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Table II. Relative Kinetic Acidity for 

:NCH,R 
-H* 

;NCHR 

this work 

CH3Cn CH1OH 

lewis' work' 

CH3CN 

1.1 
0.5 

2.3 
1.0 
0.5 
ca. 111 

Me2NCH2R (MeCN) 
(V vs SCE) 

BDE H-CH2R 
(kcal/mol) 

104'4 

98'" 
99'5 (97)'6 

91'7 

85'" (88)'8 

85'" 
89" 

calcd relrf 

pK3 values 

+ 16 
-
-
+3 
+ 1 
-1 
-3 

H 
CH3 

Si(CH3), 
CO2CH3 

Ph 
C H = C H 2 

C = C H 

0.01* 
0.024 

0.10^ 
0.5' 
1.0' 
1.9' 
3.9' 

0.01* 
0.02» 

0.6' 
1.0' 
3.0' 
2.0' 

0.76 

0.96 
0.90 
0.92 
1.23 

0A lower limit based upon product detectability. "Comparisons are possible between H and CH3, but only upper limits are possible in comparisons 
with others. 'Comparisons are possible between CO2CH3, Ph, CH=CH 2 , and C=CH, but only lower limits are possible in comparisons with others. 
^Calculated by using the equation in ref 13a following conversion of £| / 2(+) vs SCE to vs NHE (add 0.24 V) and using model hydrocarbon RCH2-H 
BDE values. The calculated p/Ca values are listed relative to R = Ph and should not be considered as absolute. 

radical pair while the opposite effect is observed in the amino enone 
system. Also, the kinetic acidities at benzylic and methyl centers 
are the same in the former process whereas the current studies 
suggest that the Ph group more greatly enhances amine cation 
radical acidities. 

The exact source or sources of these differences are not ob
vious.12 Lewis has proposed that the alkyl substituent effects have 
a steric/stereoelectronic origin, i.e., deprotonation occurs along 
a line parallel with the half-vacant pN orbital and more rapidly 
at the less substituted a-carbon. Steric factors alone might also 
be important in governing orientation of and, thus, deprotonation 
rates between partners in the stilbene-amine ion radical pair. 
However, why these factors would be less important in the amino 
enone system is not clear. Electronics should also play a major 
role in controlling amine cation radical acidities. The treatment 
of Arnold13 suggests that the pKa values of these intermediates 

(12) (a) A referee has suggested that the differences might relate to the 
degrees of C-H bond breaking in the deprotonation transition states. Thus, 
the extent to which radical stabilizing substituents control kinetic acidities in 
these processes would be increased when the transition states for deprotonation 
occur later. It is noteworthy that the d-isotope effects found for the enone-
amine reactions (ca. 5-6) in MeCN are much larger than those observed1 (ca. 
1.5) for the stilbene-amine system in MeCN. This perhaps reflects later C-H 
bond cleavage transition states in the former processes. However, it should 
be noted that small d-isotope effects (ca. 2.3) are associated with the 
amine-enone reactions in MeOH, yet the deprotonation selectivities are nearly 
the same as for the reactions occurring in MeCN. (b) Other results which 
may or may not relate to relative acidities of amine cation radicals are found 
in electrochemical studies; cf.: Smith, P. J.; Mann, C. K. J. Org. Chem. 1969, 
34, 1821. Lindsay-Smith, J. R.; Masheder, P. J. Chem. Soc, Perkin Trans. 
2 1976, 47. Palasz, P.; Utley, J. H. P.; Hardstone, J. D. J. Chem. Soc, Perkin 
Trans. 2 1984, 807. Shono, T.; Toda, T.; Oshino, N. J. Am. Chem. Soc 1982, 
104, 2639. Shono, T.; Hamaguchi, H.; Matsumura, Y. J. Am. Chem. Soc. 
1975, 97, 4264. Fuchigami, T.; Nakagawa, Y.; Nonaka, T. J. Org. Chem. 
1987, 52, 5489. 

