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Abstract: Intramolecular displacement reactions at phosphorus have been examined in a series of N-alkyl-O-(arylphenylphos-
phoryl)ethanolamines in 45% dioxane-water (v/v) at 35 °C. The examination of the pH-rate profiles, the detection of external
buffer catalysis, and the observation of deuterium solvent effects reveal the concurrent operation of three types of P-O bond
cleavage mechanisms: electrostatic catalysis by the protonated ammonium moiety of external nucleophilic attack by buffer
bases at phosphorus, general-base-catalyzed intramolecular nucleophilic attack by the amino function to form the cyclic phos-
phoramidate, and intramolecular amine-assisted water displacement of the substituted phenol. The assignment of electrostatic
rather than general acid catalysis as the role of the ammonium moiety derives from the identity in rate coefficients for nucleo-
philic attack by buffer species on the cationic trintethylammonium and protonated ammonium triesters. For nucleophilic fluo-
ride attack in 85% dioxane-water this leads to a rate acceleration of ca. 103 relative to a triester possessing no intramolecular
ammonium moiety. Structure-reactivity correlations for the electrostatic process yield values of 3, dependent on the pK, of
the nucleophile inferring a coupled transition state. A Brgnsted plot for the general-base-catalyzed cyclization reaction yields
a value of 6gb ~ (.8 for a series of general base catalysts (pK, > 7). Since proton removal from a putative pentacovalent inter-
mediate would be thermodynamically favorable (8gp =~ 0), the data collectively support either a concerted mechanism for the
cyclization process apparently bypassing the formation of a pentacovalent intermediate with a discrete lifetime or a mechanism
involving hydrogen-bonding stabilization of the rate-determining decomposition of the intermediate providing that this is fast-

er than the diffusion away of the catalyst. In either case the lifetime of the pentacovalent intermediate is <1072 s,

Introduction

The involvement of neighboring groups in phosphate ester
hydrolysis may provide models for biological phosphoryl
transfer reactions.! Neighboring group catalyses by carboxyl,?
hydroxyl,? and amide* functions have been shown to involve
two basic types of mechanisms: general acid catalysis of
leaving-group expulsion for monoesters via the metaphosphate
species, and nucleophilic attack on phosphorus involving the
formation of five- or six-membered rings for di- and tries-
ters.

The present study was initiated in order to study the effect
of an amino group as a catalyst for phosphoryl transfer. Al-
though previous investigations have implicated participation
by the amine function as both a potential nucleophilic’ and
electrophilic® catalyst, our intention was to establish the rel-
ative importance of these catalytic modes and to elucidate the
associated probable transition state structures. The results
presented demonstrate that, in an intramolecular system, the
amino function can act in at least three modes, as a nucleophile,
a general base, or an electrostatic catalyst. For all modes
structure-reactivity correlations derived by changing amine,
buffer, and leaving-group acidities do not support stepwise
mechanisms involving pentacovalent species with lifetimes
>10712 s despite in one case the formation of cyclic five-
membered-ring products.

Experimental Section

Melting points were taken on a Fisher-Johns apparatus and are
uncorrected. Microanalyses were performed by either Midwest Mi-
crolab, Ltd., Indianapolis, Ind., or M-H-W Laboratories, Phoenix,
Ariz. Infrared spectra were obtained on either a Perkin-Elmer Model
267 or 735 and were calibrated with polystyrene film. 'H NMR
spectra were recorded on a Varian Associates A-60 instrument and
chemical shifts (0) are reporied relative to either tetramethylsilane
or DSS. 3P NMR measurements were taken on a JEOL PS-100-FT
spectrometer at 40.29 MHz. 3'P NMR spectra involving an isotope
shift due to 180 were recorded at 145.7 MHz on a Bruker WH360.
Mass spectra (70 eV) were measured on an MS-902 AE| spectrometer
and chemical ionization mass spectra were taken on a Scientific Re-
search Instrument Corp. Biospect instrumeni at 1 Torr using a solids
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probe and methane as the reagent gas. Ultraviolet spectra were taken
ona Cary |18 instrument. Column chromatography was conducted
using a 1.5 X 125 cm column packed with silica gel (Woelm,
0.032-0.063 mm) pressurized to 50 psi and eluting with chloroform.
Thin Jayer chromatography was performed on Eastman chromogram
silica sheets.

Materials. Boiled, doubly distilled, deionized water was used
throughout. p-Dioxane was purified by the method of Fieser” and
stored frozen under nitrogen prior to use. All chemicals and solvents
were commercially available reagent grade materials and were gen-
erally either distilled or recrystallized. Inorganic salts, acetic acid, and
formic acid were analytical reagent grade and were used without
further purification. Other carboxylic acids and amines employed as
buffers were freshly distilled or recrystallized before use.

p-Nitropheny! Phenyl Phosphorochloridate. The procedure of
Bromilow et al.2® was repeated using 13.6 g (0.084 mol) of sodium
p-nitrophenoxide and 20.2 g (0.096 mol) of phenyl phosphorodi-
chloridale (Aldrich) in 250 mL of dry benzene at reflux for 4 h. After
filtration of the sodium chloride and removal of the benzene, distil-
lation at 170-174 °C (0.06 mmHg) afforded a yellow oil which so-
lidified with scratching to yield 10.5 g (40%) of the desired product,
mp 78 °C (lit.2> 78-79 °C) from Et>,O-petroleum ether. IR (KBr):
1470 m, 1290 m, 1150's, 930 mcm™".

m-Nitrophenyl Phenyl Phosphorochloridate. A mixture of 20.0 g
(0.144 mol) of m-nitrophenol, 30.4 g (0.144 mol) of phenyl phos-
phorodichloridate, and 0.3 g of dry sodium chloride was heated in an
oil bath at 190 °C for 6 h. Distillation at 205 °C (0.5 mmHg) (lit.2b
173-175 °C, 0.3 mmHg) afforded 24.2 g (54%) of a yellow oil which
would not crystallize. IR (neat): 1595 w, 1535, 1480 m, 13555, 1310
$,11905,970 s cm™!.

2-Chloro-4-nitrophenyl Phenyl Phosphorochloridate. A mixture
of 4.2 2 (0.024 mol) of 2-chloro-4-nitrophenol, 5.11 g (0.024 mol) of
phenyl phosphorodichloridate, and 50 mg of sodium chloride was
heated in an oil bath at 200 °C for 4 h. The oil solidified upon
scratching to give 3.54 g (42%) of white crystals after washing with
Et;O, mp 132-133 °C. IR (KBr): 1470 m, 1190s,930 s cm™!.

p-Nitrophenyl Phenyl Hydrogen Phosphate (7a). This was prepared
by the method of Dilaris and Eliopoulos® to give a 56% yield of off-
white crystals: mp 99 °C (benzene) (lit. 101-102,% 98-100 °C5¢); 31P
NMR (45% dioxane-H»O) ~11.7 ppm s.

N-(2-Hydroxyethyl)-2,2,2-trifluoroacetamide. Ethyl trifluo-
roacetate (56.8 g, 0.4 mol) (Aldrich) in 50 mL of chloroform was
added dropwise to a stirred solution of 24.4 g (0.4 mol) of ethanol-
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amine (Aldrich) in 50 mL of chloroform. The solution was stirred at
room temperature for 5 h, rotary evaporated to remove the solvent,
and distilled at 115 °C (4.3 mmHg) to give 58.5 g (93%) of oil that
crystallized upon scratching: mp 34-35 °C (1it.? 36-37 °C); IR (neat)
3300 br, 1705 s, 1565 m, 1170 s, 1060 m ¢cm~™!; CIMS m/e 158
(MH*).

2-(2,2,2-Trifluoroethylamino)ethanol. N-(2-Hydroxyethyl)-
2,2,2-trifluoroacetamide (40 g, 0.25 mol) in 120 mL of Et,0 was
added dropwise to a stirred solution of 20 g (0.526 mol) of lithium
aluminum hydride in 300 mL of Et;O at 0 °C, The mixture was then
refluxed for 2 h and cooled, and excess lithium aluminum hydride was
destroyed by careful addition of 20 mL of H»O, 20 mL of 15% NaOH,
and 60 mL of H,O. The precipitated salts were filtered and the filtrate
was evaporated to give an oil which was distilled at 85 °C at water
aspirator pressure to afford 26 g (71%) of clear liquid: '"H NMR
(CDCl3) 6 2.79 (t, 2, J = 5 Hz, CH,N), 3.22 (g, 2, J = 9 Hz,
CH,CF3), 3.64 (t, 2,J = 5 Hz, CH,0); IR (CHCl3) 3600 w, 3320
br, 1650 m, 1250's, 1150, 1050 s cm™!; CIMS m/e 144 (MH™).

N-Ethyl- N-(o-nitrophenylsulfenyl)ethanolamine. To a cold, stirred
solution of 3.51 g (0.0394 mol) of 2-(ethylamino)ethanol (Aldrich)
in 50 mL of CH>Cl; was added 3.75 g (0.0197 mol) of o-nitrophen-
ylsulfenyl chloride (Aldrich) in 50 mL of CH,Cl; over 20 min. The
solution was stirred for 2 h at room temperature, then washed with
H>0, | N HCI, and H,O to neutrality. The organic layer was dried
over anhydrous MgSOy, filtered, and rotary evaporated to give 4.88
g of an orange oil, which crystallized upon standing. Recrystallization
from benzene-hexane gave 4.0 g of orange needles (84%): mp 45-46
°C; MS mje 242 (M*), 211; 154; Ry (CHCl3) 0.36.

N-(o-Nitrophenylsulfenyl)- N-(2,2,2-trifluoroethyl)ethanolamine.
This was prepared as above in 70% yield: mp 66-67 °C (benzene-
hexane); 'H NMR (CDCl3) 6 2.20 (s, 1, OH), 3.35 (t, 2, J = 5 Hz,
CH>N), 3.75(q, 2,J = 9 Hz, CH,CF}3), 3.83 (1, 2, J = 5 Hz, CH,0),
7.0-8.3 (m, 4, aromatic H); MS m/e 296 (M*); Ry (CHCl3) 0.37.

