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Abstract: The type IV nucleophilic substitution reaction at the anomeric carbon of S-nicotinamide riboside* was studied in
the gas phase using the semiempirical PM3 method. Because there are few computational studies of displacement reactions
on a positively charged substrate, the isoenergetic displacements of dimethyl ether on the trimethyloxonium cation and
trimethylamine on the tetramethylammonium cation were studied to provide base line comparisons. The results are compared
to the thermodynamics of the unimolecular dissociation reaction and to prototype reactions of the extensively studied Sy2(type
1) reaction. The experimentally determined dissociative character of the hydrolysis of 3-nicotinamide riboside* can be rationalized
in terms of the gas-phase calculations; the results suggest that the nitrogen—carbon bond must be broken almost entirely before
either external nucleophile or solvent can react with the oxocarbenium ion intermediate. The structures for the inversion and
retention reactions are different, in contrast to a suggestion made by Sinnott and Jencks (Sinnott, M. L.; Jencks, W. P. J.
Am. Chem. Soc. 1980, 102, 2026-2032) that inversion and retention should proceed through a single activated complex. General
differences between nucleophilic displacement reactions on neutral and positively charged substrates are discussed.

The nicotinamide—ribosyl bond of 8-nicotinamide adenine di-
nucleotide (NAD*) is hydrolytically unstable. Hydrolysis is pH
independent below pH 7 and is accelerated by a factor of 104 at
alkaline pH: above pH 13, hydrolysis is again pH independent.
Cleavage of the nicotinamide bond is catalyzed by a series of
enzymes including polyADP-ribose synthetase, cyclic ADPribose
synthase, various ADP(ribose) transferases (both endogenous
proteins and toxins), and NAD-glycohydrolases.!* The mech-
anisms for the chemical and enzymatic cleavage of the nicotin-
amide—-glycosyl bond have not been fully characterized.

The overall reaction is a type III/IV nucleophilic substitution
in which the positively charged pyridinium leaving group (LG)
is replaced with a negatively charged nucleophile (type III} or
neutral nucleophile or solvent molecule (type IV).* Type IV
reactions at saturated carbon have been studied extensively in
chlorobenzene solvent with piperidine as the nucleophile by Ka-
tritzky and co-workers, who used highly arylated pyridines as
leaving groups.5’ They concluded that tertiary alkyl substrates
invariably solvolyze by a unimolecular mechanism, whereas
secondary and primary alkyl substrates can undergo both uni- and
bimolecular reactions, with the Sy2 process effectively competing
in more nucleophilic solvents.

Substitutions of various neutral and positively charged leaving
groups at the anomeric carbon of furanosides and pyranosides are
commonly believed to be Syl reactions that proceed with the
formation of an intermediate oxocarbenium ion. The rates of
specific-acid-catalyzed hydrolysis of 2-substituted methyl gluco-
pyranosides (LG = HOMe*) follow the Taft linear free energy
relation (LFER) with a large negative p* consistent with a dis-
sociative mechanism.? Handlon and Oppenheimer® have recently
shown that the pH-independent hydrolyses of a series of 2’-sub-
stituted nicotinamide arabinosides (LG = nicotinamide*) follow
the Taft LFER with p, values of —6.7. Measurements of kinetic
a secondary deuterium isotope effects in the nonenzymatic
cleavage of the glycosyl bond of NAD™ indicate a significant
amount of sp? hybridization at the anomeric carbon at the tran-
sition state for both the chemical and enzyme-catalyzed reac-
tions.'®!'  Johnson et al.,!> observed specific-base-catalyzed
cleavage of the nicotinamide-ribosyl bond that is clearly the result
of diol ionization and not the result of direct nucleophilic par-
ticipation of hydroxide. The mechanism(s) by which enzymes
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catalyze cleavage of the nicotinamide-ribosyl bond remains ob-
scure.

