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bstract

We use theory to determine the relative rates of 4-, 5- and 6-membered ring H-transfers in closed shell cations, a comparison not possible
xperimentally due to interference from competing processes. H-transfers of increasing ring size were characterized by ab initio, density func-
ional and/or RRKM studies of CH3N+H CH2, NH2CH N+HCH3, NH2CH2N+H CH2, NH2CH2CH2N+H CH2, N+H2 CHCH2NHCH3 and
H NHCH NH+ CH . The critical energies for these reactions decreased and the rates thereof increased dramatically with increasing H-transfer
3 2 2

ing size. Transition state ring strain and avoiding orbital symmetry constraints together produce the same sequence of reaction rates (6 > 5 > 4
embered ring preference) and critical energies (4 > 5 > 6 membered ring order) in open and closed shell organic cations. Twisting around double

onds during H-transfers breaks conjugation and allows the reactions to bypass orbital symmetry constraints.
2007 Elsevier B.V. All rights reserved.
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. Introduction

H-transfers are important in many areas of chemistry. Compe-
ition between H-transfers through transition states of different
ing sizes has long been of interest in gas phase ion chem-
stry [1,2]. Odd electron/open shell ions undergo specific,
redictable H-transfers and dissociations, e.g., the McLafferty
earrangement, and are of substantial utility for compound iden-
ification and structure determination [3,4]. Competition among
-transfers by different ring-sized transition states in open shell

pecies has been characterized experimentally [1] and theoret-
cally [2], establishing a preferred order 6 > 5 > 4-membered
ing transition states. Closed shell ions also undergo exten-
ive H-shifts, but due to extensive competition from ion-neutral
omplex-mediated H-transfers and other reactions [5,6], specific
-transfers are difficult to characterize experimentally in those

ons. We recently characterized a closed shell analog of the typ-

cal McLafferty rearrangement and smaller ring H-transfers in
H2 N+HCH2CH2CH3 by computational methods (Scheme 1)

7]. We found that this “McLafferty rearrangement” differs from

∗ Corresponding author. Tel.: +1 409 772 2939; fax: +1 409 772 3222.
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cLafferty rearrangements in open shell species in that the dis-
ociation of CH2 N+HCH2CH2CH3 is concerted (Scheme 1)
7], whereas in open shell species the McLafferty rearrange-
ent usually involves formation of an intermediate followed by

issociation [8,9].
We also found that the 5-membered ring H-transfer in

cheme 1 is slightly higher in energy than the 4-membered ring
-transfer, substantially in the opposite direction from the rela-

ive energies of those two types of reactions in open shell ions
2,10,11]. A high energy apparent intermediate is accessed by
-membered ring H-transfer (Scheme 1) [7], making uncertain
he degree to which the associated transition state energy is due
o the high energy of the immediate products of the reactions
ersus ring strain. To resolve this, we here use ab initio, density
unctional and RRKM theories to define better the intrinsic pref-
rences for H-transfers in the closed shell reactions depicted in
cheme 2.

. Calculations
Energies and geometries of stationary points were obtained
sing the Gaussian 03 program package [12]. Geometries
ere obtained by B3LYP/6-31G(d), B3LYP/6-311G(d,p) and
CISD/6-31G(d) theories and basis sets. Energies were

mailto:djmcadoo@utmb.edu
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Scheme 1.
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Scheme 2.

btained with the same levels of theory and basis sets as the
orresponding geometries, except QCISD(T)/6-311G(d,p) ener-
ies were obtained at QCISD/6-31G(d) geometries. Species
ere considered to be stable when they had only positive
ibrational frequencies, and to be transition states when they
ossessed one imaginary vibrational frequency. Zero point ener-
ies were obtained by multiplying zero point energies derived
rom B3LYP/6-31G(d) frequencies by Scott and Radom’s scal-
ng factor of 0.9806 [13]. Reaction pathways were traced by

ntrinsic reaction coordinate (IRC) methods [14,15] utilizing
3LYP theory and the 6–31G(d) basis set.

