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High-level ab initio calculations demonstrate that alkoxy-
thiocarbonyl radicals (ROE-S) underggs-scission signifi-
cantly faster than alkoxycarbonyl radicals (R&©) despite
having similar exothermicities. The relatively low reactivity
of the ROC=O0 radicals is reduced further by electron-
donating R groups and arises from the large polarization of

Note

carbon dioxide%* and though the exact rates are not known,
there is evidence from both experim&nd ab initio calcula-
tions® that their3-scission rates may be orders of magnitude
slower than those of their ROE€S counterparts. This difference

in reactivity is somewhat counterintuitive. For instance, from a
thermodynamic viewpoint, the reactions might have been
expected to have similar rates, given that in each case the leaving
group is the same and a similar-® bond is broken and<€0
bond is formed. Indeed, a previous theoretical study confirmed
that thep-scissionenthalpiesfor CH;0C=0 and CHOC=S
were approximately equdllt is thus clear that thg-scission
kinetics depend on additional factors, and it is important to
unravel and understand this interplay of factors to facilitate the
design of optimal reagents.

To identify the scope and limitations of xanthic anhydrides

as a source of alkyl radicals in organic synthesis, in the present
work we examine and explain the difference in reactivity
between corresponding RGES and ROCG=0 f-scission
reactions and explore the effects of R substituents on the
reaction. To this end, using high-level ab initio molecular orbital
calculations, the enthalpies, Arrhenius parameters, and reaction
rates (at 298 K) have been calculated for the reaction R&C
— Re + O=C=Z for Z = S and O and R= CH3, CHyF, CHx-
OH, CH,CFs, and CHCN (see Table 19.To assist in the
qualitative rationalization of the results, the corresponding
radical stabilization energies (RSEs) of the reactant radicals and
leaving groups (B are also included in Table 1The charge
distributions within the reactant radicals and transition structures
were also calculated; those for the two parent reactions are
shown in Scheme 1, and those for all 10 reactions are provided
in Table 2.

The results demonstrate that, for a given R grglipgission

the C—0O bonds of the reactant radicals. The results suggestof the ROC=S radicals is considerably faster than RO,

that the generation of alkyl radicals from R&€S should
be particularly efficient when the R group bears radical-
stabilizing and/or electron-accepting groups, such as CN.

In recent years, xanthic anhydrides have emerged as usefulg

reagents in organic synthesis, providing a convenient tin-free
reaction for generating carbon radicals from alcohols and for
exchanging a €0 bond for a C-S bond under very mild
conditions! At the core of the process, alkoxythiocarbonyl
radicals (ROG=S) undergo 3-scission to extrude carbon
oxysulfide and produce the corresponding alkyl radiédland

the rapidity of this reaction is key to its importance. However,
little is known about the kinetics of this reaction and its
dependence on the alkyl substituenitsformation that is vital

for optimizing the process and identifying its scope and possible
limitations.

One intriguing question is why thgscission of alkoxythio-
carbonyl radicals (ROE=S) is faster than that of their oxygen
analogues, alkoxycarbonyl radicals (R6D). These latter

a preference that arises in the lower reaction barriers in the
former case but which occurs despite the similar reaction

(2) (a) Beckwith, A. L. J.; Barker, P. J. Chem. Soc., Chem. Commun.

1984 683-684. For other mechanistic studies of this reaction, see: (b)
arton, D. H. R.; Crich, D.; Lbberding, A.; Zard, S. ZJ. Chem. Soc.,
hem. Communl1985 646-647. (c) Barton, D. H. R.; Crich, D.;
Lobberding, A.; Zard, S. ZTetrahedronl986 42, 2329-2338. (d) Bachi,
M. D.; Bosch, E.J. Chem. Soc., Perkin Trans.1888 1517-1519. (e)
Bachi, M. D.; Bosch, E.; Denenmark, D.; Girsh, D.Org. Chem1992
57, 6803-6810.

(3) (@) Ryu, I.; Sonoda, N.; Curran, D. Bhem. Re. 1996 96, 177—
194. (b) Pfenninger, J.; Heuberger, C.; Graf, M&lv. Chim. Actal98Q
63, 2328-2337.

(4) (a) Griller, D.; Roberts, B. Rl. Chem. Soc., Perkin Trans.1®72
747-751. (b) Ingold, K. U.; Maillard, B.; Walton, J. Cl. Chem. Soc.,
Perkin Trans. 21981 970-974. (c) Ruigge, R.; Fisher, Hint. J. Chem.
Kinet. 1986 18, 145-158. (d) Beckwith, A. L. J.; Bowry, V.; Moad, Gl
Org. Chem.1988 53, 1632-1641. (e) Simakov, P. A.; Martinez, F. N.;
Horner, J. H.; Newcomb, MJ. Org. Chem1998 63, 1226-1232.