The presence of a solvent-equilibrated glycosyl oxocarbenium
ion intermediate in the solvolysis of glycosides has been challenged
by Jencks and co-workers. Young and Jencks!*® originally es-
timated the lifetime of the glycopyranosyl oxocarbenium ion in-
termediate to be less than 1071% s, and therefore the species could
not become solvent equilibrated; indeed, because for this species
there would be no barrier to collapse to products, it would not
appear on a reaction coordinate diagram and therefore would not
be a true intermediate.!* Recently, Amyes and Jencks!®® reev-
aluated the original data of Young and Jencks,'* and they now
estimate the lifetime for glycosyl oxocarbenium ions to be on the
order of 10712 s, which is still too short to allow solvent equili-
bration. They concluded that such short lifetimes would require
some degree of nucleophilic participation in the activated complex
to stabilize the incipient oxocarbenium species. Sinnott and
Jencks!s presented stereochemical and solvent selectivity evidence
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Table 1. Calculated Energies® for Dissociation in the Gas Phase
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substrate AH; cation AH; leaving group AH; AHy
(CH,),0* 161.0 CH,* 256.5 (CH,),0 ~48.3 47.2
(CH,),N* 149.4 CH,* 256.5 (CH3);N -10.9 96.2
CH,;NA*? 148.3 CH,* : 256.5 NA -8.8 99.4
CH,0CH,0(CHj),* 116.1 CH,0CH,* 165.1 (CH3),0 -48.3 0.7
CH,0CH,N(CHj,);* 113.5 CH,;0CH,* 165.1 (CH;);N -10.9 40.7
CH,OCH,NA*? 110.4 CH,0CH,* 165.1 NA -8.8 459
B-NR*be -23.3 riboside* 26.0 NA -8.8 40.5

9 All energies are reported in kcal/mol. ®Abbreviations used: NA = nicotinamide, NR = S-nicotinamide riboside. ¢The (methoxymethyl)di-
methyloxonium cation dissociates without a barrier; therefore, the C~O bond was constrained in the reported structure. The O2’-8-NR-diolate
cation cleaves the C1’-C2’ bond without a barrier; therefore, this bond was constrained in the reported structure. ¢The O2’-riboside structure

corresponds to the 1,2-anhydro sugar proposed for anchimeric assistance.

for the participation of the incoming nucleophile and the leaving
group in the transition state for the solvolysis of 8- and a-1-
fluoroglucose in ethanol-trifluoroethanol mixtures. These results
were rationalized in terms of an “exploded” transition state'6 in
which the incipient oxocarbenium species is stabilized electro-
statically by both the entering and leaving groups.

In an attempt to understand this chemistry, we have investigated
the hydrolysis of 8-nicotinamide riboside* in the gas phase with
the semiempirical PM3 method. Theoretical approaches to the
mechanism of nucleophilic substitution reactions have concentrated
almost exclusively on the Sy2(type I) reaction (see refs 17 and
18 for two recent examples). Because the gas-phase and solution
rate constants for these reactions typically differ by 20 orders of
magnitude, the nucleophilic attack of chloride on CH,Cl has
become the prototype case in efforts to include solvent effects in
theoretical calculations.!>?* In contrast, we found only one series
of papers from Ford’s group?*?’ in which the nucleophilic dis-
placement of a neutral leaving group (N,) from a positively
charged substrate (RN,*) was studied. Therefore, we began our
investigation with two simple model systems for the type IV
nucleophilic substitution reaction: the isoenergetic attacks of
dimethyl ether on the trimethyloxonium cation (Meerwein salt)
and of trimethylamine on the tetramethylammonium cation. For
comparison, the gas-phase dissociative reactions for the substrates
were also calculated. With the insight gained from these reactions,
we then studied the gas-phase reactions for chloride displacement
on S-chlororibose (type I) and water on 8-nicotinamide riboside*
(type IV).