Rate constants were obtained as a function of energy by
RKM theory [16]. For those calculations, the vibrational fre-

w
u
a
r

able 1
nergies of transition states for different ring size H-transfers

ZPE B3LYP/6-31G(d)

is-NH2CH N+HCH3 (cis-1) 260.6 −189.699797
H2CH2N+H CH2 (2) 258.0 −189.654643

rel
a 116.0

S(cis-1 → 2) 245.1 −189.565315
S(cis-1 → 2)a 337.6
S(2 → cis-1)a 221.6
rans-1a 260.1 2.1
S(trans-1 → 2)a 372.0
S(CH3N+ CH2 → CH2 N+HCH3

b 271.7
H2CH=NHCH2

•+ (3) 223.4 −189.036049
• −0.500272
H2CH=NHCH2

•+ + H• 223.4 −189.536321

rel
a 392.0

H2CH2CH2NH+ CH2 (4) 334.4 −228.978573
+H2 CHCH2NHCH3 (5) 332.0 −228.970582

rel
c 18.7

S(4 → 5) 322.6 −228.921229
S(4 → 5)c 138.8
S(5 → 4)c 120.1
H3NHCH2NH+ CH2 (6, 6′) 329.4 −228.963949
S(6 → 6′) 326.3 −228.943354
S(6 → 6′)d 51.0

a Relative to cis-1 = 0 kJ mol−1.
b Ref. [7].
c Relative to 4.
d Relative to 6.
f Mass Spectrometry 266 (2007) 8–14 9

uencies computed at the B3LYP/6-31G(d) level were scaled by
actors of 1.0013 for frequencies below 600 cm−1 and by 0.9614
or frequencies above 600 cm−1 [13].

. Results and discussion

.1. Energies of critical points

Our discussion emphasizes our QCISD(T)/6-311G(d,p)
esults, as those are from the highest level and probably the
ost accurate calculations that we applied (Table 1). Except for
S(4 → 5), the energies produced by the two highest levels of

heory that we utilized, QCISD(T)/6-311G(d,p) and B3LYP/6-
11G(d,p) energies agree within 20 kJ mol−1, attesting to the
easonableness of our results.

The QCISD(T)/6-311G(d,p) critical energy for 4-membered
ing cis-1 → 2 is 336.9 kJ mol−1 and that for trans-1 → 2
s 354.5 kJ mol−1, the highest energies we found among the
-transfers considered. The critical energy for the reverse

eaction, 2 → cis-1, is 235.9 kJ mol−1 at the same level
f theory. Trans-1 is 3.6 kJ mol−1 higher in energy than
s cis-1 (Table 1). The critical energy for the 1,3-H-shift
H3N+H CH2 → CH2 N+HCH3 found previously at the same

evel of theory is 262.5 kJ mol−1 [7], between the energies for
→ 2 and 2 → 1. CH3N+H CH2 → CH2 N+HCH3 is proba-
ly the most representative 4-membered ring critical energy that

e have obtained, given the identity of the reactants and prod-
cts and large difference between the critical energies for 1 → 2
nd 2 → 1. The critical energies for all of these 4-membered ring
eactions are substantially higher than the critical energies for

B3LYP/6-311G(d,p) QCISD/6-31G(d) QCISD(T)/6-311G(d,p)

−189.758598 −189.112373 −189.256296
−189.713559 −189.071966 −189.216835
115.6 103.5 101.0
−189.625722 −189.968998 −189.122070
333.4 360.9 336.9
217.6 257.4 235.9
2.4 3.6 3.6
368.0 379.0 354.5
265.6 284.2 262.5
−189.094835 −188.457258 −188.592358
−0.502156 −0.498233 −0.499809
−189.596991 −188.955491 −188.092167
387.1 374.7 393.7
−229.047077 −228.259911 −228.439726
−229.039283 −228.245872 −228.425347
18.0 34.5 35.4
−228.990052 −228.184000 −228.372759
137.9 187.5 164.0
119.9 153.0 128.6
−229.030284 −228.240935 −228.419272
−229.008897 −228.208897 −228.395789
55.1 81.0 58.6
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Fig. 1. Upper panel: RRKM rate constants obtained using B3LYP/6-
31G(d) frequencies and QCISD(T)/6-311G(d,p) critical energies. Reac-
tions for which plots are shown are CH3N+H CH2 → CH2 N+HCH3,
NH2CH2CH2N+H CH2 (4) → N+H2 CHCH2NHCH3 (5), N+H2 CHCH2

NHCH3 (5) → NH2CH2CH2N+H CH2 (4) and CH3NHCH2N+H CH2
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- and 6-membered ring H-shifts (see following), as is gener-
lly the case for 4-membered ring H-transfers in open shell ions
1,2,8,10].