Dissymmetric Alkyl Diaryl Phosphotriesters. These were prepared
from the dissymmetric diaryl phosphorochloridate and the alcohol
in dry pyridine (freshly distilled from BaO, then CaH,). A typical
procedure was to slowly add 5 mmol of the dissymmetric phospho-
rochloridate to an ice bath cooled, stirred solution of 5 mmol of the
alcohol in 10 mL of dry pyridine. After a few minutes, pyridinium
hydrochloride would usually precipitate out of the solution. Stirring
was continued at room temperature overnight. The mixture was taken
up in 20 mL of Et;0 and 20 mL of H,O. The aqueous layer was sep-
arated and extracted three times with 10 mL of Et,O and the com-
bined organic extracts were washed with 2 N HCIl and H,O to neu-
trality, dried (MgSQ,), and concentrated to an oil. If TLC of the oil
showed a mixture of compounds, then the oil was chromatographed
on silica using CHCl; as the eluent.

Ethyl p-Nitrophenyl Phenyl Phosphate (10): white needles (84%);
mp 46-47 °C (ether-pentane); '"H NMR (CCly) 6 1.40 (t,3,J =7
Hz, CH3), 4.37 (m, 2, CH>), 7.35 (m, 7, aromatic H), 8.31 (d, 2, H
ortho to NO3): 3P NMR (CDCl3) =13.1s; UV (H20) Apax 272 nm
(€ 9415).

N-Ethyl- N-(o-nitrophenylsulfenyl)- O-( p-nitrophenylphenylphos-
phoryl)ethanolamine: orange oil (85%).

N-Ethyl- N-(o-nitrophenylsulfenyl)- O-(m-nitrophenylphenylphos-
phoryl)ethanolamine: orange oil (90%); IR (neat) 1520s, 1370 s, 1300
5,970 scm™!; Ry (CH3CN) 0.62.

N-Ethyl- N~(o-nitrophenylsulfenyl} O-(2-chloro-4-nitrophenylphen-
ylphosphoryl)ethanolamine: orange oil (88%); IR (CHCl3) 1600 w,
15205, 1350, 1310w, 12105, 1040 w cm™!; Ry (CHCl3) 0.66.

N-(o- Nitrophenylsulfenyl} N-(2,2,2-trifluoroethyl}- O-(p-nitrophen-
ylphenylphosphorylyethanolamine: orange oil (95%); 'H NMR
(CDCl3) 6 3.3-3.9 (m, 4, CH,NCH>), 4.42 (m, 2, CH,0), 7.0-7.6
(m, 11, aromatic H), 8.0 (d, 2, 2 H ortho to NO»); IR (CHClI3) 1590
m, 1520 m, 1490 m, 13405, 1300, 11605s,950s cm™1,

N-Alkyl- O-(arylphenylphosphoryl)ethanolamine Hydrochloride.
These compounds were prepared by bubbling anhydrous HCI through
an ether solution of the corresponding N-protected o-nitrophenyl-
sulfenyl compound. An oil precipitated out after several minutes and
usually crystallized upon standing overnight. The oil was sometimes
triturated with anhydrous HCI-Et,O to induce crystallization. The
compounds could be recrystallized from acetonitrile-ether. Yields
ranged from 60 to 90%.

N-Ethyl-O-(p-nitrophenylphenylphosphoryl)ethanolamine Hy-
drochloride (1a): mp 102-103 °C; 'H NMR (Me;SO-dg) 6 1.17 (4,
3,J =7Hz, CHj), 2.7-3.4 (m, 4, CH,NCH3), 4.67 (m, 2, CH,0),

7.37 (m, 7, aromatic H), 8.33 (d, 2, 2 H ortho to NO;); 3P NMR
(45% dioxane-H»0) —13.3 s; free amine —12.7 s; IR (KBr) 2750 br,
2460 m, 1590, 15255, 1490, 13455, 13005, 11905, 1080 m, 1020
5,955 sem™1; UV (45% dioxane-H20) Amax 268 nm (e 9200).

Anal. Caled for CgH20N,06PCl: C, 47.73; H, 5.01; N, 6.96.
Found: C, 47.37; H, 5.14; N, 6.70.

N-Ethyl- O-(m-nitrophenylphenylphosphoryl)ethanolamine Hy-
drochloride (1b): mp 77 °C; 'H NMR (Me,SO-dg) 6 1.28 (t,3,J =
7 Hz, CH3), 2.8-3.4 (m, 4, CH,NCH>), 4.73 (m, 2, CH»0), 7.51 (s,
5, Ph), 7.99-8.25 (m, 4, aromatic H); 3P NMR (45% dioxane-H>0)
—12.8 s; free amine —12.2 s; IR (KBr) 2740 br, 2460 br, 1590 w, 1530
s, 1350m, 1300s, 11955,970scm™!; UV (45% dioxane-H20) Amax
261 nm.

Anal. Caled for C1gH2oN206PCl: C, 47.73; H, 5.01; N, 6.96.
Found: C,47.61; H, 4.76; N, 6.91.

N-Ethyl- O-(2-chloro-4-nitropheny!pheny!phosphoryljethanolamine
Hydrochloride (1c): mp 101-102 °C; 3'P NMR (45% dioxane-H»0)
—13.8s; freeamine —13.2s; IR (KBr) 2780 br, 2460 w, 1590 w, 1530
m, 14805, 13505, 1200s,960scm™!; UV (45% dioxane- H,0) Anax
266 nm.

Anal. Caled for C1¢H sN2OgPCla: C, 43.95; H, 4.38; N, 6.41.
Found: C, 44.10; H, 4.59; N, 6.50.

N-(2,2,2-Trifluoroethyl)- O-(p-nitrophenylphenylphosphoryljetha-
nolamine Hydrochloride (3a): mp 82-84 °C; 'H NMR (Me>SO-ds)
03.33(t,2,J =5Hz,CH,N), 392(q, 2,/ = 9.5 Hz, CH,CF3), 4.63
(9.2,J =5 Hz, CH>0), 7.21 (m, 7, aromatic H), 8.25 (d, 2, H ortho
to NO,); 3'P NMR (45% dioxane-H,O) free amine —12.8 s; IR
(KBr) 2700-2300 br, 1585 m, 1510 m, 1475 m, 1340 s, 1160 s
cm~l

Anal. Caled for C¢H7N,OgPCIF;: C, 42.07; H, 3.75; N, 6.13.
Found: C, 41.72; H, 3.94; N, 5.99.

N,N-Dimethyl- O-( p-nitrophenylphenylphosphoryljethanolamine
Hydrochloride (2a). To a solution of 0.73 g (0.0082 mol) of freshly
distilled N,N-dimethylethanolamine (Aldrich) in 10 mL of dry pyr-
idine at 5 °C was added 2.57 g (0.0082 mol) of p-nitrophenyl phenyl
phosphorochloridate. After 5 min the solution solidified and was di-
luted with 50 mL of Et,0 and stirred overnight. The white crystals
were filtered and recrystallized from acetonitrile-ether several times
to give 3.0 g of white crystals (91%); mp 127-128 °C; 'H NMR
(MexSO-de) 6 2.79 (s, 6, CH3), 3.5 (m, 2, CH,N), 4.7 (m, 2, CH,0),
7.3 (m, 7, aromatic H), 8.3 (d, 2, H ortho to NO»); 3'P NMR (45%
dioxane-H,O) free amine ~12.9 s; IR (KBr) 2750-2300 br, 1590 w,
15205, 1480, 13405, 1290 m, 1190 m, 940 w cm™1; UV (45% diox-
ane-H;0) Amayx 270 nm.

Anal. Caled for C¢H2oN2O6PCl: C, 47.73; H, 5.01; N, 6.96.
Found: C, 47.93: H, 5.53; N, 7.04.

N, N-Dimethyl- O-(m-nitrophenylphenylphosphoryljethanolamine
Hydrochloride (2b). This was prepared as above to give white crystals
from acetonitrile-ether in 86% yield: mp 93-94 °C; IH NMR
(Me2SO-dg) 6 2.78 (s, 6, CH3), 3.50 (m, 2, CH,N), 4.75 (m, 2,
CH>0), 7.32 (s, 5, Ph), 7.95 (m, 4, aromatic H): IR (KBr) 2700-2300
br, 1590 w, 15305, 1350 s,13005s,970 s cm™L.

Anal. Caled for C16H2oN206PCl: C, 47.73; H, 5.01; N, 6.96.
Found: C, 47.15; H, 5.32;: N, 7.08.

O-(p-Nitrophenylphenylphosphoryl)choline lodide (4a). The above
procedure was repeated using 0.231 g (0.001 mol) of choline iodide,
1.5 mL of dry pyridine, 0.314 g (0.001 mol) of p-nitrophenyl phenyl
phosphorochloridate, and 5 mL of Et,0. Recrystallization from ac-
etonitrile-ether afforded 0.21 g of pale yellow crystals (42%): mp
127-129 °C; 'H NMR (CH;CN) 6 3.15 (s, 9, CH3), 3.9 (m, 2,
CH;,N), 4.8 (m, 2, CH,0), 7.33 (s, 7, aromatic H), 8.30 (d, 2, H ortho
to NO,); 1P NMR (45% dioxane-H»0) —13.5s; IR (KBr) 1590 w,
1520 m, 14855, 13555, 13005, 1230 w, 1180 m, 9605, 940 s cm™ .

Anal. Caled for C17H,,N,06P1: C, 40.18; H, 4.36; N, 5.51:1,24.97.
Found: C, 39.68; H, 4.42; N, 5.20; 1, 24.75,

3-Ethyl-2-0x0-2-phenoxy-1,3,2-0xazaphospholidine (6, R; = Et).
This was prepared by the method of Brown et al.1% The oil distilled
at 145-147 °C (0.15 mmHg) to give a 47% yield of clear, colorless
product: 'TH NMR (CDCl3) 6 1.22 (t, 3, J = 7.5 Hz, CH3), 3.03 (q,
2,J =7.5Hz, CH,CH3), 3.25 (m, 2, CH2N), 4.12 (m, 2, CH,0), 7.22
(s, 5, Ph); 3'P NMR (45% dioxane-H,0) +17.4 s; IR (CCl4) 2980
m, 2870 m, 1595s, 14855, 1390 m, 12755, 11905, 10205, 925s cm™!;
MS mfe 227 (M*), 134 (M = OPh); UV (H20) Ajax 260 nm.

Anal. Caled for C1oH14NO3P: C, 52.86; H, 6.21; N, 6.17. Found:
C,52.77, H, 6.15: N, 5.93.

