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Table L. Positional Incorporation of '30 into Diastereomeric 2-
Benzyloxy-2-0x0-4-methyl-1,3,2-dioxaphosphorinanes

180 enrich- distribution of 180
ment measd on in positions
molecular equatorial, axial,
compd ion, % % %
11 76.0 94.8¢4 5.2
12 75.8 97.0 3.04
13 78.7 3.9 96.14
14 78.8 3.6¢ 96.4

@ Measured on the (M — C7HgO)* ion.

a similar procedure, diastereomerically pure 10 was converted
into a mixture of 13 and 14, which was then separated into pure
triesters (13, 83ip(cHcly — 7.45 ppm; 14, 031p(cHcly) — 5.44
ppm). Electron impact mass spectra showed that the 130 en-
richment of compounds 11-14 was lower than that of S (see
Table I).

The analysis of the mass spectra of trans- and cis-2-ben-
zyloxy-2-oxo-4-methyl-1,3,2-dioxaphosphorinanes (['¢0]-11
and [!60]-12) clearly shows that, in addition to the molecular
ions (m/e 242), the fragments corresponding to the loss of
benzaldehyde (M — C7HgO)* are fairly abundant (m/e 136,
31.2% for [160}-11; m/e 136, 25.5% for ['60O}-12).

Since the spatial orientations of the benzyloxy groups in
[160]-11 and ['60]-12 have been assigned'* and since the
benzyloxy group is lost after one hydrogen transfer during the
mass spectrum fragmentation process, we have been able to
assign the distribution of 180 in the axial and equatorial po-
sitions of triesters 11-14 on the basis of their mass spectra. The
results are collected in Table I, An inspection of Table I clearly
shows that the conversion of P-N — P-180 proceeded with
nearly complete retention of configuration at the phosphorus
atom.'8 Thus, the S, absolute configuration can be assigned
to 3.

The lack of complete stereospecificity in the P-N — P-20
conversion is intriguing and must be answered. However, our
results allow us to claim that the diastereomeric purity of 3 is
at least 94.8% and demonstrate the further applicability of
amidodiesters to the preparation of chiral phosphorus com-
pounds. Conversion of deoxyadenosine cyclic 3’,5'-(R)- and
-(Sp)-phosphoranilidates!? into ['0]-cdAMP with retention
of configuration by means of NaH-C'80; is described in the
accompanying communication.2%
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A Method for the Preparation of Unesterified Acyl
Phosphates via Stannyl Phosphate Intermediates
Sir:

Acyl phosphates are of importance since the compounds
such as acetyl phosphate, adenosine 5-aminoacyl phosphates,?
and luciferyladenosine 5/-phosphate? are known to be biolog-
ically significant. Acyl phosphates belong to a class of mixed
anhydrides consisting of carboxylic and phosphoric acids.
However, little* is known concerning a general method for the
synthesis of analytically pure acyl phosphates because of their
instability.

We now report a general and practically useful method for
the synthesis of unesterified acyl phosphates employing stannyl
phosphates via the silyl phosphate intermediates.

Stannyl phosphates were found to react smoothly and stoi-
chiometrically with acyl chlorides.

When diethyl tri-n-butylstannyl phosphate (1)° was treated
with 1 equiv of acyl chlorides in dry carbon tetrachloride, the
corresponding acyl diethyl phosphates (2) were obtained in
almost quantitative yields. The reaction proceeded smoothly

0 9 - BuzsnCl 2 9
RL-CI + BugSn0-PIOEt), ——3——> R-C-0-PIOEY),
in CCI, )
(1)

at room temperature and the complete conversion was moni-
tored by its 'H NMR spectra; in the case of acetyl diethyl
phosphate [NMR (CCls, 60 MHz) 6 1.90 (d, 3 H, Jup = 2 Hz,
CH;C(0))] and also in the case of diethyl pivaloyl phosphate
[NMR (CClq, 60 MHz) 6 1.25 (s, 9 H, (CH3)3CC(0))]. Both
compounds are not stable during the distillation and partially
decomposed. They were isolated in 45 and 66% yields, re-
spectively.

