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A computational study of the mechanism of hydrogen atom trans-
fer-induced carboxylate elimination from monoacylated 1,2-diol
groups in pyranosides is presented. A comprehensive analysis of
the 1,2-migration, elimination and fragmentation pathways reveals
that concerted elimination via a 7-membered, hydrogen-bonded
transition state is favored. Relative rates of elimination inferred
from an intramolecular competition experiment are consistent
with the trends obtained from the calculations.

Introduction

Fragmentations and rearrangements of f-acyloxy and
B-phosphatoxy radicals have been implicated in the chemistry
of nucleic acids and lipids, and form the basis of useful pre-
parative methods in organic chemistry."”* The impact of such
reactions in the domain of carbohydrate synthesis, initiated by
Giese’s development of a method for the synthesis of 2-deoxy-
glycosides,® has been significant; new developments continue
to emerge, including the use of transition metal (photo)cataly-
sis to promote acyloxy migrations to the anomeric position.*
The processes have attracted sustained interest from the
mechanistic perspective, as they traverse pathways at the
boundary of radical and polar reactivity; studies along this line
include experimental determinations of rate constants, solvent
effects and isotope labelling®® along with computational mod-
elling of proposed reaction pathways.”"®

Recently, our group took advantage of the reactivity of
B-acyloxy radicals along with photocatalytic hydrogen atom
transfer (HAT) to develop a method for the redox isomeriza-
tion” of pyranosides to ketodeoxysugars (Scheme 1a).'°
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The yield was dependent on the identity of the leaving group,
and in the case of the optimal pyranoside monoester substrates,
deoxygenation took place exclusively at the site of O-acylation.
This second observation, which implied an acceleration of
C-O bond cleavage due to the presence of the ester substitu-
ent, was in keeping with prior work from Lenz and Giese, who
found that 2-O-acylation facilitated heterolytic f-C-O bond
cleavage from a C-3 adenosyl radical."* Considering the utility
of ketodeoxysugars as synthetic building blocks, we sought to
gain insight into the mechanism of HAT-induced elimination
of carboxylate and sulfonate from pyranosides, focusing on the
effects of the leaving group on the rate of C-O bond cleavage.
Herein, we describe a computational study that points towards

(a o Ir-1 (1 mol %)

o~

H quinuclidine (20 mol %) OH  pih  <5%yield
HO 0 BusN*(4-CIBzO") (25 mol %) HO O  R=Piv: 71% yield
Ho T ——— R =Boc: 30% yield
Ro KHCO; (1 equiv) R=Ts: 14% yield
OMe blue LED o OMe
MeCN, 23 °C, 24 h
_H &, H*
or HAT
OH OH
Ho% _mon oo
g B-C-0 bond 0
HO RO I
OMe cleavage [o) OMe
(b)
B-C—O heterolysis
B F& B B o T* r o ]
== Q 4NN HOS +

L0 0.0
----0
H \( \(
R R R

~ concerted ~ concerted heterolysis without
proton transfer

(5-membered HB) (7-membered HB)

1,2-acyloxy migration

HOE& HO%_\O ”0%
C'Jx/b [ONg
¢ 1
R L R

concerted
(3-membered cyclic TS)

stepwise via
dioxolany! radical

concerted
(5-membered cyclic TS)

Scheme 1 (a) Redox isomerizations of glucopyranosides illustrating the
effect of the substituent at the 2-position. (b) Conceivable pathways for
p-C-O bond cleavage from a 2-O-acylated radical intermediate. Ir-1
denotes [Ir(dF(CF3)py),(dtbpy)]PFe.
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a concerted elimination via a hydrogen-bonded transition state
as the lowest-energy pathway for C-O bond cleavage.
Calculated effects of leaving group basicity on the rate of elim-
ination are consistent with experimentally determined product
ratios for redox isomerizations of unsymmetrical 1,3-bis-O-
functionalized glycerol model systems.

Results and discussion

Conceivable pathways for p-C-O bond cleavage in a 2-O-acy-
lated, pyranoside-derived radical are summarized in
Scheme 1b. Concerted proton transfer and p-C-O bond hetero-
lysis can take place through five- or seven-membered cyclic
transition states; alternatively, heterolysis without proton
transfer leads to a radical cation-carboxylate ion pair. 1,2-
Acyloxy migration (Surzur-Tanner-type rearrangement) could
take place in a concerted fashion via three- and five-membered
cyclic transition states, or through a stepwise mechanism
involving a dioxolanyl radical intermediate. A subsequent
elimination of carboxylic acid from the resulting monoacylated
hemiketal-derived radical yields the stabilized o-carbonyl
radical.

