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the extent to which this intermediate can be built up. No diazo 
intermediate (1900-2300 cm"1) was observed, nor were chloro-
oxirane13 or methyl chloride formed.13 Ketene and HCl do not 
arise from secondary photolysis of acetyl chloride. Independent 
experiments showed acetyl chloride to be photochemically stable 
at these wavelengths (X >340 nm), although higher energy ir
radiation (X >270 nm) cleanly produces ketene and HCl in an 
argon matrix.14 

The identity of 1 as the initial photoproduct was confirmed by 
bimolecular reaction. Irradiation of a 3-methylpentane glass of 
2 at 10 K produced the same IR absorptions as observed in argon. 
Warming the matrix to 80 K caused the disappearance of the 
photoproduct IR bands with concurrent generation of a mixture 
of azine 3 and dimer 4.13 These products are sensibly derived from 
reaction of carbene 1 with starting diazirine or with another 
carbene molecule, respectively. 

The IR spectrum of 1 provides significant insight into its 
electronic structure. Of particular concern is the relative im
portance of Tr-bonding as indicated in 5. A logical comparison 
may be made between the IR spectrum of 1 and that of chloro-
methyl methyl ether, for which a complete vibrational analysis 
has been reported.15 Chloromethyl methyl ether shows a C-O-C 
antisymmetric stretch at 1120 cm"1 and has only CH2 deformations 
in the region from 1200 to 1400 cm"1.15 In contrast, a major band 
in the IR spectrum of 1 appears at 1300 cm"1. Deuterium labeling 
shows that this absorption is not due to a methyl deformation. 
Irradiation of the trideuterio analogue of 2 in an argon matrix 
gives the trideuterio carbene, with IR absorptions at 2178, 1370 
(weak), 1330, 1324, 1073, 1053, 926, 807, 755, 680, and 386 cm"1. 
In particular, methyl absorptions in the 1450-cm"1 region are 
absent, but the ca. 1300-cm"1 band remains. We thus assign this 
absorption to the C-O-C antisymmetric stretch of the carbene.16 

The higher frequency compared to the corresponding stretch in 
ClCH2OCH3 indicates considerable C-O double-bond character. 
This conclusion is supported by ab initio calculations by Schaefer 
and co-workers, who predict the C-O stretch in hydroxymethylene 
to be 1381 cm"1.17'18 

In contrast to thermolysis results,8,9 matrix isolated 1 rearranges 
photochemically to acetyl chloride. This transformation likely 
involves either a concerted 1,2-methyl migration or C-O bond 
cleavage to give a radical pair followed by recombination. More 
enigmatic is the conversion of 1 to ketene and HCl. Although 
it is a logical intermediate, acetyl chloride gives ketene at shorter 
wavelengths only. An appealing mechanism thus involves the 
adiabatic conversion19 of electronically excited carbene to elec
tronically excited acetyl chloride. The excited acetyl chloride 
subsequently cleaves to HCl and ketene. Simple-minded calcu
lations indicate that the adiabatic conversion is energetically 
feasible. Rondan, Houk, and Moss4 have calculated (4-31G) the 
energy for the isodesmic reaction, :CH2 + CH3Cl + CH3OCH3 

— ClCOCH3 + 2CH4, to be -60.3 kcal/mol. Using the known 
heats of formation for the other species20 in this equation gives 
an estimated AHf° of 2.9 kcal/mol for 1. Our photochemical 
results indicate that the longest wavelength where rearrangement 

(13) Characterized by comparison with authentic samples, matrix isolated 
in argon. 

(14) This elimination in an argon matrix has been noted previously: Shirk, 
J. S. Ph.D. Dissertation, University of California, Berkeley, CA, 1967. 

(15) Imaishi, H. J. Sci. Hiroshima Univ., Ser. A 1975, 39, 337. 
(16) The absence of two hydrogens on the central carbon of 1 relative to 

CH3OCH2Cl should affect the reduced mass in the C-O stretch only slightly, 
as is seen in the comparison of CH3OCH2Cl and CH3OCD2Cl.15 In addition, 
the 1300-cm"1 absorption is too intense to be an overtone or combination band. 
The ca. 1300-cm"1 band in W 3 is in fact the most intense absorption in its 
IR spectrum. More extensive isotopic labeling to determine the nature of the 
other deformations is in progress. 

(17) Goddard, J. D.; Yamaguchi, Y.; Schaefer, H. F., III. J. Chem. Phys. 
J981, 75, 3459. 