Similarly, aroyl diethyl phosphates such as benzoyl (92%),
4-chlorobenzoyl (86%), toluoyl (89%), 2-methylbenzoyl (83%),
and anisoyl (88%) derivatives could be obtained and isolated
by means of silica gel column chromatography using a mixture
of n-hexane and ether (4:1-1:1 v/v). The mixed anhydride
structure was confirmed by their IR spectrum (vc—p 1750
cm™!, benzoyl).

Several reports have recently appeared employing tri-n-
butylstannyl group as a leaving group in organic synthesis,
In the field of the organophosphorus chemistry, the stannyl
groups can be also employed for the synthesis of phosphate
esters.

It was found that diethyl tri-n-butylstannyl phosphate (1)
can be converted with trimethylsilyl chloride into diethyl tri-
methylsilyl phosphate (3) almost quantitatively. The conver-
sion of 1 into 3 was ascertained by its 'H NMR spectra (CCly),
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Table L. Yields and Physical Properties of Unesterified Acyl Phosphates (7)

yield, mp, formula
R % °C {mol wt) spectral properties
CH3; 80 93-94a CgH2NOsP¢  'HNMR42.00(d, 3 H, Jup =2 Hz, CH3C(0)), 7.35 (s, 5 H, aromatic);
(233.2) IR/ 1750 (C==0), 1255 (P==0)
CH;3;CH, 54 107-108% C;oH¢NOsP¢ 'HNMR¢0.97 (t,3 H, J = 7 Hz, CH3C), 2.05 (s, 3 H, CH; aromatic),
(261.2) 6.97 (m, 5 H, aromatic), 7.76 (s, 3 H, HN); IR/ 1745 (C=0), 1255
(P==0)
CH3(CHy)¢ 49 103-104% C,sH;NOsP¢  'H NMR¢0.50-1.90 (m, 13 H, n-C¢H3C), 2.13 (s, 3 H, CH; aromatic),
(331.4) 6.87 (m, 5 H, aromatic), 8.60 (s, 3 H, HN); IR/ 1750 (C=0), 1240
(P==0)
(CH3)3C 54 110-112%  C3H;0NOsP¢  'H NMR¢ 1.17 (s, 9 H, (CH3)3C), 2.12 (s, 3H, CH; aromatic),

(289.3)

5.18 (s, 3 H, HN), 6.87 (m, 5 H, aromatic); IR/ 1745 (C=0), 1245

(P=0)

@ The value indicates the monoanilinium salt. Literature values reported by R. Bentley [J. Am. Chem. Soc., 70, 2183 (1948)] are 104-105
°C as the dianilinium salt and 128-130 °C as the diammonium salt. ® The value shows the mono o-toluidinium salt. ¢ Data of elemental analyses
agree well with the corresponding theoretical values. ¢ '"H NMR data in 6 units [D;0-MezSO-d (1:1 v/v) as solvent and Me,Si as standard].
¢ IH NMR data in 8 units (Me;SO-dg as solvent and Me,Si as standard). / IR data in cm™! (solid as KBr pellet).

by the change of the chemical shift of trimethylsilyl protons:
60,10 (s, 9 H, (CH3)3Si). From the above facts, it would seem

0 0
BugSm0-P(OEt ), + MegSiCl —> Me3SiO-PIOEtl, + BuzSnCI

(1) (3)

possible to convert stannyl esters into the unesterified acyl
phosphates via the silyl ester intermediates since the silyl esters
can be smoothly transformed to the corresponding unesterified
phosphate derivatives. Consequently, tris(tri-n-butylstannyl)
phosphate (4), reported by Church,’ was chosen as a starting
material for the synthesis of unesterified acyl phosphates via
the silyl phosphate intermediates.