N-Ethyl-O-phenylphosphorylethanolamine (5, Ry = Et; Rz = H).
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This was prepared by hydrolysis of the cyclic phosphoramidate (6,
R = Et) in aqueous acidic acetonitrile. The solvents were lyophilized
off and the resulting white crystals were recrystallized from
MeOH-Et>0 to give pure white product in 60% yield: mp 197-199
°C; 'H NMR (D;0) 6 1.29(t,3,J = 8 Hz, CH3),3.17 (q, 2,J = 8
Hz, CH,CH3), 3.33 (1, 2, J = 6 Hz, CH,N), 4.28 (¢, 2, J = 6 Hz,
CH;0), 7.43 (s, 5, Ph); 3P NMR (45% dioxane-H,0) —5.2 s; free
amine —4.8 s; IR (KBr) 2980's,2720's, 24905, 1590 w, 1490 w, 1220
s, 10755,10305s,890s, 760 s cm™!; UV (H20) Amax 262 nm.

Anal. Caled for CoH sNO4P: C, 48.98; H, 6.58; N, 5.71. Found:
C, 48.76; H, 6.52; N, 5.50.

The hydrolysis of 6 (R; = Et) was also carried out in H'80 to yield
5(R; = Et; R, = H) containing one '30 bound to the phosphorus. The
physical data were identical with those of the 19O isomer except for
the 3P NMR. The isotopic shift of the 130 on the phosphorus caused
an upfield shift of 4.2 Hz in water at 145.7 MHz relative to the 160
isomer. !

Potassium acetate (76 atom % '30 enrichment) was prepared by
heating 0.157 g (0.0026 mol) of glacial acetic acid in 0.30 mL (0.015
mol) of H,'80 (99.3 atom % enrichment, Isotope Labeling Corp.,
Whippany, N.J.) at 85 °C for 42 h, followed by adjustment of the pH
to 7.3 with KOH and lyophilization. The hygroscopic crystals were
dried at 110 °C.

Analysis of the 130 content was performed by converting a sample
of the anhydrous potassium acetate to methyl acetate with methyl
trifluoromethylsulfonate (Aldrich). The vapor was injected into a
Finnigan GC-MS 3200 instrument employing a 5 ft X 2 mm column
of Poropak N, 80-100 mesh at 175 °C. Integration of the m/e 74, 76,
and 78 peaks gave values of 6.1, 34.4, and 59.5%, respectively, or an
overall enrichment of 76 atom % '30.

Dissociation Constants and pH Measurements. pK, determinations
were performed on a Radiometer TTTIc autotitrator at an ionic
strength of 0.2 (KCl) at 35 °C in a 45% (v/v) dioxane-H>0O medi-
um.!?2 pH measurements were taken with a Radiometer GK2302C
glass electrode at 35 °C and were corrected for medium effects using
the equation pH = B + log Uy where B is the actual pH meter reading
and log Uy = —0.06 as determined in this medium by the method of
Irving and Mahnot.!3 The pK,s of the buffers were determined either
by half-neutralization or potentiometric titration. The dissociation
constant of water at 35 °C in 45% dioxane-water (v/v) is 3.63 X 10716
M2.14 The K, of D,O was calculated to be 5.83 X 10717 M2 by as-
suming that the change in K (D70) from 25 to 35 °C is proportional
to the change in K,,(H>0) from 25 to 35 °C. Measurements in 45%
dioxane-D>0O were calculated from the equation pD = pH meter
reading + 0.29.15 The dissociation constants change in going from
H>0 to D,0 by the empirical equation pK,(D,0) = 1.02 pK,(H,0)
+ 0.41.16 The pK,s of the amino groups of the phosphotriesters and
the buffer species were corrected by this equation with the assumption
that the same effect holds in a 45% dioxane-aqueous medium. pH
measurements in aqueous media were performed at 35 °C in the usual
manner; pK , measurements were again determined by half-neutral-
ization,

Apparatus. A Gilford Model 2000, 220, or 240 spectrophotometer
equipped with a thermostated cuvette holder (£0.1 °C) was used for
kinetic measurements. All pH determinations were made with a Ra-
diometer Model 22 pH meter equipped with a Model PHA 630 Pa
scale expander and a Radiometer GK2302C electrode.

Kinetics. All kinetic experiments were performed in 45% (v/v) di-
oxane-water at 35.0 £ 0.1 °C, u = 0.2 (KClI), unless stated otherwise.
Stock solutions (~1073 M) of the phosphates were prepared in ace-
tonitrile which has been purified by distillation from P,Os and CaH,.
The stock was stored at 5 °C between experiments with no decom-
position detected. Reactions were initiated by the addition of 0.02-0.05
mL of the stock solution to 2 mL of a buffer solution in a cuvette which
had been equilibrated for 15 min in the cell holder. The hydrolysis of
phosphates 1-4 and 10 was monitored for nitrophenol release at either
406 (p-NO,), 404 (m-NO3), or 408 nm (2-C1-4-NO3) in basic me-
dium. The reactions were followed at 320 nm as the nitrophenols be-
came protonated. The hydrolysis of the cyclic phosphoramidate (6,
R} = Et) was followed at 263 nm (~1073 M) in acidic buffers for the
ring-opening reaction and at 287 nm (~4 X 1074 M) in basic media
for the release of phenolate anion. The extinction coefficients at 263
nm are 328 and 556 for compounds 6 (R, = Et) and 5§ (R, = Et; R»
= H), respectively. Reactions were generally followed for at least 3
half-lives and infinity readings taken after 10, except for very slow
reactions, which were followed by the method of initial rates. The pH
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of the medium was measured at 35 °C before and after each kinetic
run; those runs exhibiting pH drift of greater than £0.03 were dis-
carded.

The observed pseudo-first-order rate constants for the hydrolysis
of 1-4, 6 (R; = Et), and 10 were calculated from the slopes of linear
plots of In (OD« ~ ODy) against time. Plots were generally linear to
3 half-lives. Duplicate runs agreed with £3%. The values of k,psq
obtained for 1-3 were found to be composed of two parallel first-order
reactions, one {kPO) being the release of the nitrophenol due to P-O
bond cleavage and the other (kCO) being the release of the nitrophenyl
phenyl phosphate (7) due to C-O bond cleavage. Since both pathways
for the disappearance of the triesters are first order, the fraction of
the reaction proceeding via P-O bond cleavage can be obtained by
determining the amount of the nitrophenol formed (ODyp) and di-
viding by the total amount possible.!” The rate constant for nitrophenol
release is equal to the fraction of P-O bond cleavage times the total
rate; k€O can then be determined by subtracting PO from kgbsd. ODpp
was determined by adding a 1-mL aliquot of the final solution to | mL
of 0.36 M KOH in 45% dioxane-water and reading OD4gg, OD4o4,
or ODugg for p-nitrophenol (€406 20 970), m-nitrophenol (€404 1495),
or 2-chloro-4-nitrophenol (es03 18 700). Extinction coefficients were
all determined from the pure nitrophenol in 45% dioxane-water at
35 °C. Since no other species absorb at 406 nm and p-nitrophenyl
phenyl phosphate was shown to hydrolyze very slowly when subjected
to identical conditions,!® ODp = 20Dy06. (ODnp)iotal Was determined
from the extinction coefficient of the nitrophenol and the initial con-
centration of the triester.

The concentration of buffer species was generally 0.05-0.15 M.
From three to six serially diluted buffer solutions were employed at
each pH. The pH of the serial dilutions agreed within 0.03 pH unit.
The spontaneous hydrolysis for kPO was obtained as the intercept of
a plot of kPO vs. buffer concentration. K€© was independent of buffer
concentration. Second-order buffer-catalyzed rates were determined
from the slopes of kPO vs. buffer concentration. Catalysis by fluoride
was studied using both 0.05 M imidazole and 0.05 M acetate as buffers
at a pH where fluoride exists primarily as F~. Catalysis by acetate or
imidazole was negligible compared with fluoride catalysis. Experi-
ments to detect an acyl phosphate intermediate were performed in a
0.5 M acetate, 0.075 M hydroxylamine, 45% dioxane-water media
at pH 5.2 and monitored by the method of Bruice and Bruno.!® Re-
petitive scans for the hydrolysis in acetate buffers were performed by
a Cary 118 instrument. The solvent isotope effect of 2a and 4a was
determined using 45% dioxane-D>0O (99.7%, Merck Sharpe and
Dohme) at pD 10.55.

Product Analysis. The hydrolysis products were primarily investi-
gated using 3P NMR spectroscopy. The various phosphates were
hydrolyzed under identical conditions with those employed for de-
termining their rates. Between 30 and 70 mg of compound was placed
ina 10-mm NMR tube and 2 mL of buffer solution at 35 °C added.
Buffers employed were acetate, imidazole, 2-methylimidazole, Tris,
triethylamine, cacodylate, ethanolamine, and fluoride. Buffer con-
centrations were all 0.5 M in 45% dioxane-water except fluoride,
which was 0.05 M in either 0.24 M imidazole or 0.2 M acetate. The
pH of the solution was measured before and after the hydrolysis and
the amount of buffer in its free base (or acid) form calculated from
its pK,. The spectrum was recorded by a JEOL PS-100 FT spec-
trometer at a frequency of 40.29 M Hz using 45° pulse and a repetition
rate of 2.2 s. Spectra could be obtained within 20 s in this manner.
Scans were made £25 ppm of 85% H3POy,. A capillary tube filled with
D,O was inserted and used as the heteronuclear lock. Chemical shifts
are referenced to an external standard of 85% H3PO4 with a 5-mm
tube of D70 as the lock; upfield shifts (to the right) are reported as
being negative, in accordance with the new convention.2® For those
experiments where the integration of the peaks is directly proportional
to the amount of compound, the sample was pulsed at 45° using a pulse
rate of 30s. This ensured that the nuclei were relaxed before each pulse
so that the peaks were not saturated.

31IP NMR experiments involving 1a and 4a with '80-acetate and
H>!'80 were run under identical conditions as above on a Bruker
WH360. The phosphate concentration was 10-30 mM and acetate
was ca. 0.4 M (80% free base form) so that the acetate-catalyzed
pathway carried at least 70% of the reaction flux.