Methods

All calculations were carried out by using the recently described
PM3 semiempirical molecular orbital procedure?® as implemented
in the MOPAC 5.0 program package.” The choice of this method
instead of the AMI1 methodology®® was based on our previous
results for hydrogen-bonding energies and geometries.’! With
a few exceptions noted in the text, the geometries of all species
were completely optimized with no geometrical constraints using
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the standard BFGS method®? and the option for increased precision
(PRECISE) recommended by Stewart.?® Transition-state ge-
ometries were first located approximately using either the reaction
coordinate method3 or contour maps; the latter were generated
by fixing the forming and breaking bonds at appropriate lengths
and minimizing the energy of the system with respect to all re-
maining variables. Approximate transition-state geometries
identified in these ways were then refined using the method of
Meclver and Komornicki.** All stationary points were charac-
terized by diagonalization of the force constant matrix; no reactant
or ion—dipole complex had a negative eigenvalue, and all tran-
sition-state structures satisfied the single negative eigenvalue
criterion.36

Results

Unimolecular Dissociation in the Gas Phase. Results for the
heterolytic bond cleavage of various substrates in the gas phase
are summarized in Table I. In contrast to the original MNDO
method, which underestimated the heat of formation for the
methyl cation by 17.4 kcal/mol,” the PM3 result of 256.5
keal/mol® is in fairly good agreement with the experimental value
of 261.3 kcal/mol*® and was therefore chosen for this analysis.
The heterolytic bond cleavage of the trimethyloxonium ion is only
about half as endothermic as that for one of the nitrogen leaving
groups in the tetramethylammonium cation. This reflects the
different behavior of ethers and amines toward alkylation and the
potential of the corresponding cations as alkylating agents. AHy
for the dissociation of the trimethyloxonium ion lies in the same
range as the experimental value for the methyldiazonium cation.®

Introduction of a stabilizing methoxy substituent results in a
dramatically decreased heat of reaction. In fact, bond cleavage
in the case of the (methoxymethyl)dimethyloxonium cation pro-
ceeds without a barrier; the bond between the leaving dimethyl
ether and the cationic intermediate had to be fixed in the cal-
culation in order to obtain the heat of formation. The effect in
the nitrogen cases is also drastic, with a decrease in AHR on the
order of 60 kcal/mol, but the dissociations are still endothermic.

The carbons of the ribose ring in S-nicotinamide riboside*
stabilize the oxocarbenium ion intermediate by another 5 kcal/mol,
with a heat of reaction for the heterolytic cleavage of the nico-
tinamide-ribosyl bond of 40.5 kcal/mol. The analysis of the net
atomic charges shows that the developing positive charge is dis-
tributed mainly on Cl’, HI’, and the ribose oxygen: the charge
on Cl’ increases from ~0.008 to 0.352 and on H from 0.131 to
0.178, and the negative charge on the oxygen decreases from
-0.242 to -0.020. While bond lengths and bond orders for the
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Figure 1. General profile for the isoenergetic S\2 reactions.

C1-H1’ and C1’-C2’ bonds are changed only slightly, the bond
length for the carbon—oxygen bond decreases from 1.405 to 1.270
A, and the bond order changes from an almost pure single bond
(1.012) to a bond with significant double bond character (1.634).
The additional stabilization of the S-nicotinamide riboside is caused
by the C2’"HOH group adjacent to the carbocation. The positive
charge on this group increases from 0.079 in the un-ionized species
to 0.134 in the oxocarbenium ion. The length of the C1’-C2’ bond
decreases from 1.566 to 1.519 A, while the bond order increases
from 0.915 to 0.939. The structure of the oxocarbenium ion
intermediate thus reflects the valence bond description for a de-
localized positive charge.

Gas-Phase Isoenergetic Sy2 Reactions. Results for the isoen-
ergetic nucleophilic substitution reactions of dimethyl ether and
trimethyloxonium ion, trimethylamine and tetramethylammonium
ion, and chloride with 8-chlororibose are summarized in Table
II. We also recalculated the chloride/methyl chloride reaction
with the PM3 parameter set. Comparison of the PM3 energies
with previously reported calculated!®?® and experimental*®4! values
shows that the stabilization energy AH’ of 12.5 kcal/mol and the
activation energy AH* — AH’ of 13.3 kcal/mol are in excellent
agreement (Table II).

All reactions follow the currently accepted reaction profile for
a gas-phase, ion—molecule reaction as shown in Figure 1. In
particular, the transition states are preceded by loose ion—dipole
complexes with distances ranging from 2.5 and 3.0 A between
the nucleophile and the substrates. The relative orientation is
exclusively dominated by the charge distribution. The binding
can be considered to be entirely electrostatic, with the exception
of the ribose system in which hydrogen bonding to the incoming
nucleophile is observed (Figure 2) and accounts for the unusual
stabilization of the ion—dipole complex.