(18) In contrast, CCl2 and CBr2 show no indication of ir-bonding by IR: 
Andrews, L. J. Chem. Phys. 1968, 48, 979. Andrews, L.; Carver, T. G. Ibid. 
1968, 49, 896. 

(19) Turro, N. J.; McVey, J.; Ramamurthy, V.; Lechtken, P. Angew. 
Chem., Int. Ed. Engl. 1979, /S , 572. 

(20) Streitwieser, A., Jr.; Heathcock, C. H. "Introduction to Organic 
Chemistry"; MacMillan: New York, 1981; p 1191. 

of the carbene takes place is 360 nm. Combining this energy, the 
heats of formation of acetyl chloride20 and 1 and the UV spectrum 
of acetyl chloride21 indicates that rearrangement of excited singlet 
1 to excited singlet acetyl chloride is exothermic by ca. 30 
kcal/mol. Although the topology of the relevant energy surface 
is not known, the reaction clearly fulfills at least the energetic 
requirements for an adiabatic photoreaction.19 Since acetyl 
chloride does not fluoresce, this mechanism must remain tentative 
at this time. Further studies on the chemistry and structure of 
1 are in progress.22 
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(21) Weiler-Feilchenfeld, H. In "The Chemistry of Acyl Halides"; Patai, 
S., Ed.; Interscience: New York, 1972; p 92. 

(22) Although two conformations are possible for carbene 1, we have no 
direct evidence for either isomer. It is interesting to note that the ca. 1330-
cm"1 band in the trideuterio compound is split into two distinct absorptions, 
which may indicate two conformers. 
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One of the more promising approaches to the investigation of 
the conformations and molecular dynamics of polynucleotides is 
the use of phosphorus-31 nuclear magnetic resonance (31P 
NMR).1"5 The full potential of 31P NMR has not been utilized 
since there has been no unambiguous method for assigning the 
signals. Thus, the information present in the chemical shifts has 
not been fully exploited, nor have the molecular dynamics of 
distinct sites been well explored. 

Unlike many other elements, phosphorus does not have a 
suitable isotope for the purpose of assigning NMR resonances. 
Thus, we were led to develop the use of 17O directly bonded to 
the phosphorus of polynucleotides as a means of specifically and 
unobtrusively labeling particular sites. The introduction of 17O 
induces an appreciable increase in the line width of the 31P res
onances of polynucleotides and hence presents an unambiguous 
assignment procedure that is also applicable to nucleic acid-protein 
complexes. 

For the phosphorus nuclei of polynucleotides there are two main 
contributions to transverse relaxation: dipolar and chemical shift 
anisotropy.1"5 The two pathways contribute about equally to the 
transverse relaxation of 31P when the experiment is performed at 
4.7 T.1"5 The dipolar relaxation is due to the 5', 5", and 3' protons 
of the polynucleotide, which are between 0.26 and 0.28 nm away 
from the phosphorus nucleus. When the phosphorus is directly 
bonded to 17O two additional relaxation pathways come into play. 
Scalar relaxation of the second kind arises from rapid modulation 
of the 31P-17O scalar coupling due to the quadrupolar relaxation 
of the 17O and is given by6 

J- = \SQ(SQ + X)A T]Q + T2Q ) (1) 
-Z2SK 3 ^ 1 + ( O ) P - O J Q ) 2 T 2 Q 2 / 

(1) James, T. L. Bull. Magn. Reson. 1983, 4, 119-159. 
(2) Bolton, P. H.; James, T. L. J. Am. Chem. Soc. 1980, 102, 25-31. 
(3) Shindo, H. Biopolymers 1980, 19, 509-523. 
(4) Rill, R. L.; Hilliard, P. R.; Levy, G. C. J. Biol. Chem. 1983, 258, 

250-256. 
(5) Allison, S. A.; Shibata, J. H.; Schurr, J. M. Biopolymers 1982, 21, 

729-762. 
(6) Spiess, H. W. In "NMR: Basic Principles and Progress"; Diehl, P.; 

Fluck, E.; Kosfield, R., Eds.; Springer Verlag: New York, 1978; Vol. 15, p 
55-214. 
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Figure 1. 81-MHz 31P NMR spectra of labeled, poly(I*)-poly(C), and 
unlabeled samples at 30 and 65 0C. The chemical shifts are relative to 
trimethyl phosphate. The buffer was 0.1 M in NaCl and contained 2 
mM ethylenediaminetetraacetic acid, 2 mM ethylene glycol bis(/3-
aminoethyl ether)-7V,./V,./V',/V'-tetraacetic acid, and 10 mM cacodylic acid 
and was 90% 2H2O and the pD was 7.0. The samples consisted of a 
poly(I) to poly(C) ratio of 1.15:1.0 determined both by integration of the 
high-temperature NMR spectrum of the unlabeled sample and spectro-
photometrically. The labeled and unlabeled samples were prepared 
identically except for the 17O labeling, and the intensities of the two sets 
of spectra are directly comparable. 

