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guished contributions to chemistry

Intramolecular H-atom transfer in model peptide-type radicals was investigated with high-level
quantum-chemistry calculations. Examination of 1,2-, 1,3-, 1,5-, and 1,6]C < N]-H shifts, 1,4- and
1,7[C < C]-H shifts, and 1,4[N < N]-H shifts (Scheme I), was carried out with a number of theoretical
methods. In the first place, the performance of UB3-LYP (with the 6-31G(d), 6-31G(2dfp), and 6-
311+G(d,p) basis sets) and UMP2 (with the 6-31G(d) basis set) was assessed for the determination of
radical geometries. We found that there is only a small basis-set dependence for the UB3-LYP structures,
and geometries optimized with UB3-LYP/6-31G(d) are generally sufficient for use in conjunction with
high-level composite methods in the determination of improved H-transfer thermochemistry. Methods
assessed in this regard include the high-level composite methods, G3(MP2)-RAD, CBS-QB3, and
G3//B3-LYP, as well as the density-functional methods B3-LYP, MPWBI1K, and BMK in association
with the 6-31+G(d,p) and 6-311++G(3df3pd) basis sets. The high-level methods give results that are
close to one another, while the recently developed functionals MPWB1K and BMK provide cost-effec-
tive alternatives. For the systems considered, the transformation of an N-centered radical to a C-centered
radical is always exothermic (by 25 kJ-mol ™ or more), and this can lead to quite modest barrier heights
of less than 60 kJ-mol " (specifically for 1,5[C < NJ-H and 1,6[C «> N]-H shifts). H-Migration barriers
appear to decrease as the ring size in the transition structure (TS) increases, with a lowering of the barrier
being found, for example when moving from a rearrangement proceeding via a four-membered-ring TS
(e.g., the 1,3[C < N]-H shift, CH;—C(O)—NH" — ‘CH,—C(O)—NH,) to a rearrangement proceeding via
a six-membered-ring TS (e.g, the 1,5[C < NJ]-H shift, NH—CH,—C(O)-NH—-CH; — NH,—CH,—
C(O)-NH-CHy,).

1. Introduction. — Radicals are ubiquitous in biological systems and have been
shown to be involved in a wide range of important reactions [1]. For instance, the
first committed step in DNA biosynthesis is catalyzed by the enzyme ribonucleotide
reductase in a radical-based mechanism. Radical reactions are also involved in a variety
of degenerative physiological disorders [2], including atherosclerosis [3], cataractogen-
esis [4], Alzheimer’s disease, and Creutzfeldt-Jacob disease [5][6].
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There have been a number of previous experimental studies on peptide radical rear-
rangements. Among these is the work of Davies and co-workers [7][8], who used EPR
spectroscopy to monitor experiments such as hypochlorite oxidation of amino acids and
peptides to investigate their radical decomposition and rearrangement processes. They
proposed that N-centered radicals (N-radicals) of lysine rearrange to C-centered radi-
cals (C-radicals) via 1,5[C < NJ-H shifts and possibly 1,2[C < N]-H shifts [8]. The for-
mation of C(f)-centered radicals was confirmed under slightly basic conditions (pH
7.4) via a putative 1,5[C < NJ-H shift from a side-chain aminyl N-radical involving a
six-membered-ring transition structure. On the other hand, C(a)-radical formation
was confirmed at low pH (<6), possibly via a 1,2[C < NJ]-H shift from a side chain
or N-terminal aminyl N-radical [8]. Another notable contribution dealing with peptide
radical rearrangements is the intramolecular H-transfer work of Turecek and co-work-
ers [9]. They examined H-atom transfer from the ammonium N-terminus in -alanine
amide and N-methylacetamide radicals, and found that migration of an ammonium H-
atom was competitive with its dissociation from gas-phase peptide radicals. In other
related studies, Cohen and co-workers [10] and Curran and co-workers [11] reported
that intramolecular H-transfer rates in some substrates are faster than the rates for iso-
merization via hindered internal rotation. For example, in substrates with an amide
bond connecting the sites that participate in a 1,5[C < N]-H shift, it was found that
the H-migration rate was faster than amide C—N bond rotation, and this was reflected
both in reaction isotope effects and product ratios [11].

As a prelude to a broader computational exploration of peptide radical rearrange-
ments, we computed thermochemical parameters (Fig. 1) associated with intramolecu-
lar H-atom migrations A—G (see Scheme 1) in model systems that correspond to frag-
ments 1-14 of a glycine dipeptide (Scheme 1, inset). These allow 1,2-, 1,3-, 1,5-, and
1,6[C < N]-H shifts (see 1-8), 1,4- and 1,7[C <~ C]-H shifts (see 9-12), and 1,4[N «
N]-H shifts (see 13 and 14) to be examined. As part of this study, the performance of
a variety of methods for determining the geometries of the species involved (e.g.,
UB3-LYP, UMP2), as well as the H-rearrangement thermochemistry (e.g.,
MPWBIK, BMK, G3(MP2)-RAD) was assessed.

We emphasize at the outset that the truncated model reactions A—G have only a
modest chemical resemblance to the reactions within a peptide-backbone radical, as

X YH

Exothermic

Fig. 1. Graphical summary of labels used to describe reaction enthalpies (AE) and forward (E},) and
reverse (E') barriers for [X « Y]-H shifts in model peptide-type radicals, written in the exothermic
direction



2256 HELVETICA CHIMICA ACTA — Vol. 89 (2006)

Scheme 1. Possible H-Atom Migrations A-G Associated with Model Fragments 1-14*) of a Glycine
Dipeptide Radical
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%) The following short-form labels are used: s=syn-periplanar, a=anti-periplanar, c¢=cis, t=trans,

sc=syn-periplanar and cis, st=syn-periplanar and trans, ac=anti-periplanar and cis, at=anti-peripla-

nar and trans. The terms syn-periplanar/anti-periplanar refer to the relationship of C=0 to the vicinal

N-terminus, and cis/trans refer to the relationship of the chain termini with respect to the amide
C—N bond.

the N- and C-terminal radicals are capped in our systems with H-atoms. Reaction G, for
example, which is used to model an intramolecular 1,4[N < N]-H transfer, will obvi-
ously have a distinctly different thermochemical profile to a 1,4[N < N]-H shift
between two amide groups in the ‘real’ peptide. However, examination of these systems
is a productive first step to modeling peptide-backbone-radical rearrangement proc-
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esses. In particular, their computationally tractable size (i.e., small number of electrons)
and their relatively modest conformational complexity allows the use of high-level the-
oretical procedures, which in turn enables the assessment of computationally less
demanding methods. Examination of systems that more closely model rearrangements
within a peptide is in progress.

