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the analagous reaction with enones.14 Interestingly, under 
identical conditions allyltrimethylsilane reacts with acryloyl 
complex 1 to give the 5-hexenoyl complex 4 exclusively. We 
believe this difference reflects lessened hyperconjugative stabi-

(1) (a) Liebeskind, L. S.; Welker, M. E.; Fengl, R. W. J. Am. Chem. Soc. 
1986,108, 6328-6342. (b) Davies, S. G.; Jones, R. H.; Prout, K. Tetrahedron 
1986, 42, 5123-5137. (c) Davies, S. G.; Dordor Hedgecock, I. M.; Sutton, 
K. H.; Walker, J. C. Tetrahedron Lett. 1986, 3787-3790. (d) Davies, S. G.; 
Walker, J. C. J. Chem. Soc, Chem. Commun. 1986, 495-496. 

(2) (a) Davies, S. G.; Walker, J. C. J. Chem. Soc, Chem. Commun. 1985, 
209-210. (b) Ojima, I.; Kwon, H. B. Chem. Lett. 1985, 1327-1330. 

(3) (a) Herndon, J. W. J. Org. Chem. 1986, 51, 2853-2855. (b) Davies, 
S. G.; Walker, J. C. J. Chem. Soc, Chem. Commun. 1986, 609-610. (c) 
Lenhert, P. G.; Lukehart, C. M.; Sacksteder, L. / . Am. Chem. Soc. 1986,108, 
793-800. 

(4) Hosomi, A.; Iguchi, H.; Endo, M.; Sakurai, H. Chem. Lett. 1979, 
977-980. 

(5) All reactions were run under nitrogen and at 0.1 M concentration. A 
1:1:1.1 ratio of acyliron/AlCl3/allylstannane was used. To a mixture of 
acyliron and AlCl3 at the indicated temperature was added the allylstannane. 
The reactions were run to completion or until no further reaction was noted 
(TLC). The reaction mixture was filtered through alumina and final puri­
fication was by flash chromatography on silica (slurry packed with 99:1 
hexane/triethylamine). 

(6) The stereochemistry of compound 4 (entries 1,2 of Table I) was as­
signed on the basis of '5C-119Sn coupling constants. The coupling constant 
between C1 (74.2 ppm) and Sn was 42 Hz, which is more consistent with the 
cis orientation.8 

(7) The coupling constant between the a-acyl carbon in this product and 
"9Sn was 48 Hz. See: Kuivila, H. G.; Considine, J. L.; Sarma, R. H.; Mynott, 
R. J. J. Organomet. Chem. 1976, 111, 179-196. 

(8) Dumartin, G,; Quintard, J.-P.; Pereyre, M. J. Organomet. Chem. 1980, 
185, C34-C36. 

(9) Traylor, T. G.; Berwin, H. J.; Jerkunica, J.; Hall, M. L. Pure Appl. 
Chem. 1972, 30, 599-606. 

(10) A referee has suggested that SB forms directly. Undoubtedly there 
is interaction with the tin in the transition state,9 and the timing of events will 
depend upon whether the initial intermediate resembles 5A or SB. 

(11) For a review of allylmetal compounds, see: Hoffman, R. W. Angew. 
Chem., Int. Ed. Engl. 1982, 21, 555-566. 

lization of the /3-carbocation 5 in the silicon case.9 When 
methallyltributyltin reacts with 1 and AlCl3, the only product 
isolated is the open-chain compound (entries 8, 14). Here, the 
intermediate carbocation 5B is sterically destabilized and rapid 
destannylation occurs to give the open-chain compound. Alter­
natively, the intermediate carbocation more resembles 5A (tertiary 
carbocation) and since in 5A C-5 is not electrophilic, cyclization 
does not occur. 

We are currently investigating this process with regard to 
mechanistic generalities and attempting to develop its synthetic 
potential for stereoselective five-membered ring construction. 
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(12) In vinyl-Fp complexes, there is significant buildup of electron density 
at the /3-olefinic carbon. Kuo, G.-H.; Helquist, P.; Kerber, R. C. Organo-
metallics 1984, 3, 806-808. 