The importance of the use of high-precision optimizations in
these studies is illustrated by the comparison of two preliminary
AM1 calculations on the ion—dipole complex for the trimethyl-
oxonium ion—dimethyl ether reaction. Without the PRECISE
option, which increases convergence criteria by a factor of 100,
a structure closely related to the nearest point from the reaction
coordinate calculation is obtained (structure 1 in Figure 3),
whereas the real gas-phase ion—dipole complex for AM1 and the
PM3 method resembles the highly symmetrical structure 2. Even

(40) Dougherty, R. C.; Roberts, J. D. Org. Mass Spectrom. 1974, 8, 77.
(41) Pellerite, M. J.; Brauman, J. 1. J. Am. Chem. Soc. 1983, 105,
2672~2680.

plex.

Structure 1 (withous PRECISE)

Siructure 2 (with PRECISE)

Figure 3. AMI structures for the dimethyl ether-trimethyloxonium
cation ion—dipole complex. Structure 1, without the PRECISE option;
structure 2, with the PRECISE option.

in cases where structural deviations are smaller, the rigorously
optimized structure can still lead to a decrease in the heat of
formation of up to 4 kcal/mol.

The structure of the ion—dipole complex 2 led us to investigate
the effect of nucleophilic assistance on the course of the reaction.
As the overall energetics of reaction 2 in Table II show, no fa-
cilitation of the SN2 process was observed when a second dimethyl
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Figure 4. PM3 transition-state structure for the trimethylammonium-~
tetramethylammonium cation reaction.

Transition PN
4 State ERTL NN -
20 —T "g"_EProdums SN2 Intermediate
. JISN’ Intermediate| _gexedouizk. i )
;E 5 L
&

Figure 5. Contour drawing of the dissociation energies for the inversion
reaction of 8-nicotinamide riboside with water taken from Table III. The
drawing was made using the S-language package from AT&T; the en-
ergies were interpolated onto a 30 X 30 grid with an arbitrary cutoff of
energies higher than —20 kcal/mol.

ether molecule approached the ion—dipole structure 2.

The calculated transition-state geometries correspond to the
established representation of the Sy2 transition state in which the
entering group, leaving group, and inverting carbon atom are
approximately collinear. The transition-state structure for the
reaction of trimethylamine with the tetramethylammonium cation
is given in Figure 4 as a representative example.

Gas-Phase Sy2(type IV) Reaction of 8-Nicotinamide Riboside*
and Water. The investigation of §-nicotinamide riboside* hy-
drolysis was begun by calculating the PM3 potential energy surface
for the reaction with inversion of the C1’ carbon center using a
grid search technique. The two reacting bonds were fixed at given
distances while the rest of the molecule was fully optimized. The
potential surface was obtained by varying the breaking N-C1’
bond in steps of 0.2 A and the forming C1’~O bond in steps of
0.5 A. The results are summarized in Table III and shown
graphically in Figure 5. Optimization starting from the structures
in the upper left (reactant side of the surface, grid point 1.52 A/3.0
A) and lower right corners (product side, grid point 2.9 A/1.5
A) of Table III without any geometrical constraints resulted in
the ion—dipole complexes for water interacting with S-nicotinamide
riboside* and nicotinamide hydrogen bonded to the a-hydrated
ribose cation, respectively. The pseudo minimum energy pathway
connecting these two states proceeds first to structures in which
the N-C1’ bond is almost entirely broken before the approach
of water becomes more favored energetically. The grid point at
2.9 A/2.0 A was therefore chosen as the starting point for a
successful transition-state optimization that led to the structure
shown in Figure 6.

A similar approach for the water attack on S-nicotinamide
riboside™ with retention of the carbon center showed that, as long
as the N—C1’ bond is not significantly lengthened, the water will
prefer to attack the back side because of the stabilization gained
from the hydrogen bonding of the incoming nucleophile to the
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Figure 6. PM3 transition-state structure for the 8-nicotinamide riboside
hydrolysis with inversion.