I9F NMR experiments were performed on a JEOL PS-100 FT
spectrometer at a frequency of 93.65 MHz, repetition rate of 2's, and
spectrum width of 10 kHz. Values are reported as ¢* where ¢* = ¢r*
+ 65.2! Spectra were taken of solutions in a 5-mm NMR tube after
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Scheme I
Q opn
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PhOPCI, + HOArX = ClP
OArX OPh
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N—SPhNO)
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( +0-NO,Phscl 2,
NH N—SPhNO -0
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0] 0]
OPh
| OFh %
0 P\ — N
( OArX —%-» OArX + 0-NO,PhSCI
N—SPhNO : NH,*CI”
R R
R = Et, CH,CF,
Scheme II phosphorochloridate and N-substituted ethanolamine in dry
0 pyridine.
II/OPh Lyate Species Catalysis. The hydrolyses of the phosphate
/ triesters 1-4 were investigated over the pH range 2-11 in 45%
( Eo>p + (H)0ArX (v/v) dioxane-water at 35 °C (u = 0.2, KCI). A general
NRR, scheme for their hydrolysis is given in Scheme I1. The observed
: pseudo-first-order rate constant kqpsd is the sum of rate con-
PO 5 6 stants for both P-O and C-O bond cleavage processes with the
rate constant for the P-O reaction (kPC) determined by
0 OPh measuring the fraction of (H)OArX produced. All of the tri-
ll,/ esters except 4a have competing pathways with their propor-
0 N\ tions dependent upon pH, buffer concentration, and the nature
( OArX of both the leaving group and the amino function. The data for
NR;R, the hydrolysis reactions involving P-O bond cleavage are
14 consistent with the following rate laws:
0]
co OPh K
k i/ koP© = (knau + ku,0 + konaon) (—'—a‘—‘) (N
“0—P, + N K, +ay
N\ N—R,
OArX K.B
" l kPO=k0P0+kN[B]T( a ( ay
R, KB+ ay/ \Ka + ay
R, R X R, R X B
- - +kalBly [ LK ) )
la Et, H p-NO, %b  Me, Me m-NO, \K.B + an) \K. + an
1b Et, H m-NO, 3a CF,CH,H p-NO,
lc¢ Et, H 2-Cl-4-NO, . where kn, kp,0, and koy are the rate coefficients associated
2a Me,Me n-NO, 4a  NMe,, I” pNO,  with lyate species hydrolysis, K,B is the dissociation constant

128 scans. Samples were 0.05 M in phosphate triester, 0.05 M fluoride,
0.05 M acetate, and 45% dioxane-water containing 15% D,O as the
heteronuclear lock.

'H NMR experiments to determine possible amide formation were
performed ona Varian A-60 instrument. Hydrolyses were carried out
in 5-mm NMR tubes containing 30 mg of compound in a solution of
0.5 M acetate (80% free base form) in 50% Me>SO-d¢-D>O.

Results

Synthesis. A general procedure for the synthesis of the re-
quired dissymmetric 8-aminophosphotriesters is displayed in
Scheme 1. The success of this synthesis stems from the use of
the o-nitrophenylsulfenyl chloride?? to block the amino func-
tion permitting unequivocal formation of the O-phosphorylated
ethanolamine followed by its facile removal under mild acidic
conditions to form the stable ammonium salt. For the synthesis
of the Me;N- and Me;N*-substituted phosphotriesters, pro-
tection of the amino function is not necessary, with the desired
triester formed directly from the respective dissymmetric

for the buffer species, and K, is the dissociation constant for
the amino group in 1-3. The dependence on pH of kPO for
1a is shown in Figure 1. Values of koP© were obtained from
the ordinal intercepts of plots of kPC against total buffer con-
centration (Figures 2 and 3). All rate constants defined in eq
| have been determined using a multiple regression analysis??
and are given in Table I. In the case of 2 the term koy = 0; for
1b and 2b (#-nitrophenol as the leaving group) the term ky
was too small to be accurately measured. For 4a, only the rate
coefficients kp,0 and koy were determined.

The dependence on pH of the competing C-O bond cleavage
process is similar for 1-3 and is illustrated for 2a in Figure 4.
Data for the pH-rate profile is described by the equation

Ky
e @

where kn,0%C is the rate coefficient for amine-assisted C-O
bond cleavage. No buffer catalysis was observed. Values for
k1,00 also are listed in Table I. The fraction of C-O bond

kCO = kHzOCO(
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Table I. Dissociation? and Rate® Constants for the Hydrolysis of Phosphate Triesters 1-4 (45% Dioxane-H,0, T = 35 °C, u = 0.2 (KCl))

pKa pKa ky, kH,0, koH. ki,0%9,
compd amine XArOH M~! min~! min™! M~Tmin~! min~!
la 7.64 7.73 3000 0.0158 6.13 X 104 0.055
1b 7.64 9.10 0.008 0 1.03 X 104 0.041
1c 7.64 6.01 8.0 X 104 0.358 6.25 X 10° 0.135
2a 6.87 7.73 500 0.0210 0.067
2b 6.87 9.10 0.0113 0.063
3a 2.54 7.73 0.026 0.000 15 1200 0.0022
4a 7.73 0.000 05 1600
@ Determined by potentiometric titration.!? Values reported are accurate to £0.05 pK, unit. # Determined by multiple regression anal-
ysis. 23
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Figure 1. Dependence on pH of 1he observed pseudo-first-order rate con:
stants for P-O bond cleavage for the hydrolysis of 1a (@, koF©) extrap- | ] 1
olated 10 zero buffer concentration at 35 °C, 45% dioxane-waler (v/v), 0 0.05 Q.10 0.15

u = 0.2 (KCl). The solid line is calculaled from eq | and the rate conslanis
in Table 1. The pH-rate profile for the hydrolysis of the cyclic phospho-
ramidate 6 (R = Et) under identical condilions is shown for both P-N
bond cleavage (O, k3PN) and exocyclic P-O bond cleavage (A, konP°)
pathways. The solid lines are calculaled from eq 4 and the values reporied
in1he 1ext.

10 [ S S
o k
FRACTION BASE

| | l 1
0 005 0.0 0.5 0.0
CACETATE 1., M

Figure 2. Dependence of the observed pseudo-firsi-order rate constants
for P-O bond cleavage for the hydrolysis of 2a on the concentration of
acetale buffers at four buffer ratios at 35 °C, 45% dioxane-water (v/v),
u# = 0.2 (KCI). The inset shows a plot of k¢ay [=(kPC — koPO)/([B]T
(Ka/(Ky + an)))] vs. the fraction free base form of acetate.

[ETHANOLAMINE I, , M

Figure 3. Dependence of the observed pscudo-firsl-order rate conslanls
for P-O bond cleavage for the hydrolysis of 1a on 1he concentration of
ethanolamine buffers at three buffer ratios a1 35 °C, 45% dioxane-waler
(v/v), & = 0.2 (KCl). The inset shows a plot of k. [=(kPO = koPO)/
([BIT(K./(K, + au)))] vs. the fraction free base form of cthanol-
amine.

cleavage is maximal (0.73, 0.85, and 0.19 for la—c, respec-
tively) at neutral pH (6-8) and approaches zero in both acidic
and basic media.

The pH-rate profile for the hydrolysis of the cyclic phos-
phoramidate 6, where R = Et, is included in Figure 1 and is
described by the rate law

kobsa = kuPNay + konPPaon (4)

At pH <7, hydrolysis is hydronium ion catalyzed with kPN
=973 M~ min~! and proceeds via P-N bond fission to yield
5 (R; = Et; R; = H); at pH >12 hydrolysis results from attack
by hydroxide with koyP° = 1.92 M~! min~! and proceeds via
expulsion of phenoxide to give the monoanionic cyclic phos-
phoramidate 8. No buffer catalysis was detected. Hudson et
al.'% have studied the alkaline hydrolysis (0.01-0.05 M OH™)
of 6 (R; = Me) and have reported a 91% formation of phen-
oxide with the remaining products equally divided between
fission of the cyclic P-N and P-O bonds. In the presence of
0.028 M OH~ and 45% (v/v) dioxane-H,0 at 35 °C, the ob-
served rates of hydrolysis for phenoxide expulsion of 1a-c and
6 (R, = Et) are identical (0.051 £ 0.002 min™!).

Buffer Catalysis. Table Il summarizes the second-order rate
constants, expressed as kn, for nucleophilic attack by the free
form of the buffer on the conjugate acid forms of the triesters
1-3. Values of the slopes of plots of kPO corrected for the mole
fraction amine in the free base form (Figures 2 and 3) were
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Table I1. Experimental Conditions and Rate Constants? for Nucleophilic Buffer Catalysis (kn, M™! min™!) of Phosphate Triester
Hydrolysis®
mole
fraction®
concn4 free base
buffer pK.B¢ range, M form 1a 2a 3a/ 4a 1b 2b 1c
H,02 —1.49" 30.8 2.23 X 2.19 X 2.40 X 1.62 X
10—6 1076 10-64 10—6
487 X 5.95
10-¢ X 10~5
cyanoacetate (CNAc) 3.40 0.05-0.15 0.50-0.75 0.0010 0.001 38 0.038
pyridine (PYR) 4.35 0.05-0.15 0.80 0.0052 0.0020
formate (HCOO™) 4.47 0.08-0.16 0.50 0.0076
methoxyacetate 4,65 0.05-0.15 0.10-0.90 0.0055 0.0081 0.000 28 0.0142 0.0013 0.238
(MAc)
fluoride’ (F™) 4,77/ 0.001 25- 0.91 112 147 3.8 109 29.3 991
0.0025
trifluoroethylamine 520 0.037-0.11 0.80 0.0057 0.0051  0.045
(TFEA)
2,6-lutidine (LUT) 560 0.05-0.15 0.25-0.80 0.0019 0.0031
phenylacetate (PhAc) 570 0.05-0.15 0.80 0.030
acetate (Ac) 578/ 0.05-0.15 0.25-0.80 0.031 0.038 0.001 17 0.034 0.0058 0.0108 0.85
hydroxylamine 590 0.20-0.41 0.20 0.32
(NH,OH)
imidazole (1M) 6.31 0.05-0.15  0.20-0.50 0.020 0.026 0.050 0.0152 0.0176 0.39
N-methylmorpholine 7.00 0.05-0.20 0.50 0.023 0.016
(NMM)
cacodylate (CAC) 7.15  0.05-0.15 0.20-0.50 8.3 17.2 0.086 2.9 1.9
2-methylimidazole 7.23  0.05-0.15  0.25-0.75 0.039
(MIM)
arsenate (ARS) 7.60 0.036- 0.80 24.0 1.4
0.072
Tris 7.87 0.02-0.20 0.25-0.75 0.05 0.0051
ethanolamine (EA) 9.03 0.05-0.15 0.25-0.75 0.11
n-butylamine (BA) 9.84 0.05-0.15 0.75 0.21
hydroxide (OH™) 16.93% 1600

@ Rates are calculated as kn (eq 2). ® In 45% dioxane-water (v/v), u = 0.2 (KCl), T = 35 °C. ¢ Determined by half-neutralization. 4 Total
buffer concentration. ¢ Lower and upper limits of range studied are indicated. / Rate constants for 3a are calculated as & p; however, they represent
k~ terms (see Discussion). & The value of ky obtained from multiple regression analysis of eq 1 is converted to water attack on the protonated
amine by kp,0 = knKa/30.8. # Calculated by dividing the dissociation constant of H3O* by 30.8 M, the concentration of water in 45% diox-
ane-water (v/v). | Rate constants determined in the presence of 0.05 M acetate, pH 5.78. / Determined by potentiometric titration. k Calculated
by dividing the dissociation constant for water, 3.63 X 10716 M2, by 30.8 M.