(5) Morihovitis, T.; Schiesser, C. H.; Skidmore, M. A. Chem. Soc.,
Perkin Trans. 21999 2041-2047.

(6) Calculations were at a high level of theory chosen on the basis of a
recent assessment study for radical addition +8GCbonds (see ref 10a).
Full details of the calculations, together with geometries of all species (in

radicals are known to be comparatively resistant to the loss of the form of GAUSSIAN archive entries), are provided in the Supporting
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(7) The RSE is defined as the energy change of the reactioh ®H
— RH + CHz". The RSEs of the leaving radicals’, Riere calculated using
the R-H bond dissociation energies reported in: Beare, K. D.; Coote, M.
L. J. Phys. Chem. 2004 108 7211-7221. The RSEs of the reactant
radicals were calculated at the G3(MP2)-RAD level of theory as part of
the present work.

10.1021/jo0607313 CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/26/2006



JOCNote

TABLE 1. Calculated Reaction Enthalpies AHz29s kJ mol~1), Arrhenius Activation Energies (Ea, kJ mol~1), Frequency Factors @, s 1) and
Reaction Rates Koos S%) at 298 K for the f-Scission Reactions, &C*—0—R — O=C=0 + R and S=C*'~0—R — S=C=0 + «R, and
Corresponding Radical Stabilization Energies (RSEs, 0 K, kJ moit)2

0=C'-0—-R— 0=C=0 + R S=C'—0—-R— S=C=0+ R

R RSE(R) RSE(G=C'—O—R) AHxs E. logA koss RSE (S=C'—O—R) AHaxs E. logA koos
CHs 0.0 15.6 -952 60.6 139 1910 29.2 -935 437 144 5% 10
CH.CFs  —7.1 10.9 -98.4 59.8 137 1.5 10° 23.6 —972 418 133 9.& 10
CH,CN 33.2 10.5 -146.5 415 135 1510 24.9 —144.7 241 136 2.3 10°
CH,OH 33.3 14.0 -731 641 138 4.k 10 28.6 —-705 388 13.6 6.6 10°
CH.F 13.6 12.3 —-730 788 142 24 27.2 —-746 571 139 7.&% 10

aBarriers and enthalpies were calculated at the G3(MP2)-RAD level of theory using B3-LYP/6-31(d)-optimized geometries and include scaled B3-LYP/
6-31(d) zero-point vibrational energy corrections. Entropies and thermal corrections to enthalpy were calculated using B3-LY P/6-31Géd)-ggtimetries
and scaled B3-LYP/6-31(d) frequencies using standard formulas based on the statistical thermodynamics of an ideal gas under harmonigidsotitator/r
approximation. These quantities were then used to calculate the Arrhenius activation energies, frequency factors, and reaction rates wanstaodard
state theory. The RSEs of the reactant radicals were calculated at the G3(MP2)-RAD level of theory, while thoserefddlculated at the G3X(MP2)-
RAD//MPW1K/6-314-G(d,p) level of theory, using the-RH bond dissociation energies from a previous study.

SCHEME 1. Charge Distributions in the -Scission SCHEME 2. B3-LYP/6-31G(d)-Optimized Geometries of
Reactions of CHHOCe=0 and CH;OCe=S O=Ce0OCH3; and S=CeOCH3, Showing the O-CH; Bond
_ - Lengths (A) and the Spin Densities
-0.56 -0.55
Q0 T ﬁ ©) 023 Y
+O‘77.C\O/CH3 — 4+0.87 C\\ . +CH, — i + *CH, 0
-0.56 o) o
-0.54 0.68 e
-0.03 -0.03 -F 0.03 .461 A O
ﬁ +0.36 I +0.23 ﬁ (0) ably faster than that of its carbonyl analogues, R&Q. This
+0.19 C\O/CH3 —> 4029 Q _LMCHs | T ﬁ T °CH, is despite the fact that the leaving radical (and hence its radical
—088 YR o stabilization energy) is the same and the exothermicity difference
L is negligible. Although there are minor systematic differences
B in the radical stabilization energies of the corresponding ROC
z z ﬁ S and ROG=0 radicals, they indicate that the R&€S radical
-é'\ _CH, = -é'\ _CHy & 'C\O %Ha - .. is more stabilized and, on this basis, should have been expected
0 o © to belessreactive. Moreover, an examination of the bond lengths