A preliminary computational investigation of the redox iso-
merization of an a-glucopyranoside monoester identified inter-
mediates and transition states for the stepwise, 1,2-acyloxy
migration pathway.'® Earlier work by Giese and co-workers,

o o
Ho N\ HO%

| o o .
O‘\~( YO
Me Me i
(+129.7) (+132.2)
e ’Ac-TS1b"
IAc-TS1a", e ARE
o MANS
HON T\ o 5 I

G ! ¥
(kJ/mol) H o

o :< “‘:“ ”,": Me |

(+77.3)

\ o
Me . HO ; —
(+72.3) o ;. AcTs2Y,
SAeTS3 T 0\'( .
! . Me '."'
\(+52.3)
\—

© Acll

View Article Online

Organic & Biomolecular Chemistry

supported by calculations at the PMP2/6-31G(d)//UHF/3-21G(d)
level of theory, pointed towards the seven-membered cyclic
transition state for concerted proton transfer/p-C-O bond het-
erolysis from 1,3-diacylglycerol-derived radicals.'> The authors
noted that the p-elimination was accelerated by the presence of
a free OH group at the a-position, and was suppressed for such
substrates in protic solvent, consistent with the proposed
stabilization of the transition state by intramolecular hydrogen
bonding. A similar transition state has been proposed for the
elimination of toluenesulfonic acid from a C-3' radical of 2"-
tosyl-homouridine.”® We aimed to use computational model-
ing to evaluate each of the pathways depicted in Scheme 1b for
a pyranoside model system, focusing on the effects of the
leaving group on the rate of ketodeoxysugar formation.

Scheme 2 depicts the calculated Gibbs free energies of
intermediates and transition states for the transformation of
monoacylated tetrahydropyran-3,4-diol-derived radical Ac-I to
tetrahydropyranone-derived radical V and AcOH (Ac-VI).
Elimination and fragmentation pathways are depicted in blue,
while those involving 1,2-acyloxy migration are shown in black.
Transition state structures are depicted in Fig. 1, annotated
with the C-O bond distances and the sum of charges for
atoms in the carboxylate group calculated from natural popu-
lation analysis (NPA) (g(CO,CHj3), in red). Gas phase geometry
optimizations were conducted at the (U)MO06-2X/def2-TZVP
level of theory, followed by single-point energy calculations
using the SMD model for acetonitrile."* These calculations are

HO
vil
+ E:
i Py
Me)J\d o o
Ac-vill \H"“O\(
(+79.4) Me
(+70.7) o
o [T T o
0” o H._‘O//KM
1l
Me (+39.3)
(+26.9)

, —
_.-" Ac-TS6

Ac-TS5

'-.‘:“ =2

o]
;: \459) O
Me J —
o7 o0 AciV' .
H\O /[( o]
Mo "
“Me”” “OH
\, Ac-VI
(-72.1)

Scheme 2 Calculated Gibbs free energies (kJ mol™) of proposed intermediates and transition states for the rearrangement (black) and heterolysis
(blue) pathways leading to the formation of V and Ac-VI from Ac-I ((UIM06-2X/def2-TZVP//SMD(acetonitrile) level of theory).
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Fig. 1 Calculated transition state structures for the rearrangement of
Ac-l to Ac-IV ((UIM06-2X/def2-TZVP level of theory), as defined in
Scheme 2. Carboxylate group charges q(CO,CHs) are shown in red
(NPA/(U)M06-2X/def2-TZVP results).

consistent (R* = 0.99) with energies calculated by solvent phase
re-optimization of intermediates and transition states at the
SMD(AcCN)/(U)M06-2X/def2-TZVP level of theory (Fig. S027).
Further benchmarking of (U)MO06-2X/def2-TZVP//SMD(aceto-
nitrile) results against DLPNO-CCSD(T)/CBS or G3B3 levels of
theory indicate a high level of agreement (R> of 0.99) providing
justification for application of the former level of theory in the
present study (see ESIT for details).