Our general strategy is to determine the transition structures (TSs) for H-atom
transfer and then follow the reaction path downhill on both sides of the TS to determine
which conformational minima it joins. In three cases (reactions C, E, and G), we do
additional exploration to find out how much energy is involved in the preorganization
required to move from an extended structure to such cis/syn periplanar type structures
via trans — cis and anti-periplanar — syn-periplanar rearrangements. As found previ-
ously [10][11], barriers for such processes may represent a significant impediment to H-
atom migrations in peptide radicals. We note that radical decomposition reactions were
not considered within the present study.

2. Computation Details. — Ab initio molecular-orbital-theory [12] and density-func-
tional-theory [13] calculations were carried out with the Gaussian03 [14] and MOL-
PRO 2002.6 [15] program packages. Radicals were typically treated with an unre-
stricted wave function, denoted ‘U’ (e.g., UB3-LYP). When a restricted-open-shell
wave function was employed, an ‘R’ prefix (e.g., RB3-LYP) is used. Except where
full calculations were required as part of a standard composite method, the frozen-
core approximation was employed. Unless stated otherwise, we used UB3-LYP/6-
31G(d) geometries and scaled (by 0.9806 [16]) zero-point-vibrational-energy (ZPVE)
corrections.

The influence of geometry on reaction energies (AE) and rearrangement barriers
(Ei.q and E',)) was assessed by computing high-level single-point energies on geome-
tries optimized at a variety of lower levels. Specifically, equilibrium structures and tran-
sition structures (Scheme 1) were located at the UMP2/6-31G(d), UB3-LYP/6-31G(d),
UB3-LYP/6-31G(2df,p), and UB3-LYP/6-311+G(d,p) levels of theory, followed by
energy calculations on the optimized geometries with UB3-LYP/6-311++G(3df,2p)
and the URCCSD(T)/6-311+G(d,p) procedure of MOLPRO (which involves unre-
stricted coupled cluster calculations on RHF wave functions) (7ables 1 and 2). The per-
formance of both lower-cost methods (e.g., BMK [17], MPWBIK [18], B3-LYP, and
RMP2) and computationally more demanding methods (e.g., G3/B3-LYP [19],
G3(MP2)-RAD [20][21], and CBS-QB3 [22]) were then evaluated in relation to the
prediction of radical relative energies and H-transfer barriers. Unless stated otherwise,
energies within the text refer to G3(MP2)-RAD values at 0 K. We note that G3(MP2)-
RAD was originally introduced [21] to give an improved description of radicals, and in
particular eliminates the UMP2 aspects of standard G3(MP2).

3. Results and Discussion. — 3.1. Theory Assessment. 3.1.1. Geometry Optimization
Methodologies. The influence of the method used for geometry optimization on com-
puted thermochemical parameters was assessed by calculating single-point
URCCSD(T)/6-311+G(d,p) and UB3-LYP/6-311++G(3df,2p) energies on geometries
optimized with a variety of procedures. The resultant thermochemical parameters are
presented in Tables I and 2.
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Table 1. Effect of Geometry on Calculated Thermochemical Parameters (URCCSD(T)/6-311+G(d,p) and
UB3-LYP/6-311++G(3df2p); in kJ-mol ") for [C < NJ-H Shifts®)

Optimization level URCCSD(T)/6-311+G(d,p) UB3-LYP/6-3114++G(3df,2p)

Ea  AE E.  Ei AE E,
12[C < N]-H UB3-LYP/6-31+G(dp) 1711  —247 1958 1638 —311 1949
Shift (A): UB3-LYP/6-31G(2dfp) 171.0  —253 1963 1639  —30.6 1945
UB3-LYP/6-31G(d) 1709 —252 1961 163.8  —302 1940
UMP2/6-31G(d) 1717 =251 1968 1641  —299 1940
13[C — N]-H UB3-LYP/6-31+G(d,p) 1669 —473 2141 1590 —556 2147
Shift (B): UB3-LYP/6-31G(2dfp) 1665 —480 2145 1589  —557 2146
UB3-LYP/6-31G(d) 1665 —483 2148 1586  —557 2143
UMP2/6-31G(d) 1645 —495 2140 1545 —614 2160
1,5[C < N]-H UB3-LYP/6-31+G(dp) 740 —215 955 610 —307 917
Shift (C): UB3-LYP/6-31G(2dfp) 737 —229 966 609 —302 910
UB3-LYP/6-31G(d) 734 -230 964 606 —302 908
UMP2/6-31G(d) 745  -224 970 614  —-296 910
1.6[C < N]-H UB3-LYP/6-31+G(dp) 595 —59.5 1190 480 —641 1122
Shift (D): UB3-LYP/6-31G(2dfp) 579 —611 1190 482 —641 1121
UB3-LYP/6-31G(d) 587 —609 1195 475  —642 1117
UMP2/6-31G(d) 566 —623 1189 390 —724 1114

2) Relative energies do not include ZPVE corrections.

Table 2. Effect of Geometry on Calculated Thermochemical Parameters (URCCSD(T)/6-311+G(d,p) and
UB3-LYP/6-3114++G(3df,2p), kJ-mol ™) for [C « C]-H and [N « N]-H Shifts?)