and spin densities in the reactant radicals reveals no substantial

exothermicities. For any of the *Rgroups considered, the differences that could explain the observed trends (see Scheme
exothermicity difference between corresponding REE and 2). Instead, the difference in reactivity appears to be polar in
ROC=0 f-scission reactions is less than 3 kJ niplthe origin. From Scheme 1 and Table 2, it is seen that there is a
corresponding difference in activation energies ranges from 17 systematic difference in the charge distribution within the
to 25 kJ mof?, leading to differences i-scission rates (at ROC=S and ROG=0 radicals. Although in both systems the
298 K) of 2—4 orders of magnitude. The results also indicate oxygen of the alkoxy group is strongly negative and the leaving
that thes-scission of both types of radical is extremely sensitive R group is strongly positive, in the RG€O radicals (and
to the nature of the R group, the exothermicities varying by transition structures), the*€0 bond is also highly polarized,
over 70 kJ mot! and the activation energies by over 30 kJ with the carbon bearing a large positive charge and the oxygen
mol~! among the R groups considered in the present work. In a large negative charge. In contrast, in the REE radicals,
the following text, we show that these trends are explicable in the S atom is much less electronegative and teSCbond is
terms of polar and radical stabilization effects. thus less polarized. This polarization of the=® bond has

Let us consider first theabsoluterates of -scission of important implications for thes-scission kinetics. Since the
corresponding ROE=S and ROCG=0 radicals. As noted above, product Rradical is neutral, during the course of {hecission
in all cases, th@-scission of the ROE=S radicals is consider-  reaction the electron-deficient R group must receive electron

TABLE 2. Charge on the Z, C, O, and R Fragments in the Reactant Radical and Transition Structure for thg8-Scission Reactions,
Z=C'—0O-R — Z=C=0 + * R?

Z=C*OR reactant radical CO---R]* transition structure
Z=0 Z=S Z=0 Z=S
R z C (0] R z C O R z C O R Zz C (0] R
CHs -056 0.77 -056 035 -003 019 -053 036 -055 087 -054 022 -003 029 -050 0.23

CHCFR —-054 0.78 —-056 0.32 0.00 020 —-053 033 -052 088 -054 0.17 0.02 0.28 —-0.49 0.19
CH.CN -054 0.79 -055 0.30 0.01 020 -052 031 -053 087 -053 0.19 0.03 0.26 -050 0.21
CHOH -060 078 -058 039 -0.08 022 -054 041 -056 084 -061 033 -013 029 -052 0.36
CHF —-054 078 -0.58 0.34 0.02 0.18 -055 035 -054 087 -057 025 -0.01 0.27 -052 0.26

aCharges calculated at the B3-LYP/6-31G(3df,2p)//B3-LYP/6-31G(d) level on the basis of a natural bond orbital (NBO) population analysis.
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density. One would expect that this would be principally

provided by the unpaired electron on the carbon center of the ’H\‘ E:f:,gy
ROC=Z radical. However, since in the RO€O0 radicals this 0K
carbon center is itself highly electron deficient, this electron 3‘13 GHAGN
density is less available, and tRescission reaction is thus less 023 .CHECFG_/
favorable. In other words, the unpaired electron is able to interact ¢ «CH,§
more strongly with the* orbital of the breaking alkoxy bond,
and this is further confirmed when one examines the SGMO
LUMO gaps in the reactant radicals (which are 6.29 and 4.26
eV for CH;OC=0 and CHOC=S, respectively).

On the basis of this polar effect, one might predict that the )
presence of electron-donating substituents on the R group would 125 «CH,OH —
interfere with its ability to accept electron density and should
thus reduce further the rates Sfscission. This reduction in
p-scission rate would be expected in the reactions of both types
of radical but would be expected to be stronger in the more
polarized ROCG=0 radicals and should thus enhance the R
preference fop-scission of ROE=S over ROCG=0. In support :
of this hypothesis, we note that the largest differences in
p-scission barriers occur when the R group bears the electron- *CH,OH
donating substituents OH (25 kJ mé) and F (22 kJ motY).

