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tron-transfer process involving the first excited singlets of both 
Ilia and IHb as acceptors and I as donor should be favorable 
(AG = -8.87 and-21.09 kcal mol-1, respectively). 

It seemed likely that irradiation, or thermal activation of the 
charge-transfer complex between I and TCNE in polar sol
vents, would also give products from the radical ions. We found 
that irradiation of the charge-transfer transition of the complex 
between I and TCNE in acetonitrile solution results in the 
formation of 1,3,3-triphenylindene3 (IV) and dihydrotetra-
cyanoethylene3 (V) in essentially quantitative yield (reaction 
2). These same products were also obtained upon heating so
lutions of I and TCNE. The rate of this thermal reaction is 
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remarkably dependent upon solvent polarity; reaction was 
complete after 24 h at 125 0C when acetonitrile was the sol
vent, but required several days at this temperature when 
benzene was used. 

A possible mechanism for reaction 1 is shown in Scheme I. 
I rradiation of the sensitizer leads to the formation of the radical 
cation of I and the sensitizer radical anion. Cleavage of the 
radical cation of I, followed by proton (or hydrogen atom) 
migration, will give the radical cation of 1,1,3,3-tetraphenyl-
propene. Back electron transfer from the sensitizer radical 
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anion completes the sequence. Although reaction 2 presumably 
also involves the radical cation of I, the fate of this intermediate 
is different from that in reaction 1. This difference may be the 
result of a reluctance of the TCNE radical anion to back-
transfer an electron to the ring-opened radical cation. It is 
possible that proton or hydrogen atom transfer to the TCNE 
radical anion from the intermediate ring-opened radical cation 
leads to the propenyl radical or carbonium ion, either of which 
could cyclize to eventually give the indene IV (Scheme II). The 
mechanistic possibilities are being investigated. 
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Some control experiments should be mentioned. The pos

sibility that triplet-triplet energy transfer from HIa (Ej = 57.4 
kcal mol-1) or HIb (Ej — 55.5 kcal mol-1) causes reaction 1 
was ruled out by showing that I is essentially stable to irra
diation using 4-methoxyacetophenone (Ey = 71.7 kcal mol-1) 
or 2-acetylnaphthalene (Ej = 59.3 kcal mol-1) as photosen
sitizes. Heating an acetonitrile solution of II and TCNE under 
conditions identical with those causing reaction 2 led to no 
reaction. Thus, the radical cation of II is not involved in the 
conversion of I to IV. The propene II does, however, give the 
indene IV and dihydro-TCNE at much higher temperatures 
(~180-190 0C). The acid-catalyzed rearrangement product 
of I,8 1,1,3-triphenylindan is likewise stable to TCNE under 

the conditions of reaction 2. 
Martini and Kampmeier have reported the reaction of 

1,1-diphenylcyclopropane (VI) with TCNE in benzene at 125 
0C.9 Product formation (1,1,2,2-tetracyano-3,3-diphenyl-
cyclopentane and l,l,2,2-tetracyano-5,5-diphenyl-4-pentene) 
was rationalized in terms of the addition of TCNE to VI with 
ring cleavage, to give the most stable 1,5 dipole, followed by 
closure or proton transfer. Our results point to the importance 
of considering electron transfer from VI to TCNE preceding 
the addition and ring opening. We found no evidence for the 
formation of an adduct between I and TCNE. 
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Deuterium Nuclear Magnetic Resonance Measurements 
of Glycoproteins Which Have Been Specifically 
Deuterated Either at Selected Carbohydrate or at 
Lysine Residues: Determination of Motional 
Correlation Times 

Sir: 

There is currently much interest1 in the properties and bi
ological functions of the carbohydrate residues of glycopro
teins, including those of isolated substances (such as mucin and 
serum glycoproteins) as well as of intact cell-surface glyco-
conjugates. This interest has recently prompted us,2 and oth
ers,3 to develop methods for attaching stable nitroxide free 
radicals (spin labels4) to selected carbohydrates and amino acid 
residues of a number of glycoproteins. Concerned with the 
possibility5 that such studies might be compromised by the 
substantial steric bulk of the spin label itself, we have evaluated 
alternative spectroscopic probes which do not suffer from that 
same limitation. In the present communication we demon
strate, for the first time in the glycoprotein area, that the 
combination of highly selective deuteration and 2H NMR 
studies6 using a pulse Fourier transform instrument operating 
at 61.4 MHz (B0 9.4 T) can lead to potentially valuable mo
tional information. 