Table I1I. Experimental Conditions and Rate Constants? for General Base Catalysis (kg, M~! min™!) of Phosphate Triester Hydrolysis®

mole fraction®

buffer pK,B ¢ concn range, M free base form 1a 1c 3a
2-methylimidazole (MIM) 7.23 0.05-0.15 0.25-0.75 0.033
diethanolamine (DE) 8.61 0.05-0.15 0.25-0.75 0.205
ethanolamine (EA) 9.03 0.05-0.15 0.20-0.80 0.86 30 0.194
n-butylamine (BA) 9.84 0.05-0.15 0.25-0.75 3.80 1.0
hydroxide/ (OH™) 16.93 61300 6.25 X 10° 1200

@ Rates are reported as the free base from the buffer catalyzing the free base form of the phosphotriester. ? Ionic strength maintained at
0.2 with KCI, 7 = 35 °C, 45% dioxane-water (v/v). ¢ Determined by half-neutralization. 4 Total buffer concentrations. ¢ Lower and upper
limits of range studied are indicated. / The value of Aoy was determined from multiple regression analysis of eq 1.

replotted against the mole fraction buffer in the free base form  Values of kn for 4a are listed in Table II. The hydrolysis of

(insert in Figures 2 and 3). At fraction free base = 0, the or-
dinate intercept value is knu, but kn = knuKa/KaB;24 at
fraction free base = 1, the ordinate intercept value is kp. Table
111 lists the second-order rate constants, kg, for general base
catalysis of TOArX expulsion involving the free base forms of
the triesters 1 and 3. For triesters 2, kg = 0. In the case of 3a
only buffer catalysis expressed in terms of the rate constant,
kg, was found. For the triester functionalized with the qua-
ternary ammonium group, 4a, buffer catalysis can be described
by the simple rate expression

K.B
kPO — kPO = kn[B]y |—o2
o NIl ]T(KaB+aH) &)

ethyl p-nitrophenyl phenyl phosphate (10) to give p-nitro-
phenol also was catalyzed by the free base form of the buffer;
values for k~ are given in Table 1V.

Salt and Solvent Effects. The possibility that buffer catalysis
{(k~ or knn) was due to a specific salt effect was checked by
using sodium perchlorate as the support electrolyte instead of
potassium chloride. The hydrolysis of 2a was carried out in
0.05-0.15 M acetate at pH 6.25 and p = 0.2 (NaClOy) in 45%
dioxane-water at 35 °C. The results gave a value of kn =
0.038 M~ min~!, which is identical with that obtained when
KCl was the electrolyte, indicating that catalysis is indeed due
to the buffer and not a specific salt effect.25.26

The effect of dioxane on the rate of attack by several
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Table IV. Second-Order Rate Constants (kn, M™! min~!) for the Reactions of Buffers with Phosphotriesters

9 opn 9 oph
0
O—F{[< O-J/ I /Oph (ﬁ OPh
[+ OPhNO,p [+ NoPhNO.p [O“P N i pio—p
\E NMe, . OPhNO,.p" o
buffers H. H NMe, OPhNO,-p
H,0 2,23 X 1076 2,19 X 1076 1.62 X 10-6
acetate 0.031 0.038 0.034 5.1 X 1074
fluoride 112 147 109¢ 1.14¢
imidazole 0.020 0.026 0.050
cyanoacetate 0.0010 0.001 38
cacodylate 8.3 17.2 2.9 0.023
hydroxide 1600 4.51

4 In water (i = 0.2 (KCI)), the kN values for acetate, fluoride, cacodylate, and hydroxide are 0.018, 29.3, 0.092, and 134 M~1 min~!, re-
spectively. ® The kn value for n-butylamine is 0.21 M~! min~!; for the reaction in water (u = 0.2 (KCl)) the value is 0.58 M~! min~L ¢ In
water (4 = 0.2 (KC)), the k~ values for acetate, fluoride, cacodylate, and hydroxide are 8.0 X 1074, 1.76,0.041, and 6.51 M~! min™!, re-
spectively. 4 The k~ value for n-butylamine is 0.01 1 M~! min~1; for the reaction in water (u = 0.2 (KCl)) the value is 0.053 M~ min~!. ¢ The
kN values in 85% dioxane-water for 4a and 10 are 2200 and 2.41 M~! min™!, respectively: the kN for 4a in 90% dioxane-water is 1.2 X 104

M~ !min—1,

Table V. 3'P NMR Chemical Shifts (43% Dioxane-H,0, 35 °C)

chemical chemical
shift, shift,
compd ppm¢? compd ppm¥
1a -12.7¢ 5 NHEt —4.8%
2a -12.9 NMe; —4.8%
3a -12.9 NHCH,CF; -4.9
4a —13.5 NMest, - =5.7
1b —12.2¢ 6 R, = Et +17.4
1c —13.2% R, = CH,CF; +16.5
7 X =p-NO; -11.7 8 R, = Et +22.6
= m-NOz -11.3 R] = CH2CF3 +20.6
= 2-Cl-4-NO; =12.0

a Relative to external 85% H3;POg4 (positive values are downfield).
® Chemical shift moves about 0.5 ppm upfield as the amine becomes
protonated.

nucleophiles on 4a and 10 can be obtained from the data in
Table 1V. In the case of 10, kn(45% dioxane-water)/
kn(water) = 0.65,0.64,0.56,0.21, and 0.69 for fluoride, ac-
etate, cacodylate, n-butylamine, and hydroxide ion, respec-
tively; in the case of 4a the same ratio = 3.7, 1.9, 31.5, 0.36,
and 11.9 for the identical nucleophilic series. Clearly the effect
of mixed solvent is to decrease Ay in the absence of a neigh-
boring positive charge but to increase kn for anionic nucleo-
philes attacking 4a. In the case of fluoride An(90% dioxane-
water)/kn(water) = 410 for 4a.

The effect of dioxane on kg was studied by hydrolyzing 1a
in an aqueous media at 35 °C and p = 0.2 (KCl). Catalysis by
both n-butylamine and ethanolamine was six times faster in
water, whereas hydroxide was only 0.6 times as efficient.

Values for the rate coefficients k,0 and koy for 2a and 4a
measured in 45% dioxane-D,0O (35 °C, u = 0.2, KCI) gave
ku,0/kp,0 = 3.0and kon/kop = 0.96, respectively. For the
C-0 bond cleavage reaction of 2a, k y,0°/kp,o<° = 1.15.
The deuterium solvent isotope effects on the kN term associ-
ated with acetate catalysisare 1.4, 1.1, and 1.3 for 1a, 2a and
da, respectively; for imidazole catalysis they are 1.3, 2.6, and
1.4 for the series la—c.

Products. The products arising from hydrolysis of the tri-
esters were analyzed using proton decoupled ' P pulse Fourier
transform NMR spectroscopy. The hydrolyses were carried
out under identical conditions with those of the kinetic ex-
periments at buffer concentrations of 0.5 M. Table V lists the
chemical shifts of the various phosphate compounds that were
detected. The hydrolysis of phosphotriesters 1 and 3a in basic
media (pH >9) showed a rapid loss of their initial absorption
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Figure 4. Dependence on pH of 1he observed pseudo-first-order rale con-
slant for C-O bond cleavage for 1he hydrolysis of 2a at 35 °C, 45% diox-
ane-water (v/v), 4 = 0.2 (KCl). The solid line is calculaled from eq 3 and
1he rale conslanl in Table 1. The rate of hydrolysis at pD 10.55 (0), 35
°C, 43% dioxanc-D20 (v/v), u = 0.2 (KCl), is also shown.

(~—13 ppm) with a subsequent increase of a resonance at
~+17 ppm indicating that the cyclic phosphoramidate 6 was
formed. At longer times this resonance was replaced by one
at lower field attributed to the cyclic phosphoramidate mo-
noanion, 8. Depending on pH some C-O cleavage occurred
giving rise to a resonance at ~—12 ppm which is attributed to
7. Alkaline hydrolysis of triesters 2a and 4a gave rise only to
resonances at —4.8 and —5.7 ppm corresponding to the acyclic
phosphodiester 5 arising from loss of p-nitrophenol.

At neutral pH, the breakdown of all the phosphotriesters
with the exception of 1¢ and 4a proceeds with formation of two
resonances; one at ~—>5 ppm due to the acyclic phosphodiester
5 arising from loss of the respective phenol produced via P-O
bond cleavage, and the other at ~—12 ppm due to the aryl
phenyl phosphodiester 7 produced via C-O bond cleavage.
Hydrolysis of ester 4a only gives rise to a singlet corresponding
to the phosphodiester 5 due to the loss of p-nitrophenol. Hy-
drolysis of the triester 1¢ with 2-chloro-4-nitrophenol as the
leaving group, however, gives all three possible products, 5, 6,
and 7. Integration of each absorption peak gives the amount
of each product formed under the respective conditions. No
loss of phenol was detected under neutral or alkaline condi-
tions.

A direct comparison of the P-O and C-O product distri-
bution determined by 3'P NMR and those calculated from
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Table VI. Product Analysis of Phosphate Triester Reactions
P-O cleavage
acyclic cyclic C-O cleavage
compd buffer TP NMR*? caled?® 3P NMR“ caled? 3P NMR*“ calcd?
1a imidazole® 75 71 0 0 25 29
1b imidazole¢ 68 63 0 0 32 37
1c imidazole® 59 71 33 23 8 6
1a ethanolamine 0 5 84 78 16 17
3a ethanolamine? 9 0 75 96 16 4
1b acetate? 70 68 0 0 30 32
1c acetate® 100 99 0 0 0 1
3a acetate® 18 21 0 0 82 79
1a 2-methylimidazole/ 48 38 11 10 4] 52

4 Values were deterniined by integration of the final spectrum, ¢ Values were calculated as described in the text. ¢ pH 6.55. 4 pH 9.25. ¢ pH

5.90. / pH 7.46.

kinetic rate processes has been made in Table VI. The latter
calculation was performed as follows: (1) the observed
pseudo-first-order rate constants were initially divided into kP©
and k€O on the basis of the fraction of “TOArX produced; (2)
kPO was then partitioned into rate coefficients assigned to lyate
and buffer catalysis (eq | and 2); (3) finally, the terms kon and
kg were associated with cyclic phosphoramidate formation,
whereas kp, ku,0, and kn were associated with acyclic
phosphodiester formation. However, in the case of 1¢, kn,0
must be assigned to cyclic phosphoramidate formation.
Comparison of the distribution of products predicted from the
kinetic rate expressions and those observed in the NMR ex-
periments generally agrees within +5%.