(13) (a) The relationship between BDE and £|/2(+) and cation radical pKa 
is suggested by Arnold (ref 13b), using the suggested variable value, to be 

P*a 

BDE-37.6 _ £i/2<+) 
1.36 0.0592 

(b) Nicholas, A. M. P.; Arnold, D. R. Can. J. Chem. 1982, 60, 2165. 
(14) Kerr, J. Chem. Rev. 1966, 66, 465. Benson, S. W. J. Chem. Educ 

1965, 42, 502. A value of 100.3 kcal/mol has been more rtcently suggested 
for the H-CH2CH3 BDE by Castelhano and Griller: Castelhano, A. L.; 
Griller, D. J. Am. Chem. Soc 1982, 104, 3655. A value of 90.9 kcal/mol has 
been found recently for the H-CH 2 CH=CH 2 BDE by DeFrees et al.: 
DeFrees, D. J.; Mclver, R. T.; Hehre, W. J. J. Am. Chem. Soc. 1980, 102, 
3334. 

(15) Estimate taken from the following: Walsh, R. Ace Chem. Res. 1981, 
14, 246. 

(16) Davidson, I. M. T.; Barton, T. J.; Hughes, K. J.; Ijadi-Maghsoodi, 
S.; Revis, A.; Paul, G. C. Organometallics 1987, 6, 644. 

(17) Estimate based on values for acetate (Kanabus-Kaminska, J. M.; 
Gilbert, B. C; Griller, D. J. Am. Chem. Soc. 1989, / / / , 3311) and acetone 
(ref 14). 

(18) McMillen, D. F.; Golden, D. M. Amu. Rev. Phys. Chem. 1982, 33, 
493. 

(19) King, K. D. Int. J. Chem. Kinet. 1978, 10, 545. 

should be governed by the amine oxidation potentials and the 
a-CH bond dissociation energies (see Table II). Indeed, the 
relative kinetic acidities of amine cation radicals determined by 
analysis of our results closely parallel the relative pKa values, 
estimated by using Arnold's method (Table II). These studies 
have provided a new view of how substituents can affect the rates 
of deprotonation of amine cation radical intermediates. 
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Selective bond cleavage continues to be a topic of considerable 
interest in photochemical studies on small molecules.1'2 Recently, 
attempts to understand and influence photolysis reactions that 
involve competing H and D atom channels in HOD3"5 and HC2D6 

have produced notable results. These interesting experiments focus 
on understanding and/or controlling the H versus D competition 
that occurs with respect to bond cleavage at a particular reactive 
site. In related but somewhat different experiments, we demon
strate how H and D atoms can be used as labels to investigate 
photolysis involving competition between chemically distinct re
active sites. The question is not whether H or D is formed. 
Rather, H and D are used as labels to determine at which site 
bond cleavage occurs. 

When 2-iodopropane is photolyzed with 193- or 248-nm excimer 
laser radiation under collisionless conditions, we observe substantial 
H atom production. Presumably, the C-I bond is broken initially; 
thus the remaining radical has chemically distinct carbon atoms 
that can be labeled initially by using selectively deuterated 2-
iodopropane. As a result, "site-specific" atomic hydrogen gen-

(1) Mode Selectivity in Unimolecular Reactions. Chem. Phys. 1989, 139, 
Special Issue. 

(2) Butler, L. J.; Hintsa, E. J.; Shane, S. F.; Lee, Y. T. J. Chem. Phys. 
1987, 86, 2051. 

(3) Vander WaI, R. L.; Scott, J. L.; Crim, F. F. J. Chem. Phys. 1990, 92, 
803. 

(4) Sinha, A.; Hsiao, M. C; Crim, F. F. J. Chem. Phys. 1990, 92, 6333. 
(5) Shafer, N.; Satyapal, S.; Bersohn, R. J. Chem. Phys. 1989, 90, 6807. 
(6) Cool, T. A.; Goodwin, P. M.; Otis, C. E. J. Chem. Phys. 1990, 93, 

3714. 