Compound 4 was obtained in 99% yield as follows. To a
solution of bis(tri-n-butyltin) oxide (43.52 g, 73 mmol) in
methanol (200 mL) was added dropwise 85% H3PO4 (3.9 mL,
57 mmol) with continuous stirring and the mixture was kept
at room temperature overnight. After removal of solvent the
residue was dissolved in CH,Cl; (300 mL), It was washed with
three portions of 5% sodium bicarbonate (3 X 100 mL) to
complete the removal of H3POy. The organic layer was dried
over Na;SOy4 and concentrated to dryness. That the highly
viscous oil obtained was a pure sample of 4 was confirmed by
its 3P NMR spectrum: 6 4.3 (85% H;PO,). It was used in
further reactions without any purification.

Benzoyl chloride (1 equiv) in CCly was added dropwise
carefully to 4 at room temperature and the mixture was re-
fluxed for 2 h to afford a mixture of benzoyl bis(tri-n-butyl-
stannyl) phosphate (5) and tri-n-butyltin chloride, which,
without isolation of 8, was transformed by treatment with
trimethylsilyl chloride into benzoyl bis(trimethylsilyl) phos-
phate (6) which was in turn alcoholyzed (with 2 equiv of eth-
ano}) in the presence of aniline (1 equiv) in dry ether. The

Q ? 2
(E!U3Sn0)3P=O + R-C-CI —> R-C-O-P(OSnBU3)2 + BugSnClI
(41 (5)

MesSiCl 9 0
—2 > R-C-0-P(0SiMej),

(61

PhNH, /E t OH ¢ 9o
R-C-0-P-0" HaNPh
OH

(7)

5a,6a,7a R=Ph
5b,6b,7b R=CH;

in ether

monoanilinium salt of unesterified benzoyl phosphate (7a) was
precipitated from the ethereal solution and collected by cen-
trifuge, It was dried over P4O10 (56% yield). However, acetyl
bis(tri-n-butylstannyl) phosphate (7b) could not be obtained
selectively with acetyl chloride in the manner described. After
several experiments, tri-n-butylstannyl bis(trimethylsilyl)
phosphate (8) was chosen as the most suitable starting material
for this purpose,

Compound 8 was prepared as follows. To a solution of tris-
(trimethylsilyl) phosphate® (2.045 g, 6.5 mmol) in dry CCly
(20 mL) was added dropwise tri-n-butyltin methoxide (2.087
g, 6.5 mmol) at room temperature under an argon atmosphere.
After 1 h, the solvent was removed completely in vacuo. That
the residual sticky oil was a pure sample of 8 was confirmed
by its 31P NMR spectrum: 6 25.1 (85% H3;POy). It was used
in further reactions without any purification.

For example, when 8 (3.455 g, 6.5 mmol) was treated with
acetyl chloride (0.536 g, 6.83 mmol) in CCl4 (20 mL) under
reflux for 1 h and the mixture was further treated with a mixed
solutjon of aniline (0.65 mL, 7.1 mmol) and ethanol (0.84 mL,
14.4 mmol) in dry ether (20 mL) at room temperature, the
monoanilinium salt of acetyl phosphate (7b) was precipitated
and collected (80% yield) as a white powder. In this experi-
ment, acetanilide was not detected during the addition of an-
iline-containing ethanol.

0 0 - Bu4SnCl 2 9
Bu3Sn0-P(0SiMe3), + R-C-CI ——————> R-C-0-P(0SiMe3),
8) (6)
EtOH+ArNH, QO
———— R-C-0-P-0 H3NAr
OH
(7)

The unesterified acyl phosphates were obtained similarly.
Yields and physical properties are given in Table I.