Figure 7. PM3 transition-state structure for the 8-nicotinamide riboside
hydrolysis with retention.

2’-hydroxyl group of the sugar. But once the N-C1’ bond is
increased to about 2.9 A, retention is slightly favored and the
calculated transition state (Figure 7) is 1.2 kcal/mol lower in
energy than the one for the inversion path. The extreme stabi-
lization of the retention type ion—dipole complex of nicotinamide
and the a-hydrated ribose cation is the result of the hydrogen
bonding of the leaving group to one of the water hydrogens, and
thus it resembles a preformed proton-transfer structure with an
extended oxygen—hydrogen bond of 1.03 A. The results are
summarized in the energy profile shown in Figure 8.

Discussion

Extrapolation of the calculated results for the isolated reactants
in the gas phase to their behavior in solution entails several un-
certainties. Nevertheless, a detailed understanding of the fun-
damental determinants, especially the heights of the activation
barriers, should provide a valuable framework for a discussion
of the solution-phase results. The relative AH* values can be
rationalized in terms of a superposition of electrostatic and covalent
interactions.*> Comparison of the overall activation barriers for
the reactions considered here shows that the calculated AH* values
increase from the two processes with chloride as the nucleophile
to the trimethyloxonium case and the 8-nicotinamide riboside*
hydrolysis and to the displacement of trimethylamine in the
tetramethylammonium cation. The form of the potential energy
profiles (Figures 1 and 8) provides a convenient qualitative sep-
aration of this kind. The depths of the wells in which the ion-
dipole complexes reside should give an approximate indication
of the magnitude of the electrostatic stabilization of the activated
complexes. Stabilization of covalent interactions should then be
reflected in the heights of the central barrier above the corre-
sponding complexes.?’

The smaller AH* — AH’barriers in the Sy2(type I) reactions
with chloride can be attributed to its much lower ionization po-
tential of 3.5 eV (compared to 10.7 eV for dimethyl ether) and
the favorable HOMO-LUMO interaction in this case. This is
generally accepted as the initial step of a nucleophile displace-
ment* and is related to the availability of the nucleophile electrons
for bond formation during the course of the reaction. The sur-

(42) Klopman, G. In Chemical Reactivity and Reaction Paths; Klopman,
G., Ed.; Wiley-Interscience: New York, 1974; pp 55-165.
(43) Fukui, K. Angew. Chem., Int. Ed. Engl. 1982, 21, 801-809.



8236 J. Am. Chem. Soc., Vol. 114, No. 21, 1992 Schréder et al.

prisingly low value of AH* for the reaction of chloride with 8-
chlororibose is dominated by the electrostatic stabilization in the
ion-pair complex because the AH* — AH' barrier is significantly
higher than that for the methyl chloride reaction. This increase
can be attributed to steric hindrance and a less favorable
HOMO-LUMO interaction in the sugar. In contrast, Sy2(type

o g \E—J V) reagtions are characteri'zed py _nuclpophiles “(ith gonsiderably
y 5 5 |89 5 less available electron density (ionization potentials in the range
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5| o _‘§’ :é .'g PR “loosens” and the “Sy1 chafacter” of the regction incrgases. Ihls
8] @ L% T S3833 = -~ phenomenon can be seen in the a-chlororibose reaction with a
5 _‘g; 2R3 g .§ g '§§ °&4 % frhelqu?cy of 346 cm™ compared to 510 cm™ for the methyl
~ Al os 2282 |eW g chloride case.
% 88835 £°&° g ? E 5 For the type IV nucleophilic substitution reaction of 8-nico-
2 Eo~E tinamide riboside* with the poor nucleophile water (ionization
5 5‘ reoad = = |SE2S potential of 12.3 eV), the bond distance to the leaving group is
P TETET T ¢ (g% E 3.011 for inversion and 2.884 A for retention, with bond orders
) 2303 of 0.002 and 0.036, respectively. These values are in good
g 2| 2 EEc- agreement with estimates from the measurement of kinetic a-
= '§- QT2 K] E T~ secondary deuterium isotope effects.!!! The activated complex
Bl g|=Ca el for retention is slightly tighter, with a frequency of 200 cm™!
E E8xBs5 2 2 |5.5E d to 154 cm™! for inversion, whereas the bond to th
2| E|IC%80o = = |emds compared to cm! for inversion, whereas the bond to the
- S incoming nucleophile is a bit shorter in the latter instance. Because
“l s %E e of w-character, the C1’-O bond has a distance of 1.294 A and
Hl Bl=memsan o =~ 1840 a bond order of 1.458 for inversion and values of 1.289 A and
2 3 Wy oo 1.482 A for retention, which is almost as developed as in the free
& - oxocarbenium ion (1.270 A, 1.634 A).