0002-7863/91/1513-1432S02.50/0 © 1991 American Chemical Society 



Communications to the Editor J. Am. Chem. Soc, Vol. 113, No. 4, 1991 1433 

cfl 
C 
OjJ 

iv
e 

cd 
U 

C* 

H " " 
T") 0 0 0 0 

o 193 nm 
0 Excitation 

0 0 

ICH(CD3) 
C C 

• • • • • • • • • • • • • • • °-, 
i i i i i iMcooB" " " i i i M i i i i i i i i i 

I I I 
-3 vo +3 

Probe Frequency (cm-1) 

248 nm 
Excitation C3 

C 
611 

c/3 

U 

CS 
0> 
Oi 

H " « 
Y) oocc 

/ •" ICH(CD3)2 

••*••••••••* 

-3 vo +3 

Probe Frequency (cm-1) 

Figure 1. H atom and D atom Doppler profiles resulting from the pho
tolysis of ICH(CD3)2 at (a) 193 nm and (b) 248 nm. Clearly, C-H bond 
cleavage is enhanced at 248 nm. For the H atom signal, v0 = 82 259.1 
cm"1. For the D atom signal, c0 is shifted upward in energy from this 
value by 22 cm"1. 

eration can be studied, with the results providing information about 
dissociation processes in the isopropyl radical intermediate. Our 
previous investigation on iodoethane showed that C-H bond 
cleavage caused by 193-nm excimer laser photolysis was observed 
to be probabilistic; that is, the data showed no preference for C-H 
bond dissociation from the a or 0 carbon atom.7 However, 
photolysis at 248 nm displayed a clear preference for C-H bond 
dissociation from the /3 carbon site.7 In this communication, results 
on selectively deuterated 2-iodopropanes (compounds I and II) 
are reported. For example, the 193-nm photolysis of compound 

I 
I 

CD3CCD3 

H 
I 

I 
I 

CHaCCHg 
i 
D 
II 

I produces a D:H ratio of 7:1, not particularly surprising given 
the initial ratio of 6:1 found in the parent molecule. Relative to 
the 193-nm data, however, 248-nm photolysis clearly enhances 
H atom production from the a carbon site to the point where the 
D.H ratio is near unity. 

The experimental arrangement is described in detail else
where.8,9 Briefly, 2-iodopropane (Aldrich; 99%), 2-iodo
propane-/,/,/, J,3,5-d6 (MSD; 98% enriched), or 2-iodopropane-2-d 
(MSD; 99.6% enriched) is introduced without further purification 
into the ionization region of a time-of-flight mass spectrometer. 
Each sample pressure was maintained at 2 X 10"4 Torr above a 
background pressure of 2 X 10"6 Torr, and photolysis was achieved 
by using an excimer laser (Questek 2220). The probe pulse from 
an excimer pumped dye laser (Lambda Physik LPX 105; FL3002) 
follows after a 40-ns delay, and this output pulse (~365 nm) is 
frequency tripled in Kr gas and scanned through the Lyman a 

413. 

(7) Brum, J. L.; Deshmukh, S.; Koplitz, B. J. Chem. Phys. 1990, 93, 7504. 
(8) Brum, J. L.; Deshmukh, S.; Koplitz, B. Chem. Phys. Lett. 1990, 165, 

(9) Brum, J. L.; Deshmukh, S.; Koplitz, B. J. Chem. Phys. 1990, 93, 7946. 

2.1 2.5 
Log Laser Power (arb. unils) 

Figure 2. A log-log plot displaying experimental data on H atom pro
duction as a function of 248-nm photolysis laser power. 

transition (121.6 nm) to obtain a Doppler profile. H atoms are 
detected via two-photon ionization (121.6 ± 364.7 nm),'°and D 
atoms are detected in the same manner except that the initial 
transition is 22 cm"1 higher in frequency. 