The critical energy of 4 → 5 is 164 kJ mol−1, 173 kJ mol−1

ess than the critical energy of 1 → 2. The critical energy for
→ 4, 129 kJ mol−1, is also well below the critical energies

or 1 → 2 (337 kJ mol−1) and 2 → 1 (236 kJ mol−1). Thus, the
nergies required for 5-membered ring H-transfers by these
ons are much lower than those for 4-membered ring reactions.
owever, the opposite order can occur in closed shell ions,

.g., passage through the high energy CH3NHCH2C+HCH3
equires more energy than 4-membered ring isomerization to the
ighly stabilized CH2 N+HCH2CH2CH3 (see Section 1) [7].
ffects of differences between energies of reactants and prod-
cts were minimized by choosing 4 → 5 and 5 → 4, reactions
aving reactants and products of similar stabilities (differing by
5.4 kJ mol−1, Table 1), and much lower energies than connect-
ng transition states.

The QCISD(T)/6-311G(d,p) activation energy for the degen-
rate 6-membered ring H-transfer 6 → 6′ is 58.6 kJ mol−1,
ubstantially lower than those for the 5-membered ring processes
→ 5 and 5 → 4, and even further below the critical energies for

he four-membered ring reactions 1 → 2, 2 → 1 and the degen-
rate isomerization of CH3N+H CH2. Present results give the
ing size reaction preference order 6 > 5 > 4 for systems studied,
atching that for open shell species [1,2]. These were confirmed

y following RRKM calculations. This order is likely general
or closed shell systems as long as no unusual influences are
resent. Given that each transition state in the present work is
ubstantially higher in energy than the associated reactants and
mmediate products and that no intermediates were found in the
eactions studied, energies of intermediates do not influence the
ritical energies for reactions characterized here.

Critical energies for H-transfers in several series of ions are
iven in Table 2. In three of the four series, the preference order
f reaction rates is 6 > 5 > 4 membered rings.

.2. Relative RRKM reaction rates

To establish the relative rates of H-transfer by different ring
izes, we utilized RRKM theory to calculate rate constants as
function of internal energy (Fig. 1). According to the results,
t internal energies of 350 kJ mol−1 4-membered ring 1 → 2 is
–8 orders of magnitude slower than 5-membered ring reac-
ions 4 → 5 and 5 → 4, and ca. 9 orders of magnitude slower
han 6 → 6′. The 6-membered ring 6 → 6′ is about 7 orders of

able 2
-transfer critical energies (kJ mol−1) for various ring size transition states

-transfer ring size 4 5 6

Present: Table 1) 337 164 58.6
CH2 N+HCH2CH2CH3)a 241, 262 256 173
(CH2)nNH3

+b 132 57 9

nH2nO+c 196 91 32

a Ref. [7].
b Ref. [2]. CH3(CH2)n−1NH2

•+ → •(CH2)nNH3
+.

c Refs. [10] and [11]. CH3C( OH+)(CH2)n
• → CH3C( O•+)(CH2)n−1CH3.

5
m
6
r
m
r

u
t
t
l
a
t
m
t

6) → CH2 N HCH2NHCH3 (6 ). These represent 4-, 5- and 6-membered ring
-transfers, respectively. Lower panel: Dependence of RRKM rate constants on

on internal energy for NH2CH N+HCH3 (1) → NH2CH2N+H CH2 (2) and
ts reverse.

agnitude faster than the 5-membered ring H-transfer 4 → 5
ear the threshold for the latter. However, the rate constants for
→ 4 and of 6 → 6′ approach each other to within an order of
agnitude at high energies (Fig. 1). Thus, as in open shell ions,

-membered ring H-transfers are faster than 5- and 4-membered
ing H-transfers in the closed shell ions studied here, and 5-
embered ring H-transfers are much faster than 4-membered

ing H-transfers, particularly at low energies.
Reaction 1 → 2 is orders of magnitude slower than its reverse

p to internal energies above 500 kJ mol−1. Similarly, near
hreshold 5-membered ring 4 → 5 is about 2–3 orders of magni-
ude slower than its reverse. However, the rate constants for the
ast two reactions converge as the excess energy in the system

pproaches 500 kJ mol−1. As expected, these data reflect that
he relative critical energies of the reactions are important deter-

inants of their rates, the higher its critical energy, the slower
he reaction.
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.3. Geometries of stationary points

Geometries of reactants and transition states were obtained
y B3LYP and QCISD theories. The following diagram gives the
esignations of the atoms we will use in discussing TS(1 → 2)
nd its IRC.