where r2 s k is the transverse relaxation due to scalar relaxation 
of the second kind; S Q is the spin of the quadrupolar, 17O nucleus; 
J is the heteronuclear coupling; TlQ and T2Q are the T1 and T2 

of 17O; ojp and o>Q are the Larmor frequencies of 31P and 17O. 
For duplex polynucleotides scalar relaxation of the second kind 

will typically not be important. This is because T1Q will be short 
due to the nanosecond time scale motions of the backbone1"5 

whereas T2Q will be short due to the relatively slow overall motion 
of the duplex.1-5 The minimum contribution of scalar relaxation 
of the second kind to the 31P line width is only 2-4 Hz. For 
single-stranded polynucleotides and oligonucleotides, scalar re
laxation of the second kind will be the dominant mechanism since 
T2Q will not be short. 

The important relaxation mechanism for duplex polynucleotides 
introduced by the presence of 17O is dipolar. The dipolar con
tribution to transverse relaxation is given by'"6 

1 = 1 / ^ 2 T P V V 
r2D 30 \ ,,« ) ' 

(S1 + I)X1 (2) 

X1 = 57 (0 ) + 37(o)P) + 6J(W1) + 6 / ( u P + o>,) 

where yP and yt are the gyromagnetic ratios of 31P and nucleus 

(8) The labeled polynucleotides were prepared from adenosine diphosphate 
(ADP), which was prepared by S. Medhi and J. A. Gerlt. The original sample 
of labeled ADP had an oxygen isotope distribution of 15:50:35 for 160:170:l80 
in both nonbridging positions. This ADP was polymerized with polynucleotide 
phosphorylase to prepare "O-labeled poly(A). The isotopic enrichment of the 
poly(A) was found to be identical with that of the labeled ADP via exami
nation of the high-temperature 31P spectrum of the poly(A), which was of 
sufficient resolution to quantify the relative intensities of the lsO-shifted 
resonances. The labeled poly(I) was prepared from 170-labeled inosine di
phosphate (IDP), which in turn was prepared from the labeled ADP by 
deamination. During the 12 months or so between the preparation of the 
poly(A) and poly(I) the ADP lost some of its isotopic enrichment while sotred 
at -4 0C as a lypholized sample. There was no loss of isotopic enrichment 
going from the ADP to poly(I). The mechanism of the loss of isotopic 
enrichment is currently being investigated as this may lead to a simpler and 
more economical labeling procedure. 

(9) For a collection of reviews, see: "Biomolecular Stereodynamics"; 
Sarma, R. H„ Ed.; Adenine Press: New York; Vol. 1, 1981. 

(10) Lerner, D. B.; Kearns, D. R. J. Am. Chem. Soc. 1980, 102, 
7611-7612. 

(11) Petersheim, M.; Medhi, S.; Gerlt, J. A. J. Am. Chem. Soc, following 
communication in this issue. 
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Figure 2. 81-MHz 31P NMR spectra of poly(A)-poly(U) which has been 
prepared with 17O in the nonbridging positions of poly(A) in the same 
buffer as used for poly(I)-poly(C). The labeled poly(A) is designated 
poly(A*). AU of the NMR spectra were obtained using a Varian XL-
200. The chemical shift scale applies only to the 22 0C spectrum with 
the 65 0C spectrum shown at the same scale but with arbitrary chemical 
shift offset. 

I; S1 is the spin of nucleus I; P1 is the distance between 31P and 
nucleus I; J{w) is the spectral density of frequency co.1-5 

Since 17O has a spin of 5 / 2 and is 0.15 nm away from the 
phosphorus when directly bonded at a nonbridging site, the dipolar 
transverse relaxation contribution from 17O will be 3-5 times 
greater than that of the three protons. Therefore, the introduction 
of 17O will increase the line widths of the 31P signals of 2.5- to 
3.5-fold due to 17O dipolar relaxation when the applied field is 
4.7 T. The magnitude of the line width increase depends on the 
distances of the protons from the phosphorus and the details of 
the relative contributions of the chemical shift anisotropy and 
proton dipolar relaxation mechanisms.12 