Optimization level URCCSD(T)/6-311+G(d,p) UB3-LYP/6-311++G(3df.2p)

Ea  AE E.  E AE E,
14[C « CJ-H UB3-LYP/6-31+G(dp) 1104 —235 1339 1069 —283 1351
Shift (E): UB3-LYP/6-31G(2dfp) 1105 —236 1341 1069 —282 1351
UB3-LYP/6-31G(d) 1106 —238 1343 1069 —280 1349
UMP2/6-31G(d) 1105 —251 1356 1068 —270 1338
1,7[C = CJ-H UB3-LYP/6-31+G(dp) 792 —194 986 812  —244 1057
Shift (F): UB3-LYP/6-31G(2dfp) 784 —196 980 813 —244 1056
UB3-LYP/6-31G(d) 787 —194 981 813 -243  105.6
UMP2/6-31G(d) 784  —203 987 813  -235 1048
1AN—NJ]-H  UB3-LYP/6-31+G(dp) 509 —609 1118 354  —552 906
Shift (G): UB3-LYP/6-31G(2dfp) 524 —594 1118 356 —549 906
UB3-LYP/6-31G(d) 510 —606 1115 353  —554 907
UMP2/6-31G(d) 545  —60.6 1151 411  —682  109.4

) Relative energies do not include ZPVE corrections.

We can see that the URCCSD(T)/6-311+G(d,p)//UB3-LYP energies show minimal
(<5 kJ-mol™") variation with respect to the level of optimization. This is also the case
for the UB3-LYP/6-311++G(3df,2p)//UB3-LYP energies, with energy ranges of less
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than 2 kJ-mol '. However, when the single-point energies obtained with UB3-LYP-
and UMP2-optimized geometries are compared, there are significant differences in
reaction enthalpies and barrier heights in some cases. For example, for the 1,3[C «
N]-H shift, there are differences of ca. 6 kJ-mol™" in AE and ca. 4kJ-mol™" in Ej,
while for the 1,6[C < N]-H shift, the differences are ca. 8 kJ-mol ' (AE) and ca. 9
kJ-mol™" (E},,). The most dramatic disparity between energies obtained by using the
UB3-LYP- and UMP2-optimized geometries occurs for the 1,4[N < N]-H shift, with
a difference of ca. 19 kJ-mol™' between the respective UB-3LYP/6-311++G(3df.2p)
values for E! .

To probe this apparent discrepancy further, TS:13a < 14a was also optimized with
UQCISD/6-31G(d), followed by URCCSD(T)/6-311+G(d,p) and UB-3LYP/6-
311++G(3df,2p) energy evaluations (Fig. 2). For 14a, both the URCCSD(T)/6-
3114G(d,p) and UB3-LYP/6-311++G(3df,2p) total energies show relatively little
dependence on the level of geometry optimization, lying within a 1 kJ-mol™' range
in each case. This is consistent with the small variation in geometries for 14a seen in
Fig. 2. For 13a, both the UB3-LYP and UMP2 geometries lead to high URCCSD(T)
energies (ca. 7kJ-mol™ above that given for the UQCISD geometry), while the
UMP2 geometry gives a high UB3-LYP energy (ca. 10 kJ-mol™' above that given by
the UQCISD geometry). For TS:13a <> 14a, the UMP2 geometry leads to a very
high UB3-LYP energy (ca. 18 kJ-mol™" above that given by the UQCISD geometry).
Consistent with these results, greater variation can be seen in the optimized structures
for 13a and TS:13a «— 14a than for 14a (Fig. 2). We note in particular the significant var-
iations in the C—C(O)—N—H dihedral angles in 13a and the N---H---N bond lengths in
TS:13a — 14a.

Overall, the QCISD geometries always lead to the lowest URCCSD(T) energy and
close to the lowest UB3-LYP energy. The UB3-LYP geometries are not quite as reliable
but appear to lead to only modest errors in energies. UMP2 geometries can sometimes
lead to significant energy errors.

If the results obtained by using UB3-LYP geometries with various basis sets are
compared, the general observation is that the variation in calculated thermochemical
parameters is small. Examination in more detail of the calculated total energies
shows that the UB3-LYP/6-3114+G(d,p) geometry optimizations produce structures
with lower UB3-LYP/6-311++G(3df,2p) energies than the UB3-LYP/6-31G(d) and
UB3-LYP/6-31G(2df,p) structures. In contrast, at the URCCSD(T)/6-3114+G(d,p)
level, the UB3-LYP geometry that gives the lowest absolute energies is typically
UB3-LYP/6-31G(d).

3.1.2. Thermochemical Parameters. To compare the performance of the high-level
methods in predicting the thermochemical parameters, we use G3(MP2)-RAD as
our reference procedure. The mean absolute deviations (MADs), mean deviations
(MDs), and largest deviations (L Ds) of G3//B3-LYP and CBS-QB3 values from enthal-
pies and barriers calculated with G3(MP2)-RAD for reactions A —G are summarized in
Table 3. Note that the sign convention that we use is deviation(method) =value(me-
thod) — value(G3(MP2)-RAD). As expected, the MADs calculated with high-level
methods are small (up to 3.3 kJ-mol™"), indicating that the results obtained with the
high-level methods are generally close to one another. The LD values indicate that
there are occasional cases with larger deviations.
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Fig. 2. UB3-LYP/6-31G(d), UMP2/6-31G(d) and UQCISD/6-31G(d) Optimized geometries of isomers

13a and 14a involved in the 1,4[N «— NJ|-H shift and their connecting transition structure TS:13a «—

14a. Also shown are the URCCSD(T)/6-311+G(d,p) and (in parentheses) UB3-LYP/6-311++G(3df,

2p) total energies [Hartrees] and rearrangement barriers [kJ -mol~']. Relative energies do not include
ZPVE corrections.