The geometries of 1, 2 and TS(1 → 2) obtained by QCISD/6-
1G(d) theory are depicted in Fig. 2. Ht is closer to C1 (1.224 Å)
han to C2 (1.641 Å) at the transition state for the 4-membered
ing H-transfers that interconvert 1 and 2. The N1C1HtC2
ihedral angle in the H-transfer ring in TS(1 → 2) is 6.2◦
QCISD/6-31G(d) theory; 4.40◦ by B3LYP/6-31G theory}, so
he transition state ring approaches planarity. The dihedral angles
etween the hydrogens on C2 and the C2N1C1 plane are 114.4◦
nd −81.4◦ at TS(1 → 2). Ht passes similar but unequal dis-
ances from HC21 and HC22 as it approaches/leaves C2 (Fig. 2).
The distances from Ht to the methylene hydrogens are 2.23
nd 1.95 Å). The approach to/departure from C1 is similar to
hat for C2, as the N2C1N1C2 dihedral angle = 115.5◦ and the
C1C1N1C2 dihedral angle = −108.7◦. These values place N2

nd HC1 on opposite sides of the HtC2N1C1 “plane” at the tran-
ition state. HN1 also projects out of the ring “plane”, as at the
ransition state, the sum of the bond angles about N1 is 315.8◦,
ignificantly less than the 360◦ the sum would be if the atoms
onded to N1 were planar.

Given interest in 4-membered ring H-transfers across double
onds [10,17–20], we characterized the interconversion of 1 and
further by IRC calculations. Pertinent dimensions are traced

hrough the course of the reactions in Fig. 3. All atoms are pla-
ar at the starting point of the reaction, cis-NH2CH N+HCH3
1), except HC21 and HC22 are above and below the molecular
plane”. At the transition state on the IRC, the HC21C2N1C1
nd HC22C2N1C1 dihedral angles are 120◦ and −75◦, respec-
ively, similar to the above QCISD results for this transition
tate. At the endpoint 2, the same dihedral angles are −179.2◦
nd 0.75◦, demonstrating near-planarity of the atoms attached
o the double bond. HC21 and HC22 move in the same direction
uring reaction, i.e., the CH2 rotates (Fig. 3, middle). As in the
CISD/6-31G(d) transition state, N2H2 is out of the plane of

he double bond.
In the initial portion of the IRC for 1 → 2, Ht leaves C2 as it

pproaches C1 (Fig. 3). Between TS(1 → 2) and 2, Ht completes
normal bond to C1 as it continues to move away from C2.
rom 1 to the transition state, the N1C1HtC2 dihedral angle
ecreases from 34.95◦ at 1 to 4.40◦, a local minimum in this

arameter, by rotation of the methyl (Fig. 3, bottom). Beyond
he transition state, the dihedral angle N1C1HtC2 first increases
o 8.56◦ from the transition state and then declines to −5.28◦
t 2. Thus, after the transition state is passed, Ht stays fairly

T
p
d
t

ig. 2. Structures for NH2CH N+HCH3 (1), NH2CH2N+H CH2 (2) and the
ransition state connecting them, as obtained by QCISD/6-31G(d) theory.

lose to the N1C1C2 plane. Similarly, the HtC2N1C1 dihedral
ngle (not shown) goes from −27.05◦ at 1 to −5.17◦ at the
ransition state and crosses the plane and reaches 12.4◦ at 2.
hus, beyond the transition state, Ht moves near the C2N1C1

lane to C1. Also in the course of 1 → 2, the HC21C2N1C1
ihedral angle starts at 181.3◦, declines steadily to 119◦ near the
ransition state and ends at 182.6◦ at 2. Thus, H21 starts very
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Fig. 3. Selected angles and a bond distance obtained by an IRC trace
using B3LYP/6-31G(d) theory over the course of NH2CH N+HCH3

(1) → NH2CH2N+H CH2 (2) (left to right). The top traces are the distances
between the transferring hydrogen and the carbons it leaves and approaches in
the course of the reaction. The middle traces are the degrees of the HC21C2N1C1
and HC22C2N1C1 dihedral angles. The bottom trace is the change in the
N1C1HtC2 dihedral angle made up of the atoms of the 4-membered ring tran-
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The respective C–Ht distances and C–Ht–C bond angles at
the transition states characterized here are given in Table 3. The
Ht–C distances do not vary substantially with ring size, but the
CHtC angles in the transition states increase with increasing

Table 3
Transition state bond lengths and angles in H-transfers
ition state for 1 → 2. The decline in the N1C1HtC2 angle at the beginning of
hat trace reflects rotation of the methyl group. Note that the changes in the
imensions in all three panels occur in a parallel fashion.

lose to the plane of 1, moves away from that plane as H is
ransferred and moves back to planarity with the double bond
t the end of the reaction. H22CNC starts from its geometry in
ethyl (−59.9◦ at 1), decreases to −108.9◦ and then rises to
80.1◦ at the transition state. Past the transition state, it rises

ntil it passes through 0–2.58◦, i.e., ending essentially in the
lane of the double bond in 2. During Ht transfer, the dihedral
ngles for the atoms on the origin and destination carbons adjust
o accommodate changes between sp2 and sp3 hybridization.