A demonstration of this method is illustrated by the spectra 
for poly(I)-poly(C) with and without 17O in the nonbridging 
positions of poly(I) shown in Figure 1. The high-temperature 
spectra show the 18O isotope shifts of the poly(I) signal and analysis 
of the intensities of the isotope-shifted peaks in conjunction with 
the known 18Oi17O ratio of 7:10 indicates that 60% of the phos
phorus nuclei are directly bonded to one or more 17O.8 The 
low-temperature spectrum of the unlabeled sample contains three 
signals with the lowest field one arising from free poly(I), there 
being a 15% excess of poly(I) over poly(C). The low-temperature 
spectrum of the labeled sample, which was prepared from con
centrations identical with the unlabeled one, shows that the two 
signals to low field are from poly(I) and the high-field signal is 
from poly(C). Thus, the 17O labeling allows ready assignment 
of the 31P signals of duplex poly(I)-poly(C), and the assignments 
are in agreement with those previously suggested.7 

This method has also been applied to poly(A)-poly(U) with 
labeling of 75% of the phosphorus of poly(A) with at least one 
directly bonded 17O.8 The spectrum in Figure 2 of duplex poly-
(A)-poly(U) is equivalent to a spectrum of an unlabeled sample.13 

(12) After this manuscript was submitted 202-MHz NMR spectra of the 
poly(I)-poly(C) samples were obtained. Comparison of the line widths with 
those obtained at 81 MHz showed that the ratio of dipolar to chemical shift 
anisotropy contributions to the transverse relaxation at 81 MHz is 1:0.55 for 
the unlabeled sample. 

(13) It is known that poly(A) and poly(U) form a duplex as well as an 
A-2U triplex.7 The chemical shifts of the duplex are -4.1 and -4.45 ppm 
whereas those for the triplex are -3.39, -3.84, and -4.36 ppm referenced to 
trimethyl phosphate.7 The spectrum shown in Figure 2 shows no evidence of 
signals from the triplex both in terms of the chemical shifts observed and the 
spacing between the peaks. The chemical shifts for the lableled duplex are 
the same as those for an unlabeled sample. The spectrum of the labeled 
sample differs from that of unlabeled sample only in having greater apparent 
line widths. 

(14) After this manuscript was submitted, a report appeared on using 17O 
as an assignment aid for certain large molecule systems. Sammons, R. D.; 
Frey, P. A.; Bruzik, K.; Tsai, M.-D. J. Am. Chem. Soc. 1983,105, 5455-5461. 
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This implies that the residues of both homopolymers may have 
alternating conformations. Thus, each homopolymer might be 
syndiotactic or have some other alternating form. Alternating 
forms of polynucleotides have been observed previously but in all 
cases there has also been an alternating sequence.9 The NMR 
results do not discriminate between the wide variety of possible 
alternating forms nor are they readily interpretable in terms of 
conformational or other property, such as solvation,10 which might 
induce chemical shift differences. However, now that 31P signals 
can be reliably assigned the information from additional assign
ments may well lead to an understanding of the origin of the 
chemical shift dispersion of nucleic acids. The following com
munication describes the applications of this method to oligo
nucleotides.11 
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Although the 31P NMR resonances associated with the phos-
phodiester groups in the sugar-phosphate backbones of oligo
nucleotides frequently show sufficient dispersion in chemical shift 
to permit detection of individual resonances, little quantitative 
use of the chemical shift data in characterizing conformation and 
dynamics has been possible due to the difficulty in assigning the 
resonances to particular nuclei in the backbone. A recently re
ported solution to this problem is to identify the 3'- and 5'-1H 
nuclei coupled to each 31P nucleus either by decoupling experi
ments2 or by two-dimensional heteronuclear chemical shift cor
relation spectroscopy,3 but both of these techniques require resolved 
and assigned 1H NMR spectra. In this communication we de
scribe a general method for the assignment of the resonances in 
the 31P NMR spectra of oligonucleotides. Our approach is based 
on labeling the nonesterified phosphoryl oxygens of the backbone 
with 17O in a sequence-specific manner; the efficient scalar re
laxation of the second kind provided to the 31P nucleus by the 
directly bonded 17O nucleus causes extensive line broadening and 
a decrease in the apparent intensity of the associated 31P NMR 
resonance.4,5 To illustrate this method, we have prepared two 
samples of the self-complementary tetradeoxynucleoside tri
phosphate d(CpGpCpG) labeled in each d(CpG) unit with a single 
atom of 17O and used their spectra to assign the 31P NMR res
onances of the oligonucleotide both in the absence and in the 
presence of the intercalative drug actinomycin D. 