Turning now to the performance of the density functionals relative to G3(MP2)-
RAD (Tuble 4), we see that UBMK and UMPWBI1K do a particularly good job of
reproducing the corresponding high-level thermochemical values. They show MADs
for the reaction enthalpies that are comparable to those for CBS-QB3 for these sys-
tems. Similarly, the agreement between UBMK/6-314-G(d,p) and UMPWBI1K/6-
31+G(d,p) barriers with G3(MP2)-RAD barriers is also very good. The energies pre-
dicted by UB3-LYP are not as good, with particularly large LDs (Table 3). Note that
with one exception, the MDs for the BMK and MPWBI1K enthalpies and barrier
heights have opposite signs to the corresponding UB3-LYP values. This shows that
UB3-LYP typically underestimates the barrier heights, while UBMK and UMPWB1K
tend to overestimate them.
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Table 3. Comparison of the Performance of G3//B3-LYP, CBS-QB3, and B3-LYP Relative to G3(MP2)-
RAD in the Prediction of H-Transfer Thermochemical Parameters (0 K; in kJ-mol ")2)b)

G3//B3-LYP CBS-QB3 UB3-LYP RB3-LYP UB3-LYP

/ge®) /lge*) /smld)
E.,  MAD 2.4 27 42 46 5.8
MD 0.0 -0.7 -37 -39 -3.1
LD -7.0 +5.1 —-8.1 -9.9 -95

13[C = N] L4N<N]  15[C—N]  14N<N]  15[CeN]
AE MAD 0.8 1.9 4.5 4.0 4.6
MD 0.0 +0.5 +2.4 +0.5 +4.6
LD -13 +4.0 +14.9 +12.2 +15.6

12[C = N] 14N<N]  14N<N]  14N<N] 14NN
E.,  MAD 2.6 33 6.9 7.0 8.7
MD +2.1 -1.1 —-6.0 —43 -7.6
LD +59 —-6.7 —22.5 —-22.0 —23.0

13[C = N] L4N<N]  14N<N]  14N<N] 14N <N]

) Mean absolute deviations (M A Ds), mean deviations (M Ds), and largest deviations (LDs) are listed, as
well as the rearrangement that contributes the largest deviation. ®) UB3-LYP/6-31G(d) geometry and
ZPVE. ©) The ‘Ige’ basis set is 6-311++G(3df.3pd). ¢) The ‘sml’ basis set is 6-31+G(d,p).

Table 4. Comparison of the Performance of MPWBIK and BMK Relative to G3(MP2)-RAD in the
Prediction of H-Transfer Thermochemical Parameters (0 K; in kJ-mol)2)b)

UBMK RBMK UBMK UMPW-BIK RMPW-BIK UMPW-BIK
/lge*) /ge®) /sml¢) /ge®) /ge®) /smld)
E,, MAD 14 35 3.6 2.1 34 37
MD +0.4 0.0 -04 +0.8 +0.9 +2.7
LD +4.7 +7.0 +72 -39 -5.8 +7.6
12[C>N] 14[N<N] 12[C—N] 14C—C] 14N<N]  13[C—N]
AE  MAD 2.1 4.6 1.5 1.9 54 0.9
MD -2.1 —4.6 -12 —-1.7 —-54 -03
LD -55 -79 —42 -3.7 —-122 -1.7
17[C—~C] 14[N<N] 14[C—C] 14[C+C(] 14[N < N] 1,4[N < N]
E., MAD 30 47 2.9 3.0 6.3 40
MD +2.5 +4.7 +0.9 +2.5 +6.3 +3.1
LD +6.2 +8.6 +7.8 +6.7 +9.6 +7.8

12[C—N] 12[C—N] 12[C—oN] 17[C—C]  17[C—C] 12[C<N]

2) Mean absolute deviations (MADs), mean deviations (M Ds), and largest deviations (LDs) are listed, as
well as the rearrangement that contributes the largest deviation. *) UB3-LYP/6-31G(d) geometry and
ZPVE. ©) The ‘Ige’ basis set is 6-311++G(3df,3pd). ¢) The ‘sml’ basis set is 6-31+G(d,p).

Zhao and Truhlar [18] have recommended using MPWB1K in combination with the
(small) 6-31+G(d,p) basis set, and the UMPWB1K/6-31+G(d,p) enthalpies are indeed
slightly superior to the UMPWB1K/6-311++G(3df,3pd) values. However, the large-
basis-set UMPWBI1K barrier heights are in better agreement with G3(MP2)-RAD.
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Boese and Martin’s BMK functional [17] also has superior MAD, MD, and LD values
for enthalpies when combined with 6-314+-G(d,p). In contrast to BMK and MPWBI1K,
UB3-LYP appears always to benefit from a large basis set for the systems examined,
although the improvement is modest (<2 kJ-mol ).

It has previously been found that the restricted-open-shell RB3-LYP method gives
enthalpies for reactions involving N-centered radicals that are in better agreement with
results of high-level composite methods such as Martin and Parthiban’s W1 procedure
[23] than are found with UB3-LYP [24]. We find here that RB3-LYP/6-
311++G(3df.3pd) does indeed perform slightly better than UB3-LYP/6-
311++G(3df,3pd) for reaction enthalpies, but it performs slightly worse for barriers.
However, when the restricted-open-shell formalism is applied to either BMK or
MPWBIK (i.e., RBMK, RMPWBIK), the predicted enthalpies typically have signifi-
cantly larger MADs than those of their unrestricted counterparts.

3.2. Hydrogen-Transfer Thermochemistry. The thermochemical parameters for
intramolecular H-atom transfer in the model reactions A-G are summarized in
Tables 5 and 6. As a consequence of our assessment of methods (vide supra), discussion
is limited to results with our high-level reference method G3(MP2)-RAD.

