—C(9) and C(6)-
C(5)—C(4) angles tca. 113 in 2 vs 108.7 for the O-C—-C
angles inla. At the site of cleavage i2, the P-O(2) bond
length and the PO(2)—C(3) angle have almost the same values
as their respective counterpartslia  Although the O(2)-C(3)
bond in2 is shorter (1.47 A) compared with the-@ bonds in

la (1.53-1.56 A), the former value was previously observed
in 1,3,2-dioxaphosphorinanés. Thus, we do not expect a
significant influence of strain arising from bond angle distortions
in 1aor 2.

Upon attack ofLla or 2 by an OH" to form a five-coordinate

must then be compensating for the ground-state destabilizationTS, the XPX angle that becomes thg;XP—Xeqangle increases

caused by strain stems from the impossibility of the cyclic TS
to achieve the most favored conformation adopted by the acyclic
TS. It was concluded from further calculations the@* for
the cyclic phosphate ester was more greatly lowered by solvation
effects thanAG* for the acyclic analogue, thus accounting for
the rate acceleration of the former over the latter molecule.
Because of the presence of six-membered rindsaiand 2,
ground-state strain in these bicyclic molecules is likely to be
considerably less than in the five-membered ring {OHP-
(O)OH discussed above. Indeed, compared with acfche
and monocycligd3*analogues, no significant distortions of the
O—P-C and C-P—-C bond angles are observed ®(Figure

from ca. 103 to about 120 and the OPX angle that becomes
the Qu—P—Xeq angle decreases from 1030 about 90.
Examination of molecular models reveals that a dominant effect
of these changes is to increase theR,—C angle beyond 175
while other interactions already present in the bicyclic frame-
work remain about the same. Although the degree to which a
1-phosphabicyclo[2.2.2]octane skeleton can accommodate bond
angle changes while adopting a TBP structure is yet to be
established, we suggest that the transition state in the hydrolysis
of laand2 is a strained trigonal bipyramid whose conformation

is even more unfavorable than that adopted by AQ}P(O)-

OH .28 This may be particularly true for the TS &fin which

1). Morevoer, there are no unexpected differences between thehere are four pairs of synperiplanar- interactions arising

structural metrics foR and1a.3> In the phosphorinane ring of
2, lengthening of the PC(6) and P-C(7) bonds (1.78 A)

(28) (a) Dejaegere, A.; Karplus, M. Am. Chem. S04993 115 5316.
(b) Dejaegere, A.; Liang, X.; Karplus, M. Chem. Soc., Faraday Trans.
1994 90, 1763.

(29) (a) Westheimer, F. HAcc. Chem. Red968 1, 70. (b) Kluger, R.;
Taylor, S. D.J. Am. Chem. S0d.99Q 112, 6669.

(30) Giordano, F.; Ripamonti, AActa Crystallogr.1967, 22, 678.

(31) Schomburg, D.; Stelzer, O.; Weferling, N.; Schmutzler, R.; Sheld-
rick, W. S.Chem. Ber198Q 113 1566.

(32) Herceg, M.; Bronzan-Planinic, P.; Meider, H.; Matkovic, B.
Polyhedron1986 5, 2013.

(33) Yamamoto, H.; Yamamoto, K.; Inokawa, S.; LugerCRrbohydr.
Res.1983 113 31.

(34) Inokawa, S.; Yamamoto, K.; Kawamoto, H.; Yamamoto, H.;
Yamashita, M.; Luger, PCarbohydr. Res1982 106, 31.

(35) Nimrod, D. M.; Fitzwater, D. R.; Verkade, J. G.Am. Chem. Soc.
1968 90, 2780.

from adjacent Ch—CH; units, plus four syn-1,3 HH interac-
tions. By contrast there are no synperiplanar hydrogers,in
and only three syn-1,3 HH interactions are present. Com-
pensating for the HH interactions ir2, however, are the lower
energies observed for trigonal bipyramids having two equatorial
C atoms than for comparable trigonal bipyramids containing
two equatorial O atom® A schematic enthalpy diagram for
the hydrolyses ofla and2 is given in Figure 2. In this figure
the assumption that the initial energy states Xfarand 2 are
very close is based on a lack of evidence of strain within either
bicyclic framework. The close proximity of the energy states
for the hydrolysis products is based on the assumption that the
six-membered rings are strain free. It seems likely then that

(36) Patois, C.; Ricard, L.; Savignac, P.Chem. Soc., Perkin Trans. 1
199Q 1577.
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Figure 2. Schematic enthalpy diagram for the hydrolysis of bicyclic
phosphatela and phosphinat@.

“Wewski and Verkade

interaction. Moreover, the rates of their acyclic counterp@rts
and4 are quite comparable. Perhaps the lower enthalpy required
to achieve the five-coordinate TS fda over 2 is dominated

by the observation that two equatorial carbons in the T3 of
give rise to a lower energy than two oxygen atoms occupying
these position?

Conclusions. The approximately 200-fold observed rate
enhancement in the basic hydrolysis of bicyclic phosphi@ate
over bicyclic phosphatia is entirely enthalpic. This result is
interpreted in terms of a lack of a stereoelectronic effect in the
hydrolysis of six-membered ring phosphates. Thé-fb@l
accelerations in the hydrolyses of bicyclic esters over their
acyclic counterparts appear to be largely due to solvation effects.
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From the values oAH* and AG* in Table 3 it is seen that
AG for the hydrolysis ofla is more negative than fd, and

that these reactions are dominated by the enthalpy of activation

term. While it may be thahG*sy, lowers the overalAG* for
2 more than forla, it is not clear why this should be so,
particularly becaus® contains fewer polar linkages for solvent
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