The structure for the inversion reaction closely resembles the
“exploded” transition state for the solvolysis of D-glucopyranosyl
derivatives suggested by Sinnott and Jencks.'* The anomeric
center in the activated complex has a significant amount of sp?

(44) Hammond, G. S. J. Am. Chem. Soc. 1958, 77, 334~338.
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Table I11. Grid Search for the Inversion Attack of Water on 8-Nicotinamide Riboside*?

rin-cy bond breaking®

rc-o) bond forming 1.52 1.70 1.90 2.10 2.30 2.50 2.70 2.90
3.00 -84.9 -79.6 -69.2 -60.8 ~-57.2 -56.7 ~-57.1 -57.2
2.50 -79.4 -74.8 -65.2 -57.0 -52.9 ~54.9 ~55.2 ~55.2
2.00 ~54.0 ~53.5 -49.0 ~46.1 -46.3 -47.9 ~49.5 -50.2
1.50 +10.7 -5.3 -19.5 -32.7 -43.4 ~54.5 -61.2 -62.2

? AH values are in kcal/mol. ®Bond distances are in A.

Table IV. Charge Analysis for S-Nicotinamide Riboside Inversion and Retention Reactions

Znieolinnmide Zsuglr aner CI, Hll 0O Nicotinamid ZCZ‘OH
inversion
reactants 0.805 0.195 0 -0.007 0.131 -0.242 0.437 0.079
ID1 0.798 0.174 0.028 -0.065 0.191 -0.239 0.454 0.070
TS 0.006 0.871 0.123 0.391 0.173 -0.073 -0.198 0.098
1D2 0.100 0.372 0.528 0.066 0.246 -0.263 -0.118 0.061
products 0 0.473 0.527 0.193 0.159 -0.256 -0.083 0.082
retention?
TS 0.096 0.844 0.060 0.303 0.226 -0.073 -0.187 0.101
D2 0.194 0.393 0.413 0.186 0.131 -0.267 -0.102 0.086
products 0 0.520 0.480 0.201 0.169 -0.234 -0.083 0.092
S\1 intermediate 0.352 0.177 -0.020 0.134

(oxocarbenium ion)

7 An ion—dipole complex of substrate and nucleophile (reactants) was not observed (see text).
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Figure 8. Calculated reaction profile for the bimolecular hydrolysis of 8-nicotinamide riboside.

hybridization and a high degree of charge separation, but the still An analysis of the charges in the two species clarifies this point.
visible bond orders between the anomeric carbon and the leaving The sugar moiety has a charge of 0.871/0.844 in the transition
group as well as the incoming nucleophile indicate that the in- states compared with the Sy1 intermediate. Water has most of
teraction at the transition state is not entirely electrostatic and the remaining charge of 0.123 in the inversion reaction—the
can account for the experimental evidence of nucleophilic par- sugar-nicotinamide bond is extremely long, 3.011 A, and little

ticipation. 1’ interaction with the nitrogen is possible. Charge is more evenly
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distributed in the activated complex for the retention reaction
because of a shorter bond length to the leaving group and because
of possible interactions between water and nicotinamide on the
same face of the sugar. With the exception of ion—dipole complex
II for the retention reaction, which resembles a preformed pro-
ton-transfer structure, ion—dipole complexes do not show a great
deal of charge transfer. In both cases, the reaction center has
a partial charge of the same order (0.391 and 0.303, respectively)
as the oxocarbenium ion (0.352). The absolute value seems to
be affected strongly by the looseness of the transition state
(compare Table IV).