(13) (a) Bucheister, A.; Klemarczyk, P.; Rosenblum, M. Organometallics 
1982, /, 1679-1684. (b) Yamamoto, Y.; Wojcicki, A. lnorg. Chem. 1973, 
12, 1779-1788. (c) Kurosawa, H.; Urabe, A.; Miki, K.; Kasai, N. Organo­
metallics 1986, 5, 2002-2008. 

(14) Danheiser, R. L.; Kwasigroch, C. A.; Tsai, Y. M. J. Am. Chem. Soc. 
1985, 107, 7233-7235. 

(15) Note Added in Proof. The reaction in entries 1 and 2 gives compound 
3 in 64% yield (74% based on recovered starting material) with use of me-
thylaluminum sesquichloride as catalyst. 
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The question of the intermediacy of monomeric metaphosphate 
in displacement reactions of phosphate monoesters has remained 
a controversial issue, despite efforts from many laboratories.1 

Several attempts have been made recently to obtain stereochemical 
information consistent with a dissociative pathway for the alco­
holysis of [16O5

170,180]phosphate esters,2"6 the most persuasive 
of which have demonstrated partial racemization at phosphorus 
in such displacement reactions in aprotic media. We now report 
the complete racemization at phosphorus in a simple phospho 
transfer reaction in a protic solvent, thus providing evidence for 
the intermediacy of a symmetrically solvated metaphosphate 
species in the solution reaction of a phosphate monoester. 

'S.E.R.C. (U.K.) Postdoctoral Fellow. 
' Present address: Department of Molecular Biology and Biochemistry, 

Yale University, New Haven, CT 06511 
(1) For reviews, see: Westheimer, F. H. Chem. Rev. 1981, 81, 313. Re-

gitz, M.; Maas, G. Top. Curr. Chem. 1981, 97, 71, See also: Calvo, K. C; 
Westheimer, F. H. J. Am. Chem. Soc. 1984,106,4205. Bourne, N.; Williams, 
A. J. Am. Chem. Soc. 1984,106, 7591. Skoog, M. T.; Jencks, W. P. / . Am. 
Chem. Soc. 1984,106, 7597. Ramirez, F.; Marecek, J.; Minore, J.; Srivastava, 
S.; Ie Noble, W. J. Am. Chem. Soc. 1986, 108, 348. Herschlag, D.; Jencks, 
W. P. J. Am. Chem. Soc. 1986, 108, 7938. 

(2) Buchwald, S. L.; Friedman, J. M.; Knowles, J. R. J. Am. Chem. Soc. 
1984, 106, 4911. 

(3) Calvo, K. C. / . Am. Chem. Soc 1985, 107, 3690. 
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Despite the existence of much support for the intermediacy of 
metaphosphate1 in, for example, the aqueous alcoholysis of phenyl 
phosphate monoanion, 2,4-dinitrophenyl phosphate dianion, or 
the zwitterionic form of an TV-phosphoguanidine, we earlier 
showed2 that all these reactions proceed with inversion of the 
configuration at phosphorus. Had a free metaphosphate inter­
mediate been involved, we should, of course, have expected the 
product to have been racemic at the chiral phosphorus center. The 
mechanistic dilemma was resolved by suggesting that these re­
actions are constrained to preassociative pathways2'7 in which the 
reversibly dissociating substrate only yields product in the presence 
of an acceptor nucleophile. This explanation was also used to 
accommodate the finding that the phospho group derived from 
a Conant-Swan fragmentation is also transferred (to a secondary 
alcohol) with inversion of the configuration at phosphorus.3 In 
an effort to tip the balance in favor of metaphosphate, we followed 
the example of Ramirez and Maracek8 and investigated the 
stereochemical course of the tert-butyl alcoholysis of phenyl 
phosphate dianion in acetonitrile.A These workers8 had suggested 
that the formation of tert-butyl phosphate is diagnostic of 
metaphosphate formation, since direct nucleophilic attack by 
tert-butyl alcohol is sterically precluded. Concurrently, Cullis 
and Rous5 reported the stereochemical course of the reaction of 
adenosine 5'-diphosphate with a primary alcohol in acetonitrile. 
In both of these reactions, substantial racemization was seen, 
though some 10% retention was observed in each case. At first 
sight, these experiments seemed to support the formation of a 
metaphosphate intermediate. However, the solvent acetonitrile 
is potentially nucleophilic, and the observed racemization could 
derive from a sequence of associative or preassociative displace­
ments in which acetonitrile first attacks the substrate to form an 
acetonitrile-metaphosphate adduct1 that then suffers multiple 
displacements by other acetonitrile molecules before being finally 
trapped by the acceptor alcohol. The small amount of overall 
retention observed in each of these reactions could derive from 
the occasional trapping of the first-formed acetonitrile adduct. 
These experiments do not therefore prove the intermediacy of 
metaphosphate. Cullis and Rous6 have reported that phospho 
group transfer from a P',P'-disubstituted pyrophosphorothioate 
to a primary alcohol proceeds with 30% inversion (and 70% 
racemization) in dichloromethane. This result, while consistent 
with a metaphosphate intermediate, does not indicate a completely 
free and symmetrically solvated species, and the authors suggested 
that a preassociation mechanism could also explain these data. 