3.2.1. General Considerations. The stabilities of the peptide-type radicals depend on
whether they are N-centered or C-centered, and on the substituents involved. In gen-
eral, N-radicals are less stable than C-radicals (relative to corresponding closed-shell
counterparts), which is reflected in the energy change for the reaction NH;+CH; —
‘NH,+ CH, of 10.9 kJ-mol™' (G3(MP2)-RAD, 0K) or 12.7 kJ-mol™" (experimental,
0 K, calculated from 298-K heats of formation listed in [25], back-corrected by using
a scaled (by 0.9989 [16]) B3-LYP/6-31G(d) enthalpy temperature correction (of —0.7
kJ-mol™)). Likewise, the N* — C' 1,2-rearrangement (reaction A, Scheme 1) is exo-
thermic (AE=—25.0kJ-mol™"), and there is again good agreement with the experi-
mental AE for reaction A of —23.6 kJ-mol™ (calculated from experimental 298-K
heats of formation given in [26], back-corrected by using a scaled B3-LYP/6-31G(d)
enthalpy temperature correction (of —0.2 kJ-mol™")).

As far as substituents are concerned, we have recently shown, using radical-stabili-
zation energies (RSEs) as a measure of relative radical stability, that monosubstituted
C-radicals are stabilized by both amino (44.5-49.5 kJ-mol ') and carbonyl (24.7-36.9
kJ-mol™) groups, with the amino substituents being the more effective stabilizing
groups [27]. In combination, amino and carbonyl substituents on a disubstituted C-rad-
ical produce a large stabilizing effect, including a captodative (synergistic) interaction
[5][28] of 12.8—39.4 kJ -mol " [27]. For monosubstituted N-radicals, on the other hand,
we found that methyl and related (CH,Z) groups have a stabilizing effect of 25.9-31.7
kJ-mol™!, while electron-withdrawing carbonyl substituents are destabilizing by
22.3-30.8 kJ -mol '[27]. An effective additional destabilization occurs for the disubsti-
tuted N-radicals of 7.8-18.6 kJ-mol™', leading to overall RSEs of —0.2 to —19.0
kJ-mol™ [27].

To determine the preferred geometric arrangements for the transition structures for
[C < C]-H-, [C < N]-H-, and [N < N]-H-transfer reactions in the absence of other
influences, we have examined the angular dependence of the barriers for the prototyp-
ical reactions, CH,+CH; — ‘CH;+ CH,, CH,+'NH, — *CH;+ NHj;, and NH;+ 'NH,
— ‘NH,+NH; [29]. The saddle points corresponding to H-transfer were determined
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for a series of fixed values of the X---H---X angle, with all other geometric parameters
being optimized (UB3-LYP/6-31G(d)), followed by single-point G3(MP2)-RAD
energy calculations. The calculated geometries are displayed in Fig. 3, while the varia-
tions in energy as a function of the X---H--X bending angle are shown in Fig. 4. We can
see that the TS geometries for H-transfer prefer linear ([C « C]), or near-linear ([C <
N] and [N < N]) arrangements (Fig. 3). In addition, it is clear that, whereas the poten-
tial curve for bending is relatively flat in the 160° to 180° region, the energy cost of dis-
tortion to smaller angles increases quite rapidly (Fig. 4). These observations suggest
that there will be a significant energy penalty in the case of the H-transfer TSs for
our peptide-type models when small rings are involved.

@;@ 1.348A <D=1.348A g’b

N 4

180.0°

A =0O=1 248A

.

167.5°

Fig. 3. Optimized geometries (UB3-LYP/6-31G(d))

g A 4= A
) 1'2525 ] _];252A of H-transfer transition structures for prototypical
sz 153770 reactions: a) CH,+'CH; —'CH;+CH, b)
’ CH,+'NH, — ‘CH;+NH;, and c) NH;+'NH, —

‘NH,+ NH;

32.2. [C— N] Shifts of H-Atoms. The 12[C < N]-H shift is exothermic
(AE=-25.0kJ-mol™") and has a three-membered-ring transition structure (TS:1 «
2) with a narrow N—H—C angle of 70.0° (Fig. 5). Not surprisingly in the light of the dis-
cussion above, the predicted forward (Ej,,=152.7 kJ-mol ") and reverse (E},, =177.6
kJ-mol ") barriers for the 1,2[C « NJ]-H shift are very high (7able 5). For comparison,
barriers to an analogous intermolecular [C < NJ-H shift (Scheme 2) are 41.4 (E}, ;) and
66.4 kJ-mol ™' (E!, ), with an enthalpy change of —25.0 kJ-mol . Our high calculated
barrier for the 1,2[C < N]-H shift suggests that the observed rearrangements of this
type [8] are taking place by an alternative mechanism such as protonation/deprotona-
tion.

As with the 1,2[C «— N]-H shift, 1,3-H migration between C- and N-radical centers
(reaction B, Scheme 1) also favors formation of the C-radical. However, the N°* — C
rearrangement is significantly more exothermic (in this case AE=—55.6 kJ-mol ™,

see Tuable 5), reflecting the relative destabilization of the N-centered reactant radical
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Fig. 4. Dependence of barriers (G3(MP2)-RAD, 0K) on X--H--X angle in the saddle points corre-
sponding to H-transfer in the prototypical reactions: a) CH,+'CH; — ‘CH;+ CH,, b) CH,+'NH, —
‘CH;+ NH;, and ¢) NH;+'NH, — ‘NH,+ NH; (see text)

Table 5. Barriers (El, and E',,) and Reaction Enthalpies (AE) for [C « NJ-H Shifts Computed at Various Levels of
Theory (0 K; in kJ-mol')?)