Thus, charge migrates from nicotinamide to the sugar and, in
the transition state, to the incoming water molecule. From their
computational study of solvent effects in the Menshutkin reaction,
Bertrdn and his colleagues* noted that effects on the activation
barrier depend on differential solvation of the ground and transition
states. In contrast to the type I reaction of chloride with methyl
chloride in which a single atom with unit charge is highly solvated,
charge in our sysiem is delocalized. Only a slight increase in the
activation barrier would be expected in solution, but because of
the uncertainties inherent in comparing gas- and solution-phase
reactions, this conclusion is certainly tentative.

Sinnott and Jencks seem to have pictured the exploded transition
state as a single entity that partitions between retained and inverted
products (Structure III of ref 15). Our calculated structures for
the activated complexes for the inversion and retention reactions
have quite different angles between the leaving group nitrogen
and the anomeric carbon (Figures 6 and 7, respectively) and have
slightly different energies that favor retained over inverted
products. Sinnott and Jencks note that “[i]f it were not for the
formation of products with retention of configuration...there would
be no sharp line separating this kind of interaction from that in
the classical S\2 displacement reaction.... [Wlhen a transition
state is sufficiently open...these interactions can be significantly
on the same as well as on the opposite side of the central atom
as the leaving group” (ref 15, p 2032). The flatness of the plane
in the contour diagram (Figure 5) on which the transition state
for the inversion reaction lies shows that, even with a well-defined
back-side LUMO-HOMO interaction, the activated complex is
open. The structure of the activated complex for the retention
reaction (Figure 7) is quite different from the retention channel
of the exploded transition state in drawing III of Sinnott and
Jencks.’S We interpret this difference to be the result of non-
covalent interactions between water and the leaving group in the
retention reaction. Both of the calculated activated complexes
have the specific but weak interactions between the anomeric
carbon and both the leaving group and incoming solvent suggested
by Sinnott and Jencks.!?

The gas-phase dissociation of a series of 2’-substituted 8-nic-
otinamide arabinosides® has been measured using tandem liquid

(45) Sola, M.; Lledds, A.; Duran, M.; Bertran, J.; Abboud, J-L. M. J. Am.
Chem. Soc. 1991, 113, 2873-2879.

Schréder et al.

secondary ion mass spectrometry (LSIMS).# Dissociation of
the sorted molecular ion for five substrates follows the Taft LFER
(p, = —0.89, r = 0.95), and the log of the relative rates in the gas
phase correlate quite well with the log of the first-order rate
constants for the pH-independent hydrolysis reaction (» = 0.96).4
Thus, the relative order and stabilities of the oxocarbenium ion
intermediates are the same in either phase. There is evidence from
a rearrangement channel for the 2-HNAc substrate that an
ion—dipole complex is formed as an intermediate in dissociation;
by the Hammond postulate,** a late transition state is product
like, which in this instance is the ion—dipole complex and is
consistent with the computationally derived extent of bond
breaking at the transition state.

Conclusions. The type IV nucleophilic substitution reactions
investigated here follow the same overall energy profile that is
expected for a gas-phase ion—molecule process. In particular, the
transition states are preceded by an ion—dipole complex with
entirely electrostatic interaction. The reactions involving a neutral
nucleophile and a positively charged substrate generally require
a higher activation energy, which can be attributed to the poorer
nucleophilicity and to a less favorable HOMO-LUMO interaction
compared to the Sy2(type I) processes. The increasing Syl
character for a bimolecular reaction can be directly related to the
stabilization of the corresponding unimolecular dissociation. This
phenomenon explains the extremely “loose” transition states for
the inversion and retention attack of water on $8-nicotinamide
riboside* in the gas phase and offers a satisfying rationalization
of the experimental data for the §-nicotinamide riboside* hy-
drolysis in solution. Given the general importance of type IV
nucleophilic substitution reactions, not only for the cleavage of
an N—glycosyl bond in 8-nicotinamide riboside* but also for a
number of related chemical and enzymatic reactions,* the ideas
presented in this paper should facilitate our understanding of the
mechanisms of nucleophilic substitution.
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