Results for the 193-nm photolysis of the hexadeutero compound 
I are presented in Figure la. Shown are Doppler profiles of H 
and D atoms taken under identical conditions except for the probe 
laser frequency. (Note that the cross sections for the Lyman a 
transitions in H and D are the same.)5 The molecule itself has 
a D:H ratio of 6:1; which would be the expected ratio for totally 
random H or D atom formation. By comparing areas under the 
two curves, a statistical-type distribution of 7:1 is obtained for 
the D:H ratio. Whether or not the overall process is in fact 
statistical requires further experimentation. In Figure lb, com
pound I has also been photolyzed, only this time using 248-nm 
light. Clearly, under these conditions the probability of C-H bond 
cleavage al the a carbon site has increased substantially. The 
raw profiles yield a D:H ratio of 1.2:1, an increase in H atom 
production of a factor of 6 at the a carbon site compared with 
the 193-nm data. Confirming experiments (not shown) were also 
conducted at 193 and 248 nm on compound II, the "isotopic 
inverse" of compound I. Similarly, enhancement was observed 
for bond cleavage at the a site when 248-nm radiation was used. 

We suspect that the observed enhancement at the a carbon may 
result from a second photon absorption, most likely by the isopropyl 
radical. Figure 2 shows a typical log signal vs log power plot for 
H atom production from undeuterated 2-iodopropane at 248 nm: 
the slope is 1.6. At 248 nm, initial photon absorption by 2-
iodopropane accesses the broad and structureless A band, where 
the final state of the molecule is thought to be directly dissocia
tive.11,12 At this wavelength (248 nm), the isopropyl radical 
possesses a reasonable absorption cross section of ~ 10"18 cm2.13 

Consequently, secondary photon absorption is quite possible, and 
the slope is indicative of the existence of a route to atomic hydrogen 
production that is at least two-photon. The fact that the slope 
of the power response plot is not closer to 2 may be the result of 
a competing one-photon route which also produces H atoms, or 
one of the electronic transitions involved may be saturating. These 
issues and the exact role of the second photon absorption remain 
to be addressed. 

When compared with 193-nm data or a simple statistical 
prediction, we have demonstrated that excitation into the A band 
of 2-iodopropane at 248 nm produces C-H bond cleavage with 
a definite propensity toward the a carbon site. In addition to 
improving our understanding of "site-specific" bond cleavage in 
2-iodopropane, we are investigating other halocarbon molecules 
as well. Understanding the origin of such effects could ultimately 
lead to photochemical enhancement and/or control of these im
portant molecules. 

(10) Zacharias, H.; Rottke, H.; Danon, J.; Welge, K. H. Opt. Commun. 
1981, 37, 15. 

(11) Robin, M. B. Higher Excited Slates of Polyatomic Molecules; Ac
ademic Press; New York, 1974; Vol. I, pp 155-172. 

(12) Boschi, R. A.; Salahub, D. R. MoI. Phys. 1972, 24, 289. 
(13) Wendt, H. R.; Hunziker, H. E. J. Chem. Phys. 1984, 81, 717. 
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The use of protecting groups in synthetic carbohydrate chem
istry is unavoidable, and since esters and ethers are chemically 
different, O-acyl and O-benzyl groups are favorites for "temporary" 
and "persistent" protection,1 respectively. However, these groups 
profoundly affect the reactivity of glycosyl donors,2 and under the 
armed/disarmed rubric,3 we recently disclosed4 that these re
activity differences provided a basis for chemoselective assembly 
of oligosaccharides.5 Cyclic acetals6 such as shown in Chart I 
are also temporary1 protecting groups, and the fact that 1,3-di-
oxane or 1,3-dioxolane derivatives can be formed competitively7,8 

has made their use a mainstay of synthetic carbohydrate chem
istry.' However, in this manuscript we disclose that cyclic acetals 
profoundly affect pyranoside reactivity, thereby paving the way 
for an armed/disarmed protocol based on torsional effects, com
plementary to that disclosed earlier4 which was based on electronic 
effects.10 

*This study was supported by grants from the National Science Foundation 
(CHE 8920033), the National Institutes of Health (GM-41071), and GIy-
comed, Inc. Alameda, CA. 

'Taken in part from the Year IV Research Report of E.S., Duke Univ
ersity, 1990. 