To resolve these concerns, and to discover whether the phos­
phorylation of tert-butyl alcohol indeed requires metaphosphate 
as an intermediate, we have now determined the stereochemical 
course of the solvolysis of the bis(tetra-H-butylammonium) salt 
of p-nitrophenyl (tfP)-[160,170,180]phosphate9 (0.25 M) in neat 
tert-butyl alcohol at 30 0C (Scheme I). After about one half-life 
(220 min) the product tert-butyl phosphate and the remaining 
substrate p-nitrophenyl phosphate were isolated, and the absolute 
configuration at phosphorus was determined for each material, 
by the methods we have previously described.24 The resulting 

(7) Jencks, W. P. Chem. Soc. Rev. 1981, 10, 345. 
(8) Ramirez, F.; Marecek, J. F. J. Am. Chem. Soc. 1979, Wl, 1460. 

Ramirez, F.; Marecek, J. F.; Yemul, S. S. J. Am. Chem. Soc. 1982,104, 1345. 
Ramirez, F.; Marecek, J. F. Tetrahedron 1979, 35, 1581. Ramirez, F.; 
Marecek, J. F. Pure Appl. Chem. 1980, 52, 1021. 

(9) p-Nitrophenyl (Rp)-[160,170,180]phosphate was synthesized by the 
route employed for 2,4-dinitrophenyl (i?p)-[160,0,l80]phosphate2 except that 
p-nitrophenol was used in place of lithium 2,4-dinitrophenolate. 
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Figure 1. 31P NMR spectra of the triesters from the in-line ring closure 
and methylation2 of (A) 3-[160,170,180]phospho-(S)-butane-l,3-diol 
derived from tert-butyl [160,170,180]phosphate by phospho group 
transfer catalyzed by wheat germ acid phosphatase and of (B) 1-
[160,170,180]phospho-(S)-butane-l,3-diol derived from recovered p-
nitrophenyl [160,170,180]phosphate by phospho group transfer catalyzed 
by E. coli alkaline phosphatase. The spectra were taken on a Bruker 
WM-300 instrument at 121.5 MHz, Gaussian multiplication with 
Gaussian broadening, 0.05 Hz, and line broadening, -0.3 Hz. The 
downfield multiplets (syn isomers) are centered at 4.91 ppm, and the 
upfield multiplets (anti isomers) are centered at 5.88 ppm. The downfield 
signal in each quartet is from unlabeled 16O2 triester, and the upfield 
signal in each quartet is from doubly labeled 18O2 triester. The singly 
labeled isotopomers that provide stereochemical information are illus­
trated. The product (in A) is clearly racemic, and the remaining sub­
strate (in B) is 85% R. 

31P N M R spectra are shown in Figure 1, from which it is evident 
that the phospho group has suffered complete racemization upon 
transfer from p-nitrophenyl phosphate to tert-butyl alcohol. The 
N M R spectrum from the stereochemical analysis of the remaining 
substrate shows that this material is itself configurationally stable 
during the reaction. A control experiment confirmed that the 
product tert-butyl phosphate is also completely configurationally 
stable under the reaction conditions.10 