That Ht does not approach CH2 in a plane bisecting
he latter contrasts to Ht attacking/leaving methylene in a
isecting skeletal plane in 1,3-H-shfts in CH3O+ CH2 [17,19],

H2 CHOH+,•CH2 C(OH)2

•+ and CH3C(OH•+) CH2)
10,19]. CH2 rotation to ca. 90◦ and H-transfer occur largely
n separate stages in the latter reactions. However, similar to
he interconversion of CH3CHO and CH2 CHOH [19] and

R

1
4
6

f Mass Spectrometry 266 (2007) 8–14

he degenerate H-shift between the carbons of CH3C(OH•+)
H2 [10], rotation and H-transfer in TS(1 → 2) are simulta-
eous, parallel processes. Both of the former reactions are
uprafacial, in contrast to simple predictions of Woodward-
offmann theory [20]. In the interconversion of 1 and 2,

lthough Ht crosses the plane, it only does so far from
S(1 → 2) after methyl formation is essentially complete.
e hypothesize that 1 → 2 avoids violating orbital symmetry

ecause at the transition state the bonds around C1, N1 and C2
re substantially non-planar, i.e., not conjugated, a situation in
hich suprafacial H-transfer would not violate conservation
f orbital symmetry. We attribute the high energies required
o accomplish this to the substantial distortions required to
each this transition state geometry. We believe that rotations
bout �-bonds in 1,3-H-shifts across double bonds break off
onjugation in order to bypass Woodward-Hoffman constraints,
hether they occur synchronously or in stages.
According to Table 1, 18–34 kJ mol−1 less energy is required

o convert 1 to 2 than to dissociate 1 to NH2CH+ NH CH2
3) + H•. This raises the possibility that TS(1 → 2) approximates
[NH2CH NH CH2

•+· · ·H•] pair, i.e., that the transition state
nergy is largely determined by the energy required to break
he CH bond [21]. However, 3 is completely planar, whereas, as
lready noted, in TS(1 → 2) the atoms attached to C1, C2 and
1 are well outside the plane of those atoms. Thus, 1 → 2 does
ot resemble a dissociation-re-association.

The atoms bonded to the �-atoms are planar in 4 and nearly
lanar in 5. In 4 the HCNC dihedral angles starting with the exter-
al methylene hydrogens are 0.4◦ and −179.6◦, demonstrating
lanarity about the double bond. The remaining atoms in that
on are outside of this plane. The dihedral angles going from the
ethylene hydrogens to the second C in the H2N CH C moi-

ty in 5 equal −170.8◦ and 7.45◦, respectively); these combine
o 178.2◦, so the methylene is essentially planar. TS(4 → 5), 4,
and TS(5 → 4) are represented in Fig. 4. The ring in the tran-

ition state for 4 → 5 is very non-planar, with a dihedral angle
f 34.7◦ for ring atoms CNCH and a dihedral angle of −34.4◦
or ring atoms NCHC. At TS(4 → 5), Ht is slightly closer to the
nternal carbon (1.345 Å) than to the terminal carbon (1.452 Å).

At TS(6 → 6′), Ht is equidistant from the carbons it is
pproaching and leaving, and the overall structure has a plane of
ymmetry that contains Ht, the middle carbon and the two hydro-
ens on the latter (Fig. 5). The dihedral angles CNCHt in both
irections from the middle carbon in TS(6 → 6′) are −46.1◦.
on 6 is planar about its double bond and non-planar elsewhere.
eaction C1Ht C2Ht CHtC

→ 2 1.224 1.641 84.4
→ 5 1.452 1.345 121.5
→ 6′ 1.363 1.363 133.5
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Fig. 4. Structures for N+H2 CHCH2NHCH3 (5) (top), NH2CH2CH2N+H
CH2 (4) (bottom) and middle, the transition state connecting them (obtained by
QCISD/6-31G(d) theory).

Fig. 5. Structures of CH3NHCH2N+H CH2 (6) (top) and TS(6 → 6′) obtained
by QCISD/6-31G(d) theory. The middle and bottom figures are two different
views of TS(6 → 6′) illustrating both the symmetry of the transition state and
the non-planarity of the ring for 6-membered ring H-transfer.
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ing size and decreasing critical energies. Thus, the effects of
onservation of orbital symmetry on the 4-membered ring H-
ransfers and decrease in ring strain with increasing ring size
re probably the chief determinants of the critical energies and
elative rates of the reactions studied here.
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