It is noteworthy that tri-n-butylstannyl bis(trimethylsilyl)
phosphate is a new useful synthetic intermediate in phosphate
chemistry and the present method provides analytically pure
samples of unesterified acyl phosphates, possessing melting
points which were not given in previous reports.# The method
may be widely applicable to the synthesis of unesterified acyl
phosphates.
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Reaction Mechanism of Hydroboration.
Ab Initio MO Study on the C;H4 + BH3 Reaction
Sir:

Despite its great synthetic usefulness and applicability, the
detailed mechanism of the hydroboration reaction! has been
a matter of a considerable dispute. Brown? originally proposed
a simple four-center transition-state mechanism. On stereo-
chemical grounds, Seyferth? and Streitwieser et al.# have
suggested an intermediate triangular © complex prior to a
three-center-like transition state. These possible mechanisms
have been argued by Pasto and Kang? on the basis of kinetic
isotope effects.

Four molecular orbital studies,®*? at the semiempirical and
the ab initio minimal basis set levels, have appeared within the
last year to elucidate the mechanism of a prototype reaction
of C,H4 with BHj;. The results, however, are very divergent.
A CNDOY/2 result of Dasgupta et al.® preferred a three-center
transition state. In a MNDO study, Dewar and McKee” have
found that a loose 7 complex is formed with an energy barrier
of 7.6 kcal/mol, this being the rate-determining step for the
overall reaction. In contrast to this, an ab initio study with a
very limited geometry optimization with the minimal basis set
by Clark and Schleyer® has found that the formation of the 7
complex, located at a late stage of reaction, requires no energy
barrier. The resultant three-center 7 complex transforms into
the final products through a transition state which resembles
the w complex closely in structure and in energy, the reaction
proceeding without an overall energy barrier. Finally, Lip-
scomb et al.? very recently have reported a PRDDO study
which mostly concurs with that of Clark and Schleyer, though
there seem to be some differences in transition-state geome-
tries.
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Flgure 1. Optimized geometries (in angstroms and degrees) for the in-
termediate 7 complex (A) and the transition state (B) at the 4-31G SCF
level. The arrows in B indicate the displacement vector of the reaction
coordinate (the normal coordinate with an imaginary frequency) at the
transition state.
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Flgure 2. The energy profile (kilocalories/mole) for the reaction of CoH,
with BH3 at the 4-31G (in parentheses) and 6-31G** SCF levels.
Geometries used are optimized at the 4-31G SCF level, A and B are the
7 complex and the transition state, respectively.

To resolve the discrepancies and to determine the reaction
mechanism, we have searched carefully for the stationary
points on the potential energy surface of the title reaction with
the ab initio SCF energy gradient method'© at the split-valence
4-31G level.!! The stationary points were identified as the
equilibrium or the saddle point by examining the calculated
normal vibrational frequencies. At the 4-31G SCF optimized
stationary points, energies were also calculated with the 6-
31G** basis set!2 which includes polarization functions needed
for a better estimate of the energy differences involved. The
barrier height for the reaction was further refined with the
direct configuration interaction (CI) method.!?

Upon going from the reactant, C;H4 + BH3, to the final
product, ethylborane, with a C; symmetry constraint, we found
two stationary points, an intermediate 7 complex and a tran-
sition state (saddle point), as shown in Figure 1. The 7 complex
is in a fairly early stage of reaction and is held together by a
three-center bond. The transition state, having a four-cen-
ter-like structure, involves the concerted formation of the
C—H and the C—B bond and cleavage of the B—H and the
C=C bond, as shown by the reaction coordinate vector in
Figure 1.

The energy profile at the SCF level is given in Figure 2.
There exists no energy barrier to the formation of the = com-
plex. The predicted exothermicities of 32.4 (4-31G) and 32.5
(6-31G**) kcal/mol agree well with an estimated value'4 of
~33 kcal/mol, while the previous studies provided 38.8
(MNDO), 63.1 (STO-3G),” and 70.7 (PRDDO)?# kcal/mol,
respectively. Interestingly the polarization functions have little
effect on the exothermicity.

An important point to notice in Figure 2 is that the = com-
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