12[C — N]-H 13[C = N]-H 15[C—N]-H  16[C < NJ-H
Shift (A) Shift (B) Shift (C) Shift (D)

Eh. AE E. E, AE E, E,AE E, E,AE E

rev rev Tev

G3(MP2)-RAD 1527 —25.0 177.6 1439 —55.6 199.5 573 —28.6 859 421 —70.3 1123
CBS-QB3 153.3 —27.8 181.1 149.0 —54.5 203.5 51.8 —30.2 82.0 43.4 —67.7 111.1
G3//B3-LYP 1472 —26.3 181.5 150.8 —54.6 205.4 58.5 —28.8 873 43.8 —71.0 114.7
UBMK/6-3114++G(3df,3pd)") 157.4 —26.5 183.8 1442 —56.8 2009 58.0 —28.5 86.4 41.0 —70.4 111.4
RBMK/6-3114++G(3df.3pd)") 1589 —27.4 186.2 1429 —60.5 203.4 60.3 —28.7 89.1 37.8 —755 113.3
UBMK/6-31+G(d,p)®) 159.9 —26.0 1859 147.8 —55.0 202.8 54.5 —28.8 83.4 39.5 —70.1 109.6

UMPWBI1K/6-3114++G(3df,3pd)*) 155.1 —26.3 181.4 145.7 —57.2 202.9 56.6 —28.0 84.6 43.1 —71.4 1145
RMPWBI1K/6-311++G(3df,3pd)®) 157.1 —27.3 185.0 145.0 —62.7 207.6 60.6 —28.5 89.1 39.8 —78.6 1184
UMPWBIK/6-31+G(d.,p)®) 160.2 —252 185.4 151.4 —55.0 206.4 563 —27.4 83.7 447 —70.0 114.8
UB3-LYP/6-3114++G(3df,3pd)*)  154.0 —30.5 180.8 144.6 —53.9 198.5 492 —285 77.7 36.5 —63.1 99.6
RB3-LYP/6-311++G(3df,3pd)®) 1552 —31.6 183.1 1432 —57.6 200.8 50.4 —29.4 79.8 339 —67.1 110.9
UB3-LYP/6-31+G(d.p)P) 158.0 —23.7 181.6 148.1 —50.8 198.9 47.8 —27.0 74.8 36.7 —61.4 98.0

) See Scheme 1. °) UB3-LYP/6-31G(d) geometry and scaled ZPVE.

by the acetyl group. The ring atoms of the four-membered-ring transition structure for
the 1,3[C < N]-H shift (TS:3 — 4, Fig. 5) are approximately planar (out-of-plane dis-
tortion < 1°), but there is significant deviation of the internal angles from their ideal
90° values due to the relative rigidity of the amide carbonyl group. In addition, the nar-
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A: TS:1<>2 B: TS:3<24

Fig. 5. Optimized geometries (B3-LYP/6-31G(d)) of H-transfer transition structures

row C—H—N angle of 105.1° contributes to the forward (143.9 kJ-mol ') and reverse
(199.5 kJ-mol ") barriers again being very high.

The 1,5-rearrangement in reaction C is again exothermic (AE = —28.6 kJ -mol ') as
expected. Both the forward (E},,=57.3 kJ-mol™") and reverse (E!,,=85.9 kJ-mol ™)
1,5[C < N]-H shift barriers are relatively low compared with those for the 1,2[C <
NJ-H and 1,3[C < NJ-H shifts (Table 5), which is likely to be associated with the com-
paratively low strain of the six-membered-ring TS of reaction C and a widened N—H—-C
angle of 148.4° (Fig. 5). The conformational preorganization required to get to 5ac and
from 6ac is discussed in Sect. 3.3.

The 1,6[C « N]-H shift of reaction D has a modest forward barrier (E},,=42.1
kJ-mol '), a relatively large reaction exothermicity (AE=-70.3kJ-mol ') and a



2266 HELVETICA CHIMICA ACTA — Vol. 89 (2006)

Scheme 2. Intermolecular [C — N]-H Migration via a) syn-Periplanar and b) anti-Periplanar Transi-
tion Structures: G3(MP2)-RAD and (in parenthesis) CBS-QB3 Thermochemical Parameters

a .
CHa—NH, /)/ ™ CHy=NH,
CHz-NH " CHs—NH,
0.0 (0.0) -25.0 (-27.8)

large reverse barrier (E!,, =112.3 kJ-mol™") (Table 5). The reactants and products of
reaction D bear a strong resemblance to those for reaction B, and the AE value is sim-
ilar. However, the geometry surrounding the transferred H-atom in the four-membered
ring of TS:3 «— 4 is more strained than that in the seven-membered-ring transition
structure TS:7 « 8, which also benefits from a widened C—H—-N angle of 159.2°
(Fig. 5). As a consequence, the Ej, and E', values are ca. 80—100 kJ-mol~' lower
for reaction D than for reaction B.

3.2.3. [C < C] Shifts of H-Atoms. Reaction E models a C(a) < C(«) radical migra-
tion via a 1,4[C < C]-H shift (Scheme I). The rearrangement of 9¢ to 10c is moderately
exothermic (AE=—25.7 kJ-mol™", see Table 6), reflecting the greater stabilization of
C-radicals by adjacent N-atom lone-pair donors than by carbonyl acceptors
[21][27][28]. The Ei, (98.6 kJ-mol™") and E!, (124.3 kJ-mol™") barriers to radical
migration are large, perhaps associated with the quite narrow C—H-C angle of
131.6° (Fig. 5).

Reaction F also models a C(a) < C(a) radical migration and is the largest system
considered. It involves the 1,7[C < C]-H shift between 11 and 12 via TS:11 < 12.
Structurally, TS:9¢ « 10c and TS:11 < 12 are similar, as the C-atoms connected to
the migrating H-atom are both bound to an amide group. However, the internal
angle surrounding the migrating H-atom (C—H—C) in TS:11 < 12, which is an eight-
membered ring, is 168.0° (Fig. 5), which is much wider than the corresponding angle
in TS:9¢ < 10c (131.6°). As a result, reaction F has forward (77.1 kJ -mol ') and reverse
(100.2 kJ-mol ") barriers that are 2124 kJ -mol ' lower than the values for reaction E
(Table 6). In contrast, the changes in reaction enthalpy are approximately the same for
reactions E (—25.7 kJ-mol™") and F (—23.2 kJ-mol™"), consistent with the analogous
chemical environments in the vicinity of the radical sites involving the migrating H-
atom.

