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Ab initio molecular orbital (MO) calculations support the proposal that the key processes in the rearrangement
of HOCH,CH,OH* and HOCHCH(CH;)OH* (ionized 1,2-ethanediol and 1,2-propanediol) are sequential
transfers of goroton and anelectrontaking place from one partner to the other in iatipole complexes

rather than prompt hydrogeatomshifts taking place in distonic ions. Although the proposed distonic ions

in the alternative mechanismd.(Am. Chem. S0d.992 114, 2027) are thermodynamically remarkably stable
species, a surprisingly large barrier exists for their interconversion by way of a &tdrshift. This large

barrier results from significant distortion, from planarity, of the transition state. The rearrangement process
of ionized 1,2-ethanediol and 1,2-propanediol can therefore best be described in terms of intramolecular catalysis
(proton transport catalysiit. J. Mass Spectrom. lon Proces4&92 115 95) in combination with an electron
transfer taking place in intermediate iedipole complexes.

Introduction 1—"OCH,CH,0H," (2) = CH;OH," + HCO'

The unimolecular chemistry of low-energy 1,2-ethanediol
radical cations], is very interesting for a number of reasdns.  The surprisingly stable io2 was calculated to be generated
It is one of those cases where the time-honored technique ofupon ionization of 1,2-ethanediol by a barrier-free 1,4-H shift.
isot_opic Iapeling led to completely unexpected results. The  These mechanistic proposals both prescribe that t{©D),
radical cation HOCKHCH,OH', 1, is but one of many that  |apeled jon undergoes a specific loss of HQO yield the
d|SSOC|_ate via a so-called double hydrogen transfer (DHT), and protonated methanol isotopomer g@BD," at miz 35. The
for 1 this reaction produces GBH,", mz33,+ HCO! Over  gpecific formation of/z 35 had been observed in the initial
the past decade no less than four mechanisms have beegtudy? but later MS/MS experimerft& revealed that then'z
proposed for this reaction. Ten years ago, we propotet 35 ions had the connectivity GBOHD™ rather than CHOD,*
the reaction _proce_eded via a 1,5-hydrogen sHift(7) in the and this proved the above proposals to be incorrect. From the
hydrogen-bridged intermediate ab initio calculationg,it followed that4 can best be viewed as
a hydrogen-bridged iondipole complex of the methyleneoxo-

—_— =1 LEXY +ooo | —— | * —_—
1= CH,=0+-H"++-O(H)—CH, (4) nium ion and neutral formaldehyde, @HO---H—O"(H)CH,",

HC’=O---H+---O(H)—CH3 7)) — CH30H2Jr +HCO i.e., with the bridging hydrogen closer to the moiety of higher
proton affinity. This would imply that the transition state—~
This followed an earlier elegant proposal by Mormaiat 7 may lie prohibitively high because in order to transport one

hydrogen bonding in the neutral may persist upon ionization of the formaldehyde H atoms #hto the methylene radical site
and that such bonding may account for otherwise problematic of CH,OH,**, the formaldehyde molecule would have to rotate
reactions. Indeed, ab initio calculations indicated that speciesto such a degree that the resultingfatipole repulsion would

4 and7 enjoy considerable stabilization and that they therefore lead to separation of the partners rather than to hydrogen
are attractive intermediatésHowever, at that time the transition transport. Nevertheless, we felt that because of their consider-
state4 — 7 and its energy could not be evaluated because of able stability? hydrogen-bridged intermediates would still be
computational limitations. A concurrent study by Radom et viable mediators. Indeed, using ab initio calculations, we were
al* led to an alternative mechanistic proposal i.e., a 1,2-H shift aple to trace a circuitous but energetically attractive route for
in the distonic isomér(2): hydrogen transférthat satisfies the labeling results (see Scheme

1 and Figure 1).
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1,2-Ethanediol and 1,2-Propanediol
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Figure 1. Theoretical results for the relative energies of isomers and
transition states encountered in the dissociation of 1,2-ethanediol radical
cations according to Schemes 1 and 2.
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C—C bond. Further elongation of this bond leads to the
H-bridged radical cation4. In representing ion4 as
CHy=0---M**, the key questions is the following: how can
we achieve hydrogen transfer to produce HGOMH*? As
stated above, rotation of the formaldehyde unit within the
electrostatic field of M" would lead to ior-dipole repulsion
(O=CHg:--M**) and so hydrogen transfer is not possible via
this route. However, in an iendipole complex of the type
CHy=0r*---M, where the formaldehyde moiety is now charged,
the CH=0"" unit can more or less freely rotate without too
much loss of ior-dipole stabilization. This would produce
O=CH,*+-M (ion 6 in Scheme 1), which could then undergo
proton transfer to produce HCO+ MH*. Hence, hydrogen
(proton) transfer in Cp+=0O"*+--M is possible only if the charge

is first transferred to CH=0, but this is not possible for ioA
because neutral GH,, if it exists, is a very high-energy
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PA = 160 kcal/mol, and that of C¥DH* at carbon (to produce
CH30H"), PA = 170 kcal/mol® and so the proton transport
catalysis4 — TS is energetically possible as substantiated by
our ab initio