8 Burroughs Wellcome, Research Triangle Park, NC. 
(1) Pfaffli, P. J.; Hixson, S. H.; Anderson, L. Carbohydr. Res. 1972, 23, 

195. Slife, C. W.; Nashed, M. A.; Anderson, L. Carbohydr. Res. 1981, 93, 
219. Nashed, M. A.; Chowdhary, M. S.; Anderson, L. Carbohydr. Res. 1982, 
102, 99. Nashed, M. A.; Anderson, L. J. Am. Chem. Soc. 1982. 104, 7282. 

(2) Feather, M. S.; Harris, J. F. J. Org. Chem. 1965, 30, 153. BeMiller, 
J. N.; Doyle, E. R. Carbohydr. Res. 1971, 20, 23. Cocker, D.; Sinnott, M. 
L. J. Chem. Soc, Perkin Trans. 2 1976, 618. Overend, W. G.; Rees, C. W.; 
Sequeira, J. S. J. Chem. Soc. 1962, 3429. 

(3) Mootoo, D. R.; Konradsson, P.; Udodong, U.; Fraser-Reid, B. J. Am. 
Chem. Soc. 1988, 110, 5583. 

(4) Mootoo, D. R.; Konradsson, P.; Fraser-Reid, B. J. Am. Chem. Soc. 
1989, / / / , 8540. 

(5) For the use of esters and ethers to control the reactivities of other 
glycosyl donors, see: Halcomb, R. L.; Danishefsky, S. J. / . Am. Chem. Soc. 
1989, / / / , 6656. Mereyala, H. N.; Reddy, G. V. 17th IUPAC International 
Symposium on the Chemistry of Natural Products, New Delhi, India, Feb 4-9, 
1990. Veeneman, G. H.; van Leeuwen, S. H.; van Boom, J. H. Tetrahedron 
Lett. 1990, 31, 1331. Veeneman, G. H.; van Boom, J. H. Tetrahedron Lett. 
1990, 31, 275. 

(6) For a review of the classical literature, see: Mills, J. A. Adv. Carbo
hydr. Chem. 1956, 10, I. 

(7) Lemieux, R. U. In Molecular Rearrangements; de Mayo, P., Ed.; 
lnterscience Publishers: 1964; Vol. 2, Chapter 12. Brady, R. F. Ado. Car
bohydr. Chem. Biochem. 1971, 21, 197. de Belder, A. N. Adv. Carbohydr. 
Chem. Biochem. 1977, 34, 179. 

(8) For a recent review, see: Bouchra, M.; Calinaud, P.; Debost, J.-L.; 
Gelas, J.; Horton, D.; MoIs, O. Carbohydr. Res. 1984, 125, 329. Gelas, J. 
ACS Symp. Ser. 1989, 386, 45. 

(9) See, for example: Fraser-Reid, B.; Anderson, R. C. Prog. Chem. Org. 
Nat. Prod. 1980, 39, 1. Hanessian, S. Total Synthesis of Natural Products: 
The Chiron Approach; Pergamon: New York, 1983. Inch, T. D. Tetrahedron 
1984, 40, 3161. 

The ability to "oxidatively hydrolyze" /?-pentenyl glycosides 
(NPGs) under neutral conditions allows us to cleave the anomeric 
center without affecting other acid-sensitive functionalities,"'12 

and in the course of exploiting this potential,12 we were struck 
by the range of relative reaction rates of compounds lb-4b (Table 
I, entry a). These results suggested that it might be possible to 
use cyclic acetals not only for the traditional protecting group role 
but also to induce chemoselectivity in the formation of cyclic oxo 
carbenium ions. 

Our first requirement was to carry out a sophisticated con
formational analysis as a basis for predicting reactivity. While 
the ground-state conformations of the starting pyranosides were 
expected to be 4C| chairs, those for the oxo carbenium ions had 
to be determined. PM313 was chosen for this task, because of its 
capability to analyze both ground states and reactive intermediates. 
The C5O5-CiC2 dihedral angle (a;) is ideally 0° in oxo carbenium 
ions, and hence the conformational energies of the ions derived 
from the tetra-0-methyl glycosides la, 5a, and 7a were determined. 
The energy curves for the oxo carbenium ions derived from la, 
5a, and 7a, as determined by PM3, are parabolic with minima 
at 0°, which confirms planarity of the C5O5

+-C]C2 segments with 
perfect ir overlap. For the conformational^ restrained glucosides 
3a and 4a, the energy curves are still parabolic but the minima 
have been shifted to +20°. 