Acyloxy group migration (Ac-I — Ac-III) is without notable
driving force (AG,og = +0.5 kJ mol™"). The most facile pathway
for the rearrangement involves 3-membered ring transition
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state Ac-TS3 with a barrier AGE98 of +72.3 kJ mol™". Transition
state Ac-TS1la leading to ring-closure/ring-opening is signifi-
cantly higher in free energy (AGhy, = +129.7 kJ mol™). Direct
elimination of AcOH through seven-membered transition state
Ac-TS5 is the preferred pathway (AG%98 = +26.9 k] mol™). The
tetrahydropyran ring adopts a boatlike conformation to facili-
tate alignment of the SOMO with o, O(ester) in TS5. Both the
five-membered ring transition state Ac-TS4 (AG298 = +70.7 kJ
mol ™) and the ion pair arising from B-C-O bond heterolysis
(radical cation VII and acetate Ac-VIII, AG,og = +79.4 k mol ™)
are higher in energy than Ac-TS5. Given the low barrier for con-
certed radical mediated elimination via Ac-TS5, the chemistry
of radical Ac-I will be dominated by AcOH elimination and
rapid formation of radical V unless an extraordinarily fast
bimolecular process traps radical Ac-I (e.g., by HAT).

Variation of the acyl group substituent, and replacement of
acyl with sulfonyl,® allow for evaluation of steric and elec-
tronic effects on the free energy barriers for the transformation
(Table 1). Substitution of the acetyl group for pivaloyl (Piv-I)
has minimal effects on the calculated energies for the
rearrangement and elimination pathways, indicating that
steric factors do not have a major influence. In contrast, pro-
nouned electronic effects are evident from the calculations;
systematically decreasing the Brensted basicity of the leaving
group (Bz-I — ClAc-I — ClAc-I — Fz;Ac-I — Ts-I) results in a
decrease in the barriers for all pathways, with concerted elim-
ination via TS5 remaining the dominant one in each case. This
finding is consistent with previous work indicating that
rearrangement and migration reactions are accelerated by elec-
tron-withdrawing groups on the acyloxyl and phosphatoxy
substituent,'"“”'® and with the calculated negative charge
buildup at the acetate group in the transition states (Fig. 1).
Stepwise migration via TS1a and TS1b is the least sensitive to
electronic effects on rate, consistent with the lower degree of
charge buildup at the carboxyl oxygens. For the best leaving
groups, (FzAc-I and Ts-I), fragmentation to the radical cation
VII and carboxylate/sulfonate VIII is exergonic. A linear
relationship between the free energy of activation via TS5 and

Table 1 Calculated Gibbs free energies (kJ mol™) of proposed intermediates and transition states defined in Scheme 2. Energies calculated at the
(U)M06-2X/def2-TZVP//SMD(acetonitrile) level of theory. Piv = pivaloyl, Bz = benzoyl, Ts = p-toluenesulfonyl, FsAc = trifluoroacetyl, ClzAc = tri-

chloroacetyl and ClAc = chloroacetyl

Substituent

Species Ac Piv Bz ClAc ClzAc Fs;Ac Ts

I 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS1la +129.7 +127.8 +90.9 +105.6 +82.7 +87.4 —

I +52.3 +46.5 +8.0 +20.2 +7.2 +12.9 —
TS1b +132.2 +131.1 +102.3 +114.7 +100.8 +104.7 —
I +0.5 -1.1 -0.9 -1.9 -7.2 -5.8 +4.5
TS2 +77.3 +76.5 +68.9 +59.6 +25.1 +24.6 +16.5
TS3 +72.3 +71.7 +68.5 +56.8 +24.6 +24.4 +21.2
TS4 +70.7 +71.1 +63.2 +54.7 +23.6 +23.2 —
TS5 +26.9 +26.9 +23.7 +20.3 +5.9 +5.3 +2.7
TS6 +39.3 +41.0 +34.8 +32.6 +13.2 +12.6 +12.5
v -45.9 -44.8 -51.0 -50.8 -62.0 -62.7 -56.1
V+VI -72.1 -73.1 -75.2 -74.3 -75.9 -75.3 -64.5
VII + VIII +79.4 +80.0 +59.0 +49.8 +0.8 -1.3 -14.4
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Fig. 2 Free energy of activation (AG*, kJ mol™) for TS5 vs. reaction
energy for heterolytic dissociation (AG(VII + VIII), kJ mol™) for carboxy-
late and sulfonate groups ((UIM06-2X/def2-TZVP//SMD(acetonitrile)
level of theory).

the free energy of heterolytic dissociation AG(VII + VII) is
observed (Fig. 2), consistent with charge separation in the tran-
sition state for elimination (TS5). The calculated pK, of the
leaving group in acetonitrile also relates linearly to the free
energy of activation via TS5 (see the ESIt). Overall, the results
indicate that increasing leaving group ability of the
B-substituent accelerates elimination from radicals I, with bar-
riers of less than 10 k] mol™" being calculated for expulsion of
CI3AcOH, F;AcOH and TsOH.