(10) The bis(tetra-n-butylammonium) salt of bridge-labeled [l*0]-tert-
butyl phosphate (65 ± 2% enriched) was incubated with p-nitrophenol (1 
equiv) in unlabeled tert-butyl alcohol at 30 "C. After 48 h (that is, 13 times 
longer than the reaction time with p-nitrophenyl phosphate in the transfer 
experiment), no loss of isotopic label from the bridge position of terl-butyl 
phosphate could be detected by 13C NMR. That the rate of label loss from 
bridge-labeled ferf-butyl phosphate is a good measure of the rate of race­
mization of chiral tert-butyl [160,l70,180]phosphate was shown by the 
equivalence of these rates for appropriately labeled samples of tert-buiy\ 
phosphate in decalin containing tert-butyl alcohol at 80 "C. We are grateful 
to a referee for pointing out the need for the control experiment in the presence 
of p-nitrophenol. 
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The results demonstrate the intermediacy of a completely free, 
symmetrically solvated monomeric metaphosphate intermediate 
in a phospho group transfer to a hindered nucleophile in a protic 
solvent and are consistent with the proposal that the formation 
of fert-butyl phosphate is, in such reactions, diagnostic of the 
metaphosphate intermediate." 

(11) Note Added in Proof. The results reported here are in gratifying 
agreement with those of Cullis and Nicholls (Cullis, P. M.; Nicholls, D. J. 
Chem. Soc, Chem. Commun. 1987, in press) on the positional isotope ex­
change observed in adenosine 5'-[a,/3-180]diphosphate trianion in neat tert-
butyl alcohol. 
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The equilibrium tautomeric composition of aqueous reducing 
monosaccharides has been extensively studied for almost 150 
years.1 Each aldopentose or aldohexose exists as a mixture of 
at least six compounds: the aldehyde, the hydrated aldehyde 
(gem-diol), the two pyranoses, and the two furanoses.2 However, 
the proportion of the gem-diol has not been reported for any 
unmodified aldopentose or aldohexose,2 although the 13C NMR 
signal of the gem-diol tautomer of D-[l-13C]idose has been de­
tected.3 

The composition of aqueous D-glucose is the greatest challenge 
of the remaining gaps of knowledge about tautomeric equilibria. 
The reported proportions of 0-D-glucofuranose and aldehydo-D-
glucose are 0.14% (at 43 0C) and 0.002% (at 20 0C), respectively.2 

The gem-diol and a-furanose tautomers have not been detected. 
In this report we show that ultrahigh-resolution NMR metho-
dology4~9 yields resolved resonances for all six tautomers in 13C 
NMR spectra of aqueous D-[l-13C]glucose. We present equi­
librium proportions as a function of temperature. 

The sample was maintained at each temperature for at least 
5 h prior to data acquisition, in order to establish tautomeric 
equilibrium.1,10"14 Figure 1 shows the region of saturated Cl 
resonances in the 13C NMR spectrum of 1.4 M D-[l-13C]glucose15 

in H2O (with 10% v/v dioxane-rf8 and 1% v/v dioxane), at 37 and 
67 0C. The truncated peaks 3 and 4 are the resonances of /3-D-
glucopyranose and a-D-glucopyranose, respectively.16 The peaks 
labeled with X are instrumental artifacts (see below). The peaks 
designated with C are the 1 J 0 0 satellites that arise from the 

(1) Pigman, W.; Isbell, H. S. Adv. Carbohydr. Chem. 1968, 23, 11-57 and 
references cited therein. 

(2) Angyal, S. J. Adv. Carbohydr. Chem. Biochem. 1984, 42, 15-68 and 
references cited therein. 

(3) Snyder, J. R.; Serianni, A. S. /. Org. Chem. 1986, 51, 2694-2702. 
(4) Allerhand, A.; Addleman, R. E.; Osman, D. J. Am. Chem. Soc. 198S, 

107, 5809-5810. 
(5) Allerhand, A.; Dohrenwend, M. J. Am. Chem. Soc. 1985, 107, 

6684-6688. 
(6) Allerhand, A.; Addleman, R. E.; Osman, D.; Dohrenwend, M. J. 