With PM3 data therefore available for both glycosides and oxo 
carbenium ions, the relative activation energies (£a) could now 
be computed,14 and these are shown in Table I. Their validity 
could be checked against known experimental rates of hydrolysis. 
Thus the computed activation energies for la, 3a, and 4a are in 
keeping with the experimental rates for oxidative hydrolysis11'12 

of lb, 3b, and 4b, respectively (Table I, entries a and b). Similarly 
the reactivity trends galacto > manno > gluco of Isbell and Frush15 

were upheld in our studies (Table I, entries c and d). 
The computed values in Table I therefore implied that aceta-

lated species such as 2, 6, and 8 should react less readily than their 
torsion-free analogues 1, 5, and 7, respectively. These predictions 
were borne out by the rates for the oxidative hydrolysis of lb/2b, 
5b/6b, and 7b/8b (Table I, entry c). The corresponding computed 
values (Table I, entry d) show how well the AA£a values predict 
these reactivity trends. 

These developments suggest a strategy for disarming glycosyl 
donors based solely on the presence of acetal protecting groups. 
Indeed it proved possible to chemospecifically couple glucosides 
lb + 2c,16 mannosides 5b + 6c, and galactosides 7b + 8c to give 
9,10, and 11, respectively,17 with no evidence for self-condensation 

(10) For a general rationalization of armed/disarmed effects, see: Fra
ser-Reid, B.; Wu, Z.; Udodong, U.; Ottosson, H. J. Org. Chem. 1990, 55, 
6068. 

(11) Mootoo, D. R.; Date, V.; Fraser-Reid, B. J. Am. Chem. Soc. 1988, 
1/0, 262. 

(12) Ratcliffe, A. J.; Mootoo, D. R.; Andrews, C. W.; Fraser-Reid, B. J. 
Am. Chem. Soc. 1989, / / / , 7661-7662. 

(13) Stewart, J. J. P. J. Comput. Chem. 1989, 10, 209. Stewart, J. J. P. 
J. Comput. Chem. 1989, 10, 221. 

(14) For computation of the relative activation energies, we used the fol
lowing protocol: The methyl glycosidies and the related oxo carbenium ions 
were geometry-optimized with the PM3 Hamiltonian. Ignoring solvation and 
entropy effects, £a = (E10n + EMt0- ~ glycoside, but since £McO- W>H be constant, 
F = F — F 
L a -̂Mon ^-glycoside" 

(15) Isbell, H. S.; Frush, H. C. J. Res. Natl. Bur. Stand. 1940, 24, 125. 
Feather, M. S.; Harris, J. F. J. Org. Chem. 1965, 30, 153. 

(16) We are grateful to our colleague Mr. J. R. Merritt for carrying out 
this experiment. 

(17) Experimental procedure: In a typical experiment the acetalated 
alcohol donor (e.g., 6c, 1.5 mM), the glycosyl donor (e.g., 5b, 1.0 mM), and 
iodonium dicollidine perchlorate18 (2.0 mM) were dissolved in THF (10 mL). 
The reaction was followed by TLC (petroleum ether/ethyl acetate mixtures, 
3:1) until the alcohol disappeared or until there was no further change. The 
Rf of the disaccharide usually fell between the two reactants. The coupling 
was complete in 1-2 h. The reaction mixture was diluted with anhydrous ether 
and filtered and the filtrate washed with 10% aqueous sodium thiosulfate 
solution and brine. The organic extract was dried over Na2SO4, filtered, and 
concentrated in vacuo. Flash chromatography afforded the cross-coupled 
disaccharides 9, 10, and 11 in 52%, 41%, and 54% unoptimized yields. 
Identification of the cross-coupled products was facilitated by the fact that 
both reactants had different protecting groups. On this basis, we have failed 
to detect products resulting from self-coupling of the acetalated alcohols. 
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