Deuterium labeling at C-7 of the sialic acid residues7 of 
glycoproteins was easily achieved8 (Scheme I) by using limited 
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Figure 1. NMR spectra were measured using a Bruker WH-400 instru
ment at 61.4 MHz (B0 9.4 T) using a fixed-tuned probehead for 10-
mm-diameter NMR tubes and without field-frequency lock. Samples were 
dissolved in ~1.5 mL of distilled H2O and the transients were sampled 
using a 25-JJS pulse (acquisition time, 0.85 s). (A) BSM deuterated at the 
sialic acid residues (145 mg; 2700 transients). (B) Fetuin deuterated at 
terminal galactose positions (190 mg). (C) Fetuin reductively aminated 
with hexadeuterioacetone on lysine residues (240 mg; 550 transients). The 
HOD resonance was arbitrarily assigned a shift of 5 ppm. 
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quantities of aqueous sodium metaperiodate to cleave selec
tively the C-7, C-8, C-9 triol moiety followed by reduction 
using sodium borodeuteride as the deuteration reagent. The 
2H NMR spectrum in Figure IA shows the excellent sensitivity 
which can be obtained using a 61.4-MHz spectrometer; in this 
case, the substrate is bovine submaxillary mucin (BSM,9145 
mg, mol wt 1.3 X 106 dalton), which has potentially one deu
terium substituent attached to each of the ~300 sialic acid 
residues per molecule. 

Selected monodeuteration at C-6 of the terminal galactose 
residues of suitable asialo glycoproteins was readily effected 
by a variant on the galactose oxidase procedure (Scheme II) 
previously used by Morell et al.10 for the equivalent tritiation 
reaction, but with NaBD4 as the reductant. The deuterium 
resonance (Figure IB) for the asialofetuin1' product (mol wt 
4.8 X 104 dalton) shows essentially the same line width as that 
of the sialic acid labeled material. Terminal galactose units 
(along with fucose or mannose, if suitably substituted) may 
also be derivatized by periodate oxidation.12 

In some cases it may be of interest to attach other classes and 
sizes of deuterium probes and this can be readily accomplished 
using the well known reductive amination13 procedure, sum-
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marized in Scheme IHA, for the attachment of a carbonyl-
containing substituent to a lysine residue, and in IHB for an 
amine-containing subsitutent. The former application is ex
emplified14 by the attachment of hexadeuterioacetone to the 
lysine groups of fetuin (Figure IC). 

Although overlap from the resonance of the natural abun
dance of deuterium oxide in water was not a problem here, it 
could complicate studies of smaller quantities of glycoproteins; 
this problem could be minimized either by using one of the 
several pulse techniques well known for nulling water reso
nances'5 or by using deuterium depleted water (or by a com
bination of both methods). 

An approximate estimate of the upper limit for the overall 
motional correlation times (effective TC) can be easily ob
tained16 from the half-height line width of the deuterium 
resonances. Figure 1 affords the following effective rc values: 
A, 5.0 ± 0.3 X 10-'°; B, 5.7 ± 0.7 X lO"10; C, 1.2 ± 0.1 X 
1O-10 s. The relative narrowness of the resonances of the la
beled lysine residues is probably due to the well-known seg
mental motion common to this amino acid in proteins and 
peptide hormones.17 The effective rc values for the labeled 
sugar indicate that there is also substantial segmental motion 
in the sugar chains. Without giving details here, it important 
to note that these data have the same relative ordering as the 
effective xc values derived by the spin-labeling method for 
analogously derivatized glycoproteins.2 

Clearly the approaches to the selective labeling of sugar and 
amino acid residues of glycoproteins, summarized above, are 
flexible ones, with the wide variety of specifically or fully 
deuterated reagents being commercially (and inexpensively) 
available, further adding to the general potential of this ap
proach. The reductive amination procedure can be used with 
Schemes I and II to incorporate either deuterium labels, or 
those of other "magnetic" nuclides such as 13C. That the line 
widths of the deuterium resonances are as narrow as they are 
leaves open the possibility that substantial decreases in mo
lecular motion can be sustained before the deuterium reso
nances become prohibitively broadened; this augurs well for 
studies of associative processes such as the binding of lectins18 

and of antibodies'9 to the carbohydrate moieties of glycocon-
jugates, both free and on cell surfaces. 
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Secondary Deuterium Isotope Effects and Transition 
State Structure in the Aromatic Claisen Rearrangement 