No evidence for formation of acyl phosphates or phos-
phoramidates due to nucleophilic attack by carboxylates or
amines at phosphorus was detected in the 3'P NMR. However,
when fluoride was the catalyst the appearance of a doublet with
Jpr = 933 Hz indicated the formation of a phosphorus-fluo-
rine bond. The doublets were centered at 6.6 ppm for 1, 6.8
ppm for 2a, 5.9 ppm for 3a, and 7.2 ppm for 4a. The other peak
in the spectrum was a singlet due to the corresponding diester
5. The nucleophilic attack by fluoride at phosphorus was
confirmed with the use of '’F NMR. The initial spectrum
contains a singlet at ¢* —122 ppm due to NaF. Upon addition
of the phosphate ester a doublet (Jpr = 933 Hz) centered at
—76.7 ppm appears due to the formation of the phosphorus-
fluorine bond. This doublet decays with time to give the singlet
at ¢* —122 ppm indicating that the phosphorofluoridate is
hydrolyzed to the phosphate diester and fluoride ion. Therefore
fluoride is acting in a catalytic mode.

Several experiments were designed to gain evidence for the
formation of 9 in the presence of acetate. A 'H NMR experi-

?I) /OPh

0—FP
( No. o
/
NRR g

\CH;;
9

ment was conducted to test whether the acetyl phosphate 9
might be susceptible to an intramolecular transfer of the acetyl
group to the amine, thereby forming a tertiary amide. The
methylene protons adjacent to the amine group would be
shifted approximately 0.6 ppm downfield if the amine became
acetylated.?’ Hydrolysis of 1c in acetate buffer gave a 'H
NMR spectrum with the chemical shift of the methylene
protons adjacent to the amine (6 2.75-3.25 ppm) remaining
unchanged. Therefore the proposed acetyl phosphate inter-
mediate apparently undergoes hydrolysis before any intra-
molecular acetyl transfer can occur, The difficulty in directly

observing the putative acyl phosphotriester is not unexpected;*®
the half-life for hydrolysis of acetyl dimethyl phosphate via
C-O bond cleavage is estimated at 7.5 s at 34 °C, pH 6.0.2°
Trapping of 9 by hydroxylamine also proved unsuccessful.

A 3'P NMR experiment was designed to investigate the
origin of the oxygen in the phosphodiester 5 formed in the
presence of acetate. Hydrolysis of 9 via C-O rather than P-O
bond cleavage would lead to incorporation of an oxygen atom
derived from acetate. The hydrolysis of both 1a and 4a in the
presence of ['8Q]acetate-H,'%0 produced 5 which exhibited
only a single resonance at —5.25 ppm whereas the hydrolysis
in acetate-H,'80 (67 atom % '80) gave 5 whos 3'P NMR
(145 MHz) spectrum consisted of two singlets s parated by
4.4 Hz corresponding to 5 containing both !6) and '80.
Consequently the decomposition of 9 appears to sroceed via
lyate species attack on phosphorus rather than ¢ arbon, pre-
sumably reflecting the ease of acetate displacer :nt and ca-
talysis by the neighboring ammonium group.

Discussion

The dependency of rate on pH for the P-O anc C-O bond
cleavage reactions of 1, 2, and 3 implicates particip tion by the
amino group. A description of the pH-rate profil s for 1 and
2 requires the free base form of a group whose pK;, =~ 7.8 and
7.0, respectively. Values obtained from rapid pot: ntiometric
titration of 1 and 2 are 7.6 and 6.9, respectively. n addition
the rate coefficients for the lyate species are greatl - enhanced
relative to appropriate phosphotriester reference ompounds
(vide infra). We will now consider the mechanism: associated
with the individual rate terms involving P-O bond cleavage.

Electrostatic Catalysis of Nucleophilic Attack. The k~ term
in eq 2 which describes nucleophilic attack by buffer species
on the conjugate acid forms of 1 and 2 is kinetically indistin-
guishable from external general acid catalysis of nucleophilic
attack by the neighboring amino group (k~u). The former
description is preferred on the following grounds: (1) From the
3IP NMR analysis (Table V1), no cyclic phosphoramidate 6
is formed in the presence of acetate during the hydrolysis of
1¢ under conditions where 6 would be observable?® and where
k~/kobsa = 0.96. In the presence of imidazole 1a and 1b hy-
drolyze without formation of 63° where kn/kobsd =~ 0.58
(1a,b). The observation of 6 during the hydrolysis of 1¢ stems
from the process associated with kp,0, not kn. (2) The direct
observation of P-F bond formation by 3'P and 'F NMR in
the reactions of 1, 2a, and 4a defines a nucleophilic role for
fluoride. (3) The small deuterium solvent isotope effect (<1.4)
for the kN term associated with acetate attack on 1a, 2a, and
4a is in accord with a nucleophilic mechanism.!®

In order to resolve the importance of proton transfer from
the ammonium moiety to a phosphoryl oxygen during the
course of reaction, the amino proton was replaced by a methyl
group as in the choline ester, 4a, so that the polar effect would
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Figure 5. The dependence on basicily of the second-order rate constanis
(k) for the reactions of a series of buffers with the conjugate acid form
of 2a (Table 11).

still be retained. The values of ky; for various buffer species are
compared for 1a, 2a, and 4a in Table [V. Most noteworthy is
the near identity of the values of kp across this series including
such disparate nucleophiles as acetate, fluoride, imidazole, and
cacodylate, providing further support for the proposed mech-
anism. In addition the rate constants ascribed to the attack of
water on 4a and to the equivalent process—nucleophilic attack
by water on the protonated form of 1a, 2a, and 3a—are in good
agreement. Thus the juxtaposition of positive charge and not
proton transfer is important for catalysis. It can be seen from
Table 1V that the rate enhancement in 45% dioxane-water
arising from this polar effect relative to ethyl p-nitrophenyl
phenyl phosphate, which possesses no intramolecular ammo-
nium moiety, is ca. 350, 70, 125, and 100 for hydroxide, ace-
tate, cacodylate, and fluoride, respectively, and 20 for n-bu-
tylamine.

Polar effects arising from a positively charged substituent
in phosphate ester hydrolysis have been estimated at 25-50-
fold for the attack of piperazine monocation on phosphoryl
imidazole monocation,?! fivefold for the reaction of o-
methylammonium phenolate with isopropyl methylphospho-
nofluoridate®? (an effect which drops off with distance, i.e., 0
> m ~ p), and 15-fold in the alkaline hydrolysis of the choline
ester of methyl phosphonofluoridate relative to the ethyl est-
er.52 Polar effects calculated for a through-bond induction
model from the rates of alkaline hydrolysis of a series of
a-substituted diethyl phosphonates?? correlate with a p; ~ 8.
Allowing for drop-off factors®* of 2.0 per carbon and 2.0 per
oxygen a py == | can be calculated for the present series. With
o ~ 0.9 for Me;N*-,3 the rate of enhancement estimated for
4a owing to such an inductive effect is only ca. eightfold, in
agreement with an earlier estimate of fivefold estimated from
the alkaline hydrolysis of choline acetate.? Thus the effects
observed in this series are probably electrostatic in origin. This
deduction is supported by the observation that the rate of
nucleophilic attack by anions on 4a is markedly accelerated
by increasing dioxane content in the aqueous solvent, whereas
that for 10 remains unchanged or slightly decreased. For attack
by fluoride ion, the k ratio of 4a/10 in 85% dioxane-water
is ca. 103 a linear correlation between log kn and e ! is
noted.3¢ In the case of attack by a neutral amine the kx ratio
of 4a/10 is only ca. 20, suggesting that the increasing positive
charge on the heteroatom in the transition state apparently
attenuates the effect of the neighboring ammonium moiety.
The sensitivity of the rate acceleration to the nature of the
attacking nucleophile further suggests that stabilization of the
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Table VII. Brgnsted § Values

Buc®  Bav® nucleophile Big
1a 0.60 0.80 water9 0.82
2a 0.60 acetaie 0.71
3a 0.40 0.88 fluoride 0.50
4a 0.56 cacodylate€ 0.47
1b 0.65 cyanoacetate? 0.92
2b 0.57 methoxyacetate?  0.95
1c 0.57 imidazole 0.75:4 0.09¢

@ Determined from plots of log kn against pK,B (Figure 5).
b Determined from plots of log kg against pK,B (Figure 6). ¢ Deter-
mined from plots of log kn against pK,,, for the series 1a-c. 4 De-
termined from 1a and 1c only. ¢ Determined from 1a and 1b only.

transition states rather than the ground state is important.3’
This phenomenon probably accounts, in part, for the successful
synthetic employment of 2-(/V,/V-dialkylamino)-4-nitrophenyl
phosphate as a phosphorylating agent toward alcohols3® as well
as the 1000-fold more rapid hydrolysis of 2-pyridinium phos-
phonic acid esters relative to the free base form.3?

A semiquantitative picture of the transition state(s) asso-
ciated with the kv term can be deduced from the respective
Brgnsted coefficients. The Brgnsted coefficient will be viewed
as a measure of the change in effective charge on the attacking
or departing atom sensed by a substituent relative to that upon
protonation.®? Since in this system the nucleophiles and sub-
stituents on the leaving groups are separated by several atoms
in the transition state(s), cross interactions arising from direct
electrostatic effects (“Hine effect”) will be minimized.
Therefore the Brgnsted coefficients may also be viewed as a
rough measure of the amount of bond formation or bond
cleavage in the transition state.*!