3.2.4. [N «— N] Shifts of H-Atoms. Isomerization of the (destabilized) amidyl-N-rad-
ical 13a to the (stabilized) alkyl-substituted N-radical 14a via a 1,4[N < NJ-H shift in
reaction G (Scheme I) is strongly exothermic (AE=—71.1kJ-mol™"). The forward
rearrangement barrier (EL,=33.4kJ-mol') is small, while the reverse barrier
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Table 6. Barriers (Ej,and E!,) and Reaction Enthalpies (AE) for [C « C]-H and [N < NJ-H Shifts

Computed at Various Levels of Theory (0 K; in kJ-mol")?)

14[C — C-H 17[C « C]-H L4[N < NJ-H
Shift (E) Shift (F) Shift (G)

E.., AE E E., AE E! El., AE E

rev rev rev

G3(MP2)-RAD 98.6 —257 1243 771 -—232 1002 334 -—71.1 1045
CBS-QB3 97.8 —26.0 1238 742 -224 96.7 305 -674 978
G3//B3-LYP 1022 -246 1268 77.0 —-23.7 100.6 321 —70.7 102.7
UBMK/6-3114++G(3df,3pd)®) 983 -—31.1 1295 775 -—287 1062 31.0 -725 1035
RBMK/6-311++G(3df.3pd)®) 100.1 -31.7 131.8 785 —-292 107.7 262 —-79.3 1055
UBMK/6-31+G(d,p)®) 96.5 —-299 1264 726 -—-272 99.7 31.0 -722 1033

UMPWBIK/6-3114++G(3df,3pd)*) 947 —294 1241 803 —26.6 1069 347 -—729 107.6
RMPWBI1K/6-311++G(3df3pd)®) 979 —-29.8 1277 828 —27.0 1098 274 -83.6 110.9
UMPWBI1K/6-31+G(d,p)®) 96.1 —-27.1 1233 783 -—244 1027 365 -73.1 109.6
UB3-LYP/6-311++G(3df,3pd)°) 952 -—284 1236 743 -26.0 1003 255 -56.5 820
RB3-LYP/6-311++G(3df,3pd)") 96.7 —289 1256 749 -264 1014 233 -592 825
UB3-LYP/6-31+G(d,p)®) 949 -—258 1207 723 -—-234 957 257 -558 815

2) See Scheme 1. °) UB3-LYP/6-31G(d) geometry and ZPVE.

(E',,=104.5 kJ-mol™") is relatively large, partly due to the size and sign of AE (Table
6). The N—H—N angle is quite narrow at 130.8° (Fig. 5).

3.3. Conformational Preorganization in Model Radicals Prior to H-Atom Migration.
In some cases, the peptide radicals would need to undergo conformational change in
preparation for an H-atom migration. We have calculated the thermochemical param-
eters for such conformational isomerization for species involved in reactions C (Fig. 6),
E (Fig. 7) and G (Fig. 8). Reaction C is the most complicated of these three processes
(see Scheme 1), as there are pathway-bifurcation points associated with conformational
changes both before (leading to 5ac) and after (leading from 6ac) the H-transfer tran-
sition structure TS:5ac <> 6ac. On the N-radical side of reaction C, starting from the
extended structure 5st, the Sst — 5s¢ — Sac pathway is more favorable than the Sst
— Sat — Sac pathway, because the barrier to the trans < cis isomerization Sat — 5ac
is quite high at ca. 65 kJ-mol™. On the C-radical side of reaction C, the 6ac — 6at
— 6st and 6ac — 6sc — 6st pathways have similar energy requirements, although the
former is somewhat less favorable, with a barrier to the cis — trans isomerization 6ac
— 6at of ca. 38 kJ-mol . For the sake of simplicity, only the energies for the lower-
energy pathways are included in Fig. 6. We note that the results show only a minor
dependence on the level of theory used (7able 7). Amide bonds resist rotation [30]
and, in addition to the significant barrier to H-transfer, the cis < trans isomerization
barriers are the most significant features in Fig. 6. The relative energy of TS:Ssc <
Sst (47.7 kJ-mol™) is particularly notable, as it is only slightly lower than the relative
energy of TS:5ac < 6ac (57.3 kJ-mol™"), and this shows that preorganization may be
comparable in energy demands to H-transfer. In this regard, we recall the observation
[11] that in substrates with an amide bond connecting the sites participating in a
1,5[C < N]-H shift, the H-migration rate was found to be faster than amide C—N
bond rotation.
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Fig. 6. The NH-CH,—C(O)-NH—CH; — NH,—CH,—C(O)—NH—CH, 1,5[C < N]-H shift (reaction
C), including the barriers to cis < trans and syn-periplanar < anti-periplanar isomerization, at the
G3(MP2)-RAD level of theory (0 K)
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Fig. 7. The *CH,—C(O)-NH—CH; — CH;—C(O)—NH—CH; 1,4/C < C]-H shift (reaction E), includ-
ing the barriers to cis < trans isomerization, at the G3(MP2)-RAD level of theory (0 K)

The barriers and enthalpies for cis < trans isomerization about amide bonds in pep-
tide radicals were also addressed for structures 9t, 9¢, 10¢, and 10t in reaction E (Fig. 7).
As noted above, amide bonds resist rotation [30], and the considerable barriers for cis
— trans isomerization for 9¢ and 10c in reaction E range from 60-73 kJ -mol . In com-
parison, the G3(MP2)-RAD cis — trans barrier to amide bond rotation in N-methyl-
acetamide (Fig. 9) is 70.7 kJ-mol~". An important observation for reaction E is that
the rearrangement barrier for the 1,4[C < C]-H shift is significantly larger than the bar-
riers for cis — trans isomerization.