\

-052 CHF

The other R groups bear substituents that are less effective CS : S |
donors (i.e., H, Ck and CN), and in these cases, the barrier OCHX Bechx & TehX

differences are smaller (£718 kJ mot?).
We are now in a position to explain the large effect of the R FIGURE 1. Free energy diagram (0 K) for th@scission of the &
group on therelative rates ofS-scission of the ROEG=S or C'OCH.X radicals for X= CN, CR, H, F, and OH. The numbers in
ROC=0O0 radicals. As noted above, on one hand, R groups with bold are theR" parameters for the X substituents, as taken from ref 9.
electron-withdrawing substituents should favor fhecission o . .
reaction and those with electron-donating groups should not. CN, but this is now countered by a reduced ability to stabilize
On the other hand, now that the leaving radicalsRalso being @ Positive charge. As a result, the exothermicity is reduced, and
varied, one would expect that R groups with substituents that the reaction barrier is considerably higher. Finally, the highest
stabilize an unpaired electron should favor thescission  reaction barrier occurs for the R* CH.F group. In these
reaction, when compared with those with less stabilizing "€actions, the poor electron-accepting ability of the;Egroup
substituents. Of course, the R group will also affect the stability 1S Not compensated for by the stability of the leaving radical.
of the reactant radic&lhowever, for the present substituents ~ Finally, it is worth noting that the relativexothermicities
these effects are relatively small, particularly when compared (&s well as the barriers) depend not only on the RSE of the
with the corresponding effects on the Rabilization energy ~ '€aving group radical but also its polarity. This polar effect on
(see Table 1). To understand the interplay of the (sometimes'_‘he thermodynamlcs_o_f th_ésmssmn reaction can be understood
competing) polar and radical stabilization energy effects, free in terms of the stabilization of the breaking-® bond from
energy diagrams for the RO€ES reactions have been plotted 'esonance between the covalent and ionic-FO) forms:°
in Figure 1. (Those for the ROEO systems show similar ~However, unlike the barrier heights, this polar effect does not
trends, but have higher reaction barriers.) To assist in the 8ad to a systematic difference in the exothermicities of
analysis, th&}" parameters of the R group substituents, as taken corresponding RO€-S and ROC=0 f-scission reactions.
from ref 9, are also displayed in Figure 1. These parameters'nSIe?‘d: the polarity of the breakllng—GR bond itself is relatively
are the resonance constants for substituents that can effectivelfonsistent between corresponding RS6 and ROC=0 (see
delocalize a charge from the reaction center and provide a Iable 2) and appears to be unaffected by the polarity of the
measure of the ability of the R group to stabilize a positive C=S or C=0 bonds. o
charge. _Alkoxythiocarbonyl radicals can thus undergbscission
Taking the parent (R= CHs) system as our reference point, S|gn|f|cantly faster than alkoxycarbonyl ra(_j|cals because t_he
we first note that R= CH,CF; system shows almost identical thiocarbonyl group can more effectl_vely provide electron density
behavior, because the leaving radical is only slightly less stable {0 the departing Rgroup. The polarity of the R group (together
and this is compensated for by the slightly improved ability of with its radical stability) has a pr.ofound eﬁect on the relatlvg
the R group to stabilize a positive charge. However, when these and absolute rates of fragm(_entanon reactions, the latter varying
systems are compared with the R CH,CN system, the by almost 6 or_ders _of magnitude. This has important synthetic
exothermicity increases dramatically and the fragmentation consequencesmplying that the use of RO€-S radicals as a
barrier drops accordingly. This reflects the increased stability Source of alkyl radicals will be significantly more successful
of the leaving radical and the increased electron-accepting ability when the alkyl radical is highly stabilized and/or bears electron-
of the R group. In contrast, in the R CH,OH system, the

i ; ; i cimi (10) Similar polar effects on alkoxyoxygen bond strength have been
stability of the leaving group radical is similar to that of &H reported previously in: (a) Coote, M. L.: Pross, A: Radom. L. In

Fundamental World of Quantum Chemistry: A Tribute to the Memory of

(8) Sumathi R.; Green, W. H., JPhys. Chem. Chem. Phy2003 5, Per-Olov Lowdin; Brandas, E. J., Kryachko, E. J., Eds.; Kluwer-Springer:
3402-3417. Dordrecht, 2004; Vol. I, pp 581596. (b) Coote, M. L.; Pross, A.; Radom,
(9) Hansch, C.; Leo, A;; Taft, R. WChem. Re. 1991, 91, 165-195. L. Org. Lett.2003,5, 4689-4692.
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accepting groups (such as CN), rather than electron donatingPartnership for Advanced Computing and the Australian Na-
groups (such as OH or F). The work also implies that the rate tional University Supercomputing Facility.
of 3-scission should be further enhanced through the use of polar

Ivents. . . . . .
solvents Supporting Information Available: Details of the ab initio

calculations, the B3-LYP/6-31G(d)-optimized geometries, and
corresponding thermodynamic quantities. This material is available
free of charge via the Internet at http://pubs.acs.org.
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