A typical Brgnsted plot is shown for nucleophilic attack (k)
on the protonated form of 2a in Figure 5. Values of 3, for the
various triesters are listed in Table V11. Several salient features
of this plot are worth noting: (1) attack by fluoride, cacodylate,
and arsenate shows positive deviations of 10%, 102, and 80-fold,
respectively; (2) hydroxylamine is more reactive by only sixfold
whereas 2,6-lutidine is less reactive by tenfold; (3) water shows
the expected nucleophilic reactivity (ky,0, Table 11). The high
nucleophilicity of fluoride and arsenates toward tetrahedral
phosphorus, the enhanced reactivity of hydroxylamine (o ef-
fect), and the decreased reactivity of the sterically hindered
2,6-lutidine are all in accord with a mechanism involving
nucleophilic attack.*? Likewise Brgnsted 3, plots (Table VI1I)
are linear (except for imidazole) and do not reveal a change
in the nature of the rate-determining step about an addition
intermediate,*® However, it must be pointed out that the 8,
plots are based on a series partially comprised of meta and
ortho substituents so that accuracy is not better than £20%.
The reaction of imidazole apparently involves a change in
mechanism from nucleophilic to general-base-catalyzed solvent
attack because the deuterium solvent isotope effect changes
from ku,0/kp,0 = 1.3 for 2-chloro-4-nitro- and p-nitrophe-
nolate leaving groups to 2.6 for the m-nitrophenolate—a
phenomenon previously encountered in imidazole catalysis of
acyl ester hydrolysis with progressively poorer leaving groups.*3
To our knowledge there have been no reports of biphasic
Brgnsted plots (Bnuc or B1g) in nucleophilic displacements at
phosphorus owing to changes in a rate-determining step.

The data given above permits us to make a tentative as-
signment of the “effective charge” distribution for the reactions
of fluoride and oxygen nucleophiles with the phosphotriesters
but does not require us to include or exclude pentacovalent
species associated with these transition states. Since the
changes in charge on a given group in going from reactant to
transition state to products are equal to the change for the
overall equilibrium (i.e., Beq = Br — B where B¢ relates to the
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effect of substituents on the equilibrium constant and S and
8, on the forward and reverse rate constants) it is useful to have
the charge distribution in the reactant and product ground state
as a starting point for applying 8¢ and/or 3,. A value ofBeg =
1.2 has been estimated for the complete transfer of [PO3°7]
between various amine nucleophiles and a series of substituted
pyridinium phosphoramidates.** The equilibrium transfer of
[(RO),PO] between oxy anions and amines has not been
measured; however, a 3¢q = 1.1 can be estimated from rate
data for the attack of oxy anions on substituted 2-(aryloxy)-
2-o0x0-1,3,2-dioxaphosphorinans owing to the symmetry of the
displacement reaction.*? For the attack by acetate on 1a the
following approximate distribution of charges in the transition
state applies (6). As is characteristic of coupled transition states
(“) 5—04 OPh
CH,—C—0-——37P——-OPhNO, p ®)
0) (08

+
k/NHJ:t

for a displacement process 3oy increases where 3, decreases,
Table VII (Hammett behavior), a trend more clearly observed
in the oxy anion-dioxaphosphorinan system owing to a greater
range in ApK,. The rate acceleration of 4a relative to 10
(70-350 fold—of which ca. 1.0 kcal/mol is due to inductive
effects and 1.6-2.6 kcal/mol is due to electrostatic interac-
tions) suggests that the positive charge in the transition state
is in close proximity (ca. 3.5-5.6 A) to the phosphoryl
moiety 46

Values of Sy, for reactions of oxy anions with several other
phosphate triesters are 0.48 for 2-(4-nitrophenoxy)-2-oxo-
1,3,2-dioxaphosphorinan,** 0.52 for 2,4-dinitrophenyl dibenzyl
phosphate,*” 0.59 for isopropyl methylphosphonofluoridate,3?
and 0.42 for diisopropyl phosphorofluoridate,*® similar to the
present case (Table VII). Thus the electrostatic catalysis ex-
hibited by the ammonium function acts to lower the activation
energy without substantially shifting the transition state on the
reaction coordinate.

From the observed kinetics, it is apparent that the free base
form of the trifluoroethylamino moiety is capable of acceler-
ating nucleophilic attack by buffer species, e.g., the rate of
acetate attack is ca. 50-fold greater than in the phosphotriester
but 30-fold less than the quaternary ammonium species. The
value of Bnuc == 0.4 is somewhat lower than that obtained for
the fully positively charged ammonium groups (Table VI11);
however, similar deviations for fluoride and cacodylate are seen
in the Brgnsted plot (Figure 6), indicative of nucleophilic ca-
talysis. In the absence of a structure-reactivity correlation for
this displacement process, one cannot empirically predict the
magnitude of the rate effect caused by this substitution.*? It
is possible that hydrogen bonding to the phosphoryl oxygen is
important in this case owing to the increased acidity of the
N-H moiety caused by the CF;CH> substituent. At lower pH,
where this group is present as its conjugate acid, the rate
coefficient for hydrolysis agrees with that for 1a, 2a, and 4a
(Table 1I), consistent with the postulated nucleophilic dis-
placement process.

Spontaneous Hydrolysis. The k,0 term defined in eq 1 is
associated with two different mechanisms depending on the
identity of the phenolate leaving group. For 1c¢ (2-chloro-4-
nitrophenolate), observation of the cyclic phosphoramidate
implicates intramolecular nucleophilic attack. With p-nitro-
phenolate as the leaving group, the measurement of a deute-
rium solvent isotope effect (ky,0/kp,0 = 3) for 2a and the
absence of cyclic phosphoramidate formation of 1a implicates
an intramolecular general base role for the amino moiety. A
similar mechanism apparently pertains to 1b which hydrolyzes
with loss of m-nitrophenolate, since p-nitrophenolate and
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Figure 6. The dependence on basicily of 1he second-order rale constants
(kg) for the reaclion of a series of buffers with 1he conjugate base form
of 1a (@. Table 111) and with 1he conjugate base form of 3a (O, Tables
11 and 111). The dashed line is drawn 1hrough buffers acling as nucleophilic
calalysls.

m-nitrophenolate show a decreased sensitivity (8, = 0.2) to
the identity of the leaving group supporting a change in
mechanism relative to 1¢ (Blg > 0.8). Moreover, ky,o for 1a
and 3a responds to the pK, of the amino moiety decreasing
100-fold upon replacing Et with CF3CH,—where ApK, ~
5. Thus the kinetically indistinguishable process, i.e., attack
by hydroxide on the protonated triester (k’oy), which should
be nearly invariant despite changes in amine pK,, can be ruled
out by the inequivalence between the rate coefficients calcu-
lated for this process across the series 1a, 2a, 3a, and 4a.0 The
above deuterium solvent isotope effect (k'on/k’op = 1.7) is
not in accord with an inverse effect predicted for a specific-
base-catalyzed reaction.!'® The efficiency of either the
nucleophilic or general base intramolecular processes is ap-
proximately 200-fold over the respective electrostatic assisted
water attack.

General Base Catalysis of Intramolecular Nucleophilic At-
tack. The kg term in eq 2 and the koy term in eq | are asso-
ciated with a mechanism in which buffer and lyate species act
as general base catalysts for intramolecular amine attack. This
conclusion is based on the following facts: (1) the rapid for-
mation of the cyclic phosphoramidate 6 during the hydrolysis
of 1 or 3 in basic media is apparent from the 3'P NMR data
(Table V) as well as from the observation that the rates of
phenoxide expulsion from la—¢ and 6 (R, = Et) are identi-
cal—consistent with rate-determining breakdown of 6 in their
overall hydrolysis; (2) replacement of the amino proton by a
methyl group results in a disappearance of the kon and kg
terms suggesting that a proton abstraction process is associated
with the above kinetic terms.

Two related questions arise: does the cyclization process
proceed through a pentacovalent intermediate and what is the
mechanism of general base catalysis? Evidence pertaining to
the lifetime of the pentacovalent intermediate can be sum-
marized as follows.

(1) Although ample precedent exists for pentacovalent
species containing a five-membered ring spanning apical and
equatorial positions,?' the stabilities of such intermediates vary
widely depending on the nature of the substituting ligands.*?
An appropriate criterion for a pentacovalent intermediate often
may be obtained from the stereochemical course of the sub-
stitution reaction.>3 Employing the widely accepted hypothesis
that initial attack and departure occur from only apical posi-
tions, the demonstration in a given substitution reaction that
the process proceeds with retention of configuration requires
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at least one pseudorotation event involving a pentacovalent
species. Reactions of 1,3,2-oxazaphospholidines proceed with
inversion of configuration at phosphorus for endocyclic P-N
cleavage but retention of configuration at phosphorus for
displacement of labile exocyclic 2 substituents.> It can readily
be demonstrated that the stereochemical course of exocyclic
substitution in 11 requires a pseudorotation event regardless

CH,
X a /N CH,
0” P\OI
CGH5
1

of whether nucleophilic attack occurs opposite -N- or ~O-,
the latter course being preferred owing to the greater apico-
philicity of oxygen. Consequently, the observed stereochemical
course for endocyclic P-N and exocyclic P-O bond cleavage
may not proceed through a common intermediate, prompting
the suggestion that the endocyclic process is a simple SN2
displacement.

(2) Although the pseudorotation involving trigonal bipy-
ramidal structures 12a and 12b has been observed by low-
temperature 'F NMR owing to the observed difference in
apicophilicity between amino and phenoxy groups of 7-8

CF, OPh
. CF, Ph0>ll) .
CF, CF,
PhO__| = (cHy)N" | M
p—-0 CF CF;
PhO0” | L,
N(CH,), §
12a 12b

kcal/mol,** pseudorotations involving the protonated amino
species have not been observed on the NMR time scale owing
to the diminished barrier for pseudorotations caused by the
electronegative group (R);NH*. Hence there is no direct
physical evidence for the existence of a pentacovalent species
analogous to that required in the above displacement reac-
tion.