Magn, Resort. 1985, 65, 361-363. 
(7) Maple, S. R.; Allerhand, A. J. Magn. Resort. 1986, 66, 168-171. 
(8) Allerhand, A.; Bradley, C. H. /. Magn. Reson. 1986, 67, 173-176. 
(9) Maple, S. R.; Allerhand, A. J. Am. Chem. Soc. 1987, 109, 56-61. 
(10) Isbell, H. S.; Pigman, W. Adv. Carbohydr. Chem. Biochem. 1969, 24, 

13-65 and references cited therein. 
(11) Los, J. M.; Simpson, L. B.; Wiesner, K. J. Am. Chem. Soc. 1956, 78, 

1564-1568. 
(12) Wertz, P. W.; Garver, J. C; Anderson, L. J. Am. Chem. Soc. 1981, 

103, 3916-3922. 
(13) Serianni, A. S.; Pierce, J.; Huang, S.-G.; Barker, R. /. Am. Chem. 

Soc. 1982, 104, 4037-4044. 
(14) Pierce, J.; Serianni, A. S.; Barker, R. J. Am. Chem. Soc. 1985, 107, 

2448-2456. 
(15) Obtained from MSD Isotopes, 99.6% 13C enriched. 
(16) Bock, K.; Pedersen, C. Adv. Carbohydr. Chem. Biochem. 1983, 41, 

27-66. 
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Figure 1. Region of the saturated anomeric carbons in the proton-de­
coupled 13C NMR spectrum of 1.4 M D-[l-13C]glucose in H2O, with 10% 
v/v dioxane-d8 and 1% v/v dioxane, recorded at 50.3 MHz and tem­
peratures of 37 0C (pH 6.0) and 67 0C (pH 4.8), with an acquisition time 
of 3.28 s, a spectral width of ±10000 Hz (quadrature detection), and 
128K time-domain points. Homogeneity (Z1 gradient only) was auto­
matically adjusted prior to each batch of 200 scans. Each batch was 
automatically added to a double-precision (40-bit) data file which con­
tained the sum of all prior batches. 140 and 376 batches were recorded 
at 37 and 67 0C, respectively. Each final time-domain spectrum was 
processed in the floating-point mode with 0.5-Hz digital broadening and 
Fourier transformation. Chemical shifts are expressed in parts per 
million from Me4Si, but they were measured relative to internal dioxane, 
taken to have a chemical shift of 67.47 ppm at 37 0C. The 0-pyranose 
resonance of the spectrum at 67 0C was aligned with the corresponding 
one in the spectrum at 37 0C. In each spectrum, the /3-pyranose reso­
nance is truncated at 0.8% of its full peak height. 

pyranose tautomers of the 1.1% of molecules doubly 13C labeled 
at Cl and C2. Spinning sidebands have been smeared out by 
spinner speed modulation.17 We shall show that peaks 1, 2, and 
5 arise from the (3-D-glucofuranose, a-D-glucofuranose, and 
gem-diol tautomers, respectively. First, we rule out the possibility 
that these small peaks are artifacts or arise from impurities by 
noting that they exhibit large monotonic intensity increases as the 
temperature is raised. Peak 1 has already been assigned to the 
/3-furanose tautomer.18 Its chemical shift is consistent with those 
of anomeric carbons of furanoses with Ol trans to 02.16 Peak 
2 has a chemical shift consistent with a furanose ring which has 
Ol cis to 02,16 and is therefore assigned to a-D-glucofuranose. 
We assign peak 5 to the gem-diol tautomer, because its chemical 
shift (90.66 ppm from Me4Si at 37 0C) is almost identical with 
the values reported for the gem-diol tautomers of D-[I-13C]-
threose13 and D-[l-13C]idose.3 Because peak 5 is extremely small 
relative to the resonances of the pyranose tautomers, it is par­
ticularly important to rule out the possibility that it is an artifact. 
Not only does the intensity of peak 5 increase with temperature 
but its line width also increases, a behavior consistent with an 
exchange contribution to the line width from gem-diol/aldehyde 
interconversion (see below). 

Figure 2 shows the effect of temperature on the Cl resonance 
of the aldehyde tautomer. Because the resonance is very broad, 
each spectrum was processed with 10-Hz digital Lorentzian 

(17) Bammel, B.; Evilia, R. F. Anal. Chem. 1980, 52, 1999-2000. 
(18) Williams, C; Allerhand, A. Carbohydr. Res. 1977, 56, 173-179. 

OOO2-7863/87/1509-3168S01.5O/O © 1987 American Chemical Society 