Sir: 

The Claisen rearrangement of allyl aryl ethers is a classic 
example of the now familiar [3,3]-sigmatropic shift.1 The in
tervention of the cyclohexadienone intermediate and its rapid 
enolization have been long established.1 A concerted process 
leading to a transition state for the formation of the interme
diate is supported by volume of activation measurements and 
on orbital symmetry grounds,2 and a chair-like picture of this 
transition state provides a satisfactory rationalization of the 
observed stereoselectivity.3,4 On the other hand, the relative 
insensitivity of reaction rates to polar substituent and solvent 
effects has been interpreted in terms of significant contribu
tions of radical-pair-like structures to the transition state 
structure.5 Unfortunately, the interpretation of such experi
ments is clouded by the fact that they depend upon alterations 

Scheme I 
K 2 CO 3 

CH2=CHCD2Cl + C6H5OH ^ CH2=CHCD2OC6H5 
acetone 

C6H5OCH2CH2CON(CH3)2 

LiAlD, 
C6H5OCH2CH2CD2N(CH3)2 

JCH3I 
Ag2O 

C6H5OCH2CH=CD2 C6H5OCH2CH2CD2N(CH3)3
+I 

A 

in transition state structure in order to produce observable 
effects. To clarify this picture it is important to understand the 
details of the bonding between the phenoxy and allyl moieties 
in the transition state, using an experimental approach which 
does not in itself alter the transition state structure. We report 
measurements of the secondary deuterium kinetic isotope ef
fect attending deuterium substitution at the a and 7 carbons 
of the allyl moiety and their interpretation in terms of transition 
state structure. 

The deuterated allyl phenyl ethers required for this study 
were prepared as described in Scheme I, modeled on literature 
precedent.6 All compounds exhibited NMR and IR spectra 
consistent with the structure shown. NMR analysis indicated 
>99% deuterium incorporation in the positions shown. 

Kinetic experiments were carried out simultaneously on 
separate methyl salicylate solutions of allyl phenyl ether and 
its deuterated analogues at temperatures between 170 and 195 
0 C. Gas chromatographic analysis for allyl phenyl ether using 
an internal standard (anisole) and mechanical integration 
afforded concentration/time data which were fitted to the 
exponential form of the first-order rate equation by a standard 
nonlinear least-squares program.7 At least 15 points, each the 
average of measurements on three ampules, were obtained for 
each run, covering 10-85% reaction. The derived isotope effects 
show no trend with temperature; hence averages for six runs 
with each compound are ^ H A K - D 2

 = 1-18 ± 0.02 and kwj 
ky.D2 = 0.95 ± 0.02.8 

Interpretation of these results in terms of transition state 
structure requires an estimate of the equilibrium isotope effects 
associated with the 0-CH 2 (D 2 ) — = C H 2 ( D 2 ) (a effect) and 
=CH 2 (D 2 ) — C6H5CH2(D2)-C (7 effect) conversions. Using 
the spectroscopically based calculations of Hartshorn and 
Shiner,9 one may obtain an equilibrium a effect of 1.30 and 
a 7 effect of 0.87, both calculated for two deuterium atoms at 
185 0 C. Gajewski and Conrad have recently provided experi
mental support for these calculations, observing an equilibrium 
a effect of 1.27 at 160 0 C and a 7 effect of 0.88 at 1850C.1 0 

Thus the simplest interpretation of these results is that the C-H 
vibration frequencies at the a carbon for the transition state 
are approximately (1.18-1)/(1.27-1) or 57-77% of the way 
from those of allyl phenyl ether to those of the cyclohexadi
enone intermediate. In the same way, the C-H frequencies of 
the 7 carbon in the transition state are about (0.95-1)/ 
(0.88-1) = 22-62% of the way to those of the intermediate. 

The structure of the transition state, at least insofar as it is 
reflected in C-H bonding frequencies at the a and 7 carbons 
of the allyl moiety, is entirely consistent with the long-held 
concerted description of the mechanism of the Claisen rear
rangement.1 Alternatives such as a fragmentation-recombi
nation (diradical) mechanism would be expected to show little 
or no 7 effect if fragmentation were rate determining and an 
essentially equilibrium a effect if recombination were rate 
determining. A mechanism involving rate-determining for
mation or decomposition of a diyl species would be consistent 
with the stereochemical results3,4 but should show a nearly 
equilibrium 7 effect and little or no a effect. Clearly, the ob-
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