For the 1,4[N < N]-H shift reaction G, the barrier to H-atom migration dominates
the potential-energy profile (Fig. 8), as TS:13a < 14a lies ca. 105 kJ-mol™" higher in
energy than the global minimum 14a. In contrast, the anti-periplanar — syn-periplanar
isomerization barrier for 13a — 13s is very small (less than 1 kJ-mol '), while the 14a
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Table 7. Thermochemical Parameters [kJ-mol~'] for Preferred Rotational Isomerization Pathways for 5, 6,
9,10, 13, and 14 (0 K)?)

1,5[C < NJ-H Shift (C) Sst — Ssc S5sc — Sac

Ew AEE, Ew A E|,
G3(MP2)-RAD 66.8 9.1 57.7 10.0 10.0 0.1
CBS-QB3 69.0 9.3 59.7 10.3 10.3 0.0
UBMK/6-31+G(d,p)") 75.3 8.6 66.7 12.0 12.4 -03
UMPWBI1K/6-31+G(d.,p)®) 76.9 9.1 67.8 14.4 14.7 -03
1,5[C < NJ-H Shift (C) 6ac — 6sc 6sc — 6st

Efg AE E, Efyg AE E,
G3(MP2)-RAD 1.5 —11.5 13.0 69.7 -35 73.1
CBS-QB3 1.4 -116 13.0 72.9 -29 75.7
UBMK/6-31+G(d,p)") 32 —11.9 15.1 78.5 -25 81.0
UMPWBI1K/6-31+G(d.,p)®) 3.9 —12.9 16.9 78.8 —24 81.1
1,4[C « C]-H Shift (E) 9 — 9¢ 10c — 10t

Efg AE E,, Ejy AE E,.,
G3(MP2)-RAD 70.3 9.6 60.7 72.8 —44 772
CBS-QB3 70.1 9.3 60.7 74.1 -29 77.0
UBMK/6-314+G(d,p)®) 78.5 8.9 69.6 82.1 -33 85.4
UMPWBI1K/6-31+G(d,p)®) 78.0 9.2 68.8 82.4 -35 85.8
1,4[N < NJ-H Shift (G) 13s — 13a 14a — 14s

E %wd AE E fev E %\vd AE E E’ev
G3(MP2)-RAD 12.8 12.1 0.7 19.0 7.7 11.3
CBS-QB3 12.1 10.4 1.7 18.7 74 11.4
UBMK/6-314+G(d,p)®) 14.7 55 9.2 222 9.4 12.9
UMPWBI1K/6-31+G(d.p)®) 15.5 6.0 9.5 25.3 9.5 15.8

) See Scheme 1. °) UB3-LYP/6-31G(d) geometry and ZPVE.

— 14s barrier is 19.0 kJ-mol™! (Fig. 8). The anti-periplanar — syn-periplanar isomeri-
zation in the closed-shell analogue glycinamide (6.0 kJ-mol™, Fig. 9) lies between
these values.

4. Conclusions. — The present study examines the thermochemistry of intramolecu-
lar H-atom transfer in small model systems related to truncated-peptide-backbone rad-
icals, including an assessment of the performance of the various theoretical procedures
employed. The following are the more important conclusions to emerge from this
investigation:

1. The agreement between G3(MP2)-RAD and other high-level methods including
G3//B3-LYP and CBS-QB3 in predicting enthalpies and barriers for the radical rear-
rangements is reasonable (MADs <4 kJ-mol ™), although there are deviations of up
to 7kJ-mol". The computationally efficient hybrid-DFT methods UBMK/6-
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Fig. 8. The ‘NH—CH,-C(O)—NH, — NH,—CH,—C(O)—NH" 1,4[N — N|-H shift (reaction G),
including the barriers to syn-periplanar < anti-periplanar isomerization, at the G3(MP2)-RAD level of
theory (0 K)
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Fig. 9. G3(MP2)-RAD and (in parentheses) CBS-QB3 thermochemical parameters (0 K, in kJ-mol™")
for isomerization of N-methylacetamide (left) and glycinamide (right)

314+G(d,p) and UMPWBI1K/6-31+G(d,p) also predict thermochemical parameters
that are in good agreement with those from the high-level G3(MP2)-RAD procedure.

2. The exothermicities of rearrangements of N-radicals to C-radicals are quite large
(>25kJ-mol ') and consequently, in some cases, e.g., the 1,5[C < N]-H and 1,6[C «
N]-H shifts, the rearrangements have relatively modest barriers (< 60 kJ-mol ).

3. C-Centered radicals are more stabilized by electron donation from an adjacent N-
atom lone pair than delocalization into an adjacent carbonyl group, and consequently,
the 1,4[C < C]-H shift that converts *CH,—C(O)—NH-CHj; to CH;—C(O)—NH—-CH;,
is exothermic (by 25.7 kJ-mol™!), as is the 1,7[C <« C]-H shift that converts -CH,—
C(0O)-NH-CH,-C(O)-NH-CH; to CH;—C(O)-NH-CH,—C(O)-NH-CH, (by
23.2kJ-mol ™).
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4. The enthalpy change (—71.1kJ-mol™') and barrier (33.4kJ-mol') for the
amidyl to amino 1,4[N < N]-H shift (NH,—CH,—C(O)—NH' to ‘NH—CH,-C(O)—
NH,) are particularly favorable because of the relative destabilizing influence at the
N-radical center of the CX=O group in the reactant on the one hand and the relative
stabilizing influence of the CH,Z group in the product on the other.

5. Calculations on prototypical systems show that H-transfer reactions prefer to
proceed via linear or near-linear transition structures. This contributes to the observa-
tion that H-migration barriers generally decrease as the ring size in the TS increases.
For example, a lowering of the barrier is found when moving from a rearrangement pro-
ceeding via a four-membered-ring TS (e.g., the 1,3[C < N]-H shift, CH;—C(O)—NH"
— ‘CH,—C(O)—NH,) to a rearrangement proceeding via a six-membered-ring TS
(e.g, the 1,5[C < N]-H shift, NH-CH,—C(O)-NH-CH; — NH,—CH,—-C(O)—
NH-CHy,).
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