To obtain experimental data on relative rates of elimination
from f-substituted o-hydroxyalkyl radicals, we investigated
photocatalytic redox isomerizations of unsymmetrical, di-
substituted glycerol derivatives 1a-le (Table 2). This intra-
molecular competition experiment allows for ratios of elimin-

Table 2 Intramolecular competition experiments to assess relative
rates of elimination of carboxylate and sulfonate groups from 2-glyceryl
radicals®

OH TBADT (5 mol %) 9 9
+
. bi
Plvo\)\/OR UV LED IVOQJ\Me Me)k/OR
1a-e MeCN, 24 h, 23 °C 2 3a-e
a(R=Ac)
(H) b (R = Bz) . .
J ¢ (R = ClAc) (H )‘ (+H )’
d (R = ClzAc)
OH e(R=Ts) o )
Pivo\)'\/OR PivO\)J\. . )J\/OR
- HOR
I ! f
- HOPiv

Entry Substrate Product ratio (2 : 3a-e)’
1 la 1.1:1
2 1b 1.7:1
3 1c 54:1
4 1d >20:1
5 1le >20:1

“ Substrate (0.1 mmol), tetra-n-butylammonium decatungstate (TBADT,
5 mol%), acetonitrile ([substrate], = 0.125 M), 32 W UV LED, rt, 24 h.
b Ratios determined by 'H NMR spectroscopic analysis of unpurified
reaction mixtures.
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ation rates to be determined from product distributions. Giese
and co-workers used a related experiment to determine that a
2-glyceryl radical bearing diethylphosphatoxy and acetoxy
groups undergoes selective elimination of (EtO),PO,H."?
Irradiation of acetonitrile solutions of 1la-1e with a 370 nm
light-emitting diode (LED) in the presence of catalytic tetra-n-
butylammonium decatungstate (TBADT) resulted in hydroxya-
cetone derivatives 2 and 3a-3e. (Photocatalytic HAT with qui-
nuclidine (see Scheme 1a) was inefficient for reactions of 1a-
le.) A 1.1:1 ratio of products 2 and 3a was obtained from the
reaction of diester 1a, consistent with the calculations that
showed nearly equivalent free energies of activation (Ac-TS5
and Piv-TS5, AAGL,, = 0.0 kecal mol™?). (A perfect correlation
between calculated free energies of activation and log(k,.) was
not expected, because the tetrahydropyran model system was
used for the calculations.) BzOH, CIAcOH and Cl;AcOH under-
went elimination in preference to PivOH, with the magnitude
of the effect increasing in the order 1b < 1c < 1d as anticipated
based on the computational results. Likewise, TsOH under-
went elimination significantly faster than PivOH (2:3e >
20:1). Conversions were low (~5%) for the reactions of benzo-
ate 1b and tosylate 1e, perhaps due to inhibition of the photo-
catalyst by the reaction byproducts; nonetheless, the relative
concentrations of products 2 and 3 could be assessed reliably
by 'H NMR spectroscopy. For substrate 1d, competitive
migration of the ClzAc group to the 2-position was observed.
The results indicate that considerable variation of the rate of
HAT-induced elimination from diol derivatives can be achieved
by changing the acyl substituent. The ClAc substituent appears
to offer a useful balance of reactivity towards elimination and
stability towards intramolecular acyl transfer.

Conclusions

In summary, a computational investigation of the mechanism
of expulsion of carboxylic acids from a-hydroxy-p-acyloxy rad-
icals in a pyranoside model system has been conducted.
Concerted elimination through a seven-membered, intra-
molecular hydrogen bonded transition state is the lowest-
energy pathway, consistent with earlier findings from Giese’s
group. Due to charge separation in the transition state, the
introduction of electron-withdrawing carboxyl substituents, or
the replacement of carboxylate for sulfonate, has an accelerat-
ing effect. This trend is apparent from the results of intra-
molecular competition experiments using unsymmetrical gly-
cerol derivatives. To apply these findings to redox isomeriza-
tions of carbohydrate derivatives, the effect of the acyl substitu-
ent on the rate and selectivity of HAT, as well as its ease of
installation and stability towards migration must be taken into
account; efforts along this line are underway.
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