(3) An estimate of the pK, of the putative intermediate 13
from the Branch-Calvin equation gives a value of 5.3; this is
probably a maximal pK, owing to back-bonding (p,-d,) in the
P-N bond stabilizing the conjugate base species.’® Conse-
quently the proton transfer from 13 to the base catalysis em-

OPhNO, p
| /OPh

<Oj’\o_
N—CH,CH,
H
13

ployed here is thermodynamically favorable. However, the
observed 3 for general base catalysis in 1a is 0.8 (Figure 6), not
the 8 = 0 expected for a thermodynamically favored stepwise
proton transfer process from 13 through either a diffusion-
limited (trapping of the intermediate by proton removal) or
a preassociation mechanism featuring catalysis of the addition
step through hydrogen bonding.’” The observed § value,
however, can be accommodated by rate-determining decom-
position of 13 stabilized by hydrogen bonding of the conjugate
acid species of the buffer to the amino group provided that the
rate of decomposition of 13 exceeds that of diffusion away of
the catalyst which is ca. 10'! s~!., Thus the failure to observe
Eigen-type behavior suggests that 13, if it exists, has a lifetime
of <10~11s,

(4) The rate of decomposition, k_,, of the pentacovalent
species 15 which is a required intermediate in the decomposi-
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OPhNO,p OPhNO,-p

0 ’ OPh l OPh

\P/ Rk, P/
\ D I \O— (8)

0
o n
Co,” €0, o
14 15

tion of 14 owing to the observation of competing exo- and en-
docyclic cleavage has been estimated from structure-reactivity
correlations as ca. 3.5 X 10'9s™!.2b From structure-reactivity
correlations the rates of decomposition of monoester mo-
noanions through their zwitterionic intermediates RXHPO3%~
are ca, 10% greater for an amine vs. a phenol leaving group,
where the conjugate acid of the amine and the phenol have an
identical pK, =~ 3.5.'4 For expulsion of a phenolate vs. phenol,
1.e., decomposition of the monoester dianion vs. the monoanion,
the ratio is ca. 10 for a phenol of pK, ~ 3.5. Although the
driving force obviously is greater in the latter examples, the
greater ease of P-N vs. P-O cleavage should be retained, so
that a minimal k—, for 13 should be ca. 10'2s~!. Consequently
the observed general base catalysis is not an example of un-
enforced catalysis by hydrogen bonding,® since the interme-
diate should not be in equilibrium with the bulk solution with
respect to proton transfer.’® The maximal value of k_; ap-
proaches that expected for a vibrational frequency suggesting
that 13 may not have a finite lifetime.

In view of the above considerations, a concerted mechanism
coupling amine attack and proton transfer is postulated for the
observed general base catalysis (eq 9) with little development
of the charge on the departing phenoxide.

-03
OAr

,:/OPh
O—P\

Q_ on ©
N—R

1

5+08 !

B---H

Evidence supporting this mechanism can be summarized
as follows:

(1) The amino site undergoes a large change in pK, upon
addition to phosphorus that converts an unfavorable to a fa-
vorable proton transfer with respect to the catalyst, permitting
but not requiring a concerted pathway (libido rule).5®

(2) The Brgnsted B, values for general base catalysis for
attack by EtNH- and CF;CH,NH- are 0.8 and 0.9, respec-
tively. This change is in the opposite direction from what one
might initially expect from the considerations of Leffler and
Hammond,®! which predict that the proton transfer should
occur with an earlier transition state for the less basic amine
(recall that the proton transfer from 13 is thermodynamically
favorable). However, the observed behavior is consistent with
linking the proton transfer and P-N bond development and
may be described as a substituent effect perpendicular to the
reaction coordinate.%?

(3) The 8, for the term kon of 1a—c¢ is ca. 0.6 and includes
an effect by the phenol on the sensitivity of phosphorus to
nucleophilic attack as well as the stabilization of the leaving
group. For intramolecular attack by carboxylate on triester
phosphorus, 81, &~ —1.4 of which ca. —0.30 may be attributed
to polar effects on phosphorus. Whereas in the carboxylate case
B¢ approximates S, for equilibrium transfer, the present
value suggests much less effective charge on the oxy anion and
to a rough approximation less bond cleavage.

The unusual feature of the above mechanism that emerges
is the early transition state with respect to the leaving group
but the late transition state with respect to proton transfer.
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Since catalysis does not arise from proton trapping of a pen-
tacovalent species, it apparently represents transition-state
stabilization arising from hydrogen-bond or concerted catal-
ysis. Since proton abstraction from the amino nitrogen is not
thermodynamically feasible in the absence of P-N bond de-
velopment, catalysis of amine attack represents a concerted
reaction mechanism, in the sense that it does not proceed
stepwise. Alternatively catalysis may represent hydrogen-
bonding stabilization of the rate-determining decomposition
of 13 following proton transfer provided that this rate exceeds
that of diffusional separation of 13 and the conjugate acid
catalyst. The value of 3 is within the range of values that have
been observed for stable hydrogen bonds, with no intervening
water molecule, that live in a broad, single potential well 83 If
there is little or no barrier for proton transfer and for addition
of the amino group within the catalyst-substrate complex then
the effective charge distribution transition state should re-
semble (9). Although a choice between these two postulates
is presently not possible, both limit the lifetime of the putative
1310 <107 125,

Conclusions

The present triester system exhibits a variety of competing
reaction pathways including electrostatic assisted nucleophilic
displacement, intramolecular general base catalysis of water
attack, and general-base-catalyzed intramolecular nucleophilic
displacement emphasizing the similarity in the free energy of
activation for the various processes. Structure-reactivity
correlations lead to the construction of transition states for the
two nucleophilic displacement processes that are in accord with
coupled or concerted bond formation and cleavage. Even in the
case where a cyclic product is found, no evidence has been
obtained for an intervening pentacovalent species whose life-
time exceeds 10~ !2s. Thus displacement reactions by nitrogen
nucleophiles on phosphorus in aqueous media may only occur
via an in-line mechanism so that the stereochemical course is
restricted to one of inversion.
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Abstract: ESR equipment has been developed for directly observing labile free radicals that are present at high temperatures.
A pressurized fluid is heated as it slowly flows through the microwave cavity of the spectrometer. Temperatures to 566 °C and
pressures to 140 kg/cm? have been used. Radicals are identified from well-resolved hyperfine structure. Spectra of cyanoiso-
propyl from the decomposition of azobisisobutyronitrile in solution at 155-185 °C and hydroxyisopropyl from 2% di-ter:-butyl
peroxide in isopropyl alcohol at 173-258 °C are reported. Indenyl is reported from indene in benzene at 533 °C and in tetralin
at 471 °C, 1,2-Diphenylethyl has been observed from solutions of 1,2-diphenylethane in benzene from 460 to 560 °C. For di-
lute solutions of 1,2-diphenylethane in toluene the benzyl radical is obtained, while for more concentrated solutions a mixture
of radicals is present in the following equilibrium for which K = 10 £ 3 at 560 °C and 105 kg/cm?2: C¢HsCH2CH,CeHs +
Ce¢HsCH,; = C¢HsCHCH»CeHs + CsHsCH3. Diphenylmethyl is obtained from the dissociation of tetraphenylethane as a
dilute solution in benzene and in 50:50 benzene-diphenylmethane. ESR parameters are given in the latter solvent at 420 °C.
The formation of diphenylmethyl from diphenylmethane as a consequence of impurities has been examined, and diphenyl-
methane that has been initially air oxidized will form diphenylmethy! upon heating. Cumyl is obtained from cumene at 560
°C. a-Methylstyrene is a final product but not dicumyl. Dicumyl in benzene solution at 560 °C decomposes to give dispropor-
tionation products cumene and a-methylstyrene. The addition of a-methylstyrene or 1,2-diphenylethane to cumene at 560 °C
markedly enhances the production of cumyl. Cumyl is seen from air-saturated cumene at 350 °C. p-Cymyl from p-cymene,
phenylethyl from ethylbenzene containing styrene, and o-xylyl from o-xylene containing 1,2-diphenylethane have been ob-
served at 560 °C. Hyperfine couplings and g values are given and compared with room temperature values, and a discussion

involving kinetic parameters is presented.

We have started an electron spin resonance program for
the study of free radicals formed in fluids during the course of
pyrolysis. Our aim is to obtain a better understanding of the
role played by free radicals in high-temperature processes by
directly observing these reactive intermediates at steady-state
concentration. In this paper, we first describe newly developed
techniques and then concentrate largely on the pyrolysis of
aromatic hydrocarbons that give rise to benzylic radicals. The
substances are of general interest as model compounds in
coal-conversion processes and in the combustion of aromatic
fuels.

A liquid sample, either the neat compound or a solution, is
pressurized and then heated as it slowly flows through the
microwave cavity of an ESR spectrometer. The temperature
needed to sustain a large enough radical concentration is
usually greatly above the critical temperature of the substance
used. The reason for pressurizing the system is to maintain a
high fluid density. In addition to providing an adequate amount
of sample in the microwave cavity, the high density quenches
the angular momentum of overall rotation of the radicals. This
reduces the ESR line width contribution from the spin-rota-
tional mechanism as described by Schaafsma and Kivelson,!
who concluded that the contribution varies inversely as the
pressure and directly with T3/2. A significant finding of this
work is that lines at the high pressure are sharp enough to give
well-resolved spectra.

Singer and Lewis?- have studied resolved ESR hyperfine
structure after pyrolysis of several aromatic hydrocarbons in
a silica tube located in the microwave cavity of a spectrometer.
Either the neat hydrocarbon or more often a solution in m-
quinquephenyl (bp 540 °C) was used. The authors point out
that “the free radicals must be sufficiently stable so that a
reasonably intense EPR signal can be observed. Adequate
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stable radical concentrations can usually be achieved by
thermally quenching the carbonization reactions.” In the
present work, the spectra of transient radicals were observed
with a slowly flowing sample at the pyrolytic temperature. In
some cases, the burn-up rate of the sample was so high thata
static sample could not have been used. In general, the radicals
reported are highly labile, and increased signal strength could

usually be achieved by increasing the temperature.

Experimental Section

Essential features of the flow system are shown in Figure 1. The
sample was contained in a glass reservoir of 100-mL capacity, and the
purging gas, used to remove dissolved oxygen, was helium unless
otherwise stated. The high-pressure pump was of the type used for
high-pressure liquid chromatography (Waters Model 6000 A) and
was normally operated at 1.0 mL/min. Apart from the silica capillary
that served as the pyrolysis cell, the tubing of the high-pressure system
was 1.59 mm o.d. stainless steel, The silica capillary was 1.4 mmi.d.
and 4.7 mm o.d. It connected to the high-pressure stainless steel tubing
through seals containing Teflon packing.* The rectangular microwave
cavity operated in the TE o, mode (Varian Model V-4531) and could
accommodate objects up to |1 mm in diameter. Pressure transducers
were included before and after the pyrolysis cell, and these indicated
on chart recorders provided with a scale range of 0-211 kg/cm?
{0-3000 psi). The cell and seals were statically tested at 280 kg/cm?,
and safety trips for turning the equipment off were set at 211 kg/cm?.
The transducers were calibrated with a precision Bourdon gage sup-
plied by Heise. The throttling valve { Hoke Model 1666 G1Y) was set
manually and adjusted as needed during an experiment in order to
maintain the desired pressure. The setting of this valve was occa-
sionally troublesome because the flow coefficient (C,; value of 0.0008
fully opened) was larger than ideal. We eventually hope to automate
this portion of the equipment. Small-diameter Teflon tubing was used
to return liquid from the throttling valve to the reservoir at atmo-
spheric pressure, and, if sufficient gas formed during pyrolysis, it was
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