A solution phosphotriester method was used for the synthesis 
of unlabeled d(CpGpCpG) and two samples labeled in each d-
(CpG) unit with a single atom of 17O.6,7 This chemistry involves 

(1) NIH Research Career Development Awardee (CA-00499), 
1978-1983. Fellow of the Alfred P. Sloan Foundation, 1981-1983. 

(2) Cheng, D. M.; Kan, L.-S.; Miller, P. S.; Leutzinger, E. E.; Ts'o, P. O. 
Biopofymers 1982, 21, 697. 

(3) Pardi, A.; Walker, R.; Rapoport, H.; Wider, G.; Wiithrich, K. / . Am. 
Chem. Soc. 1983, 105, 1652. 

(4) Tsai, M. D. Biochemistry 1979, 18, 1468. 
(5) Lowe, G.; Potter, B. V. L.; Sproat. B. S.; Hull, W. E. J. Chem. Soc, 

Chem. Commun. 1979, 733. 
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Figure 1. Proton-decoupled 31P NMR spectra at 202.5 MHz and 30 0C 
of samples of 10 mM d(CpGpCpG) dissolved in D2O containing 0.1 M 
sodium cacodylate, pH 7.0, and 2 mM EGTA. The spectra are of the 
unlabeled sample (bottom), the sample labeled with 17O in the 3'-terminal 
d(CpG) unit (top), and the sample labeled with 17O in the 5'-terminal 
d(CpG) unit (middle). Chemical shifts are measured relative to external 
85% H3PO4. 

the coupling of a protected d(CpGp) having a 3'-(chlorophenyl 
phosphate) group with a protected d(CpG) having a free 5'-
hydroxyl group; l-(p-tolylsulfonyl)-4-nitroimidazole was used as 
the coupling reagent. The labeled d(CpGp) and d(CpG) were 
prepared from [17O]POCl3 by the hydroxybenzotriazole method 
described by van Boom and co-workers;8 the isotopic composition 
of the labeled phosphoryl oxygen was 35.5% 16O, 38.3% 17O, and 
26.2% 18O.9 Following purification of the completely protected 
tetramers on silica gel and removal of the protecting groups,10 the 
samples of d(CpGpCpG) were isolated by ion-exchange chro
matography on DEAE cellulose using a triethylammonium bi
carbonate gradient as the eluent.11 The 1H NMR spectra at 500 
MHz were in excellent agreement with literature data12"14 and 
demonstrated a very high degree of chemical purity. 

The 31P NMR spectra of the unlabeled and labeled oligonuc
leotides were obtained at 202.5 MHz and 30 0C, and these are 
reproduced in Figure 1. The spectrum of the unlabeled material 
(bottom spectrum) reveals two resonances in an intensity ratio 
of 1:2. The spectrum of the material labeled in the 3'-terminal 
d(CpG) unit (top spectrum) shows that the intensity of the 
downfield signal is diminished by the degree of 17O enrichment. 
The remaining signal for this phosphodiester group is composed 
of two resonances of approximately equal intensity that are sep
arated by 0.030 ppm; these resonances are associated with un
labeled and lgO-labeled oligonucleotides which are present by 
virtue of the isotopic composition of the POCl3 used to prepare 
the dimeric units. The spectrum of the material labeled in the 

(6) Gough, G. R.; Singleton, C. G.; Weith, H. L.; Gilham, P. T. Nucleic 
Acids Res. 1979,6, 1557. 

(7) Gough, G. H.; Collier, K. J.; Weith, H. L.; Gilham, P. T. Nucleic Acids 
Res. 1979, 7, 1955. 

(8) van der Marel, G.; van Boeckel, C. A. A.; Willis, G.; van Boom, J. H. 
Tetrahedron Lett. 1981, 22, 3887. 

(9) The isotopic composition was established by reaction of the labeled 
POCl3 with excess methanol followed by gas chromatography/mass spec
troscopy of the resulting labeled trimethyl phosphate. 

(10) Gough, G. R.; Brunden, M. J.; Nadeau, J. G.; Gilham, P. T. Tetra
hedron Lett. 1982, 23, 3439. 

(11) Because the labeled units were used as diastereomeric mixtures of 
internucleotide triesters, the deblocked products are racemic at the labeled 
phosphorus atoms. 

(12) Patel, D. J. Biopolymers 1976, 15, 533. 
(13) Uesugi, S.; Shida, T.; Ikehara, M. Chem. Pharm. Bull. 1981, 29, 

3573. 
(14) Kan, L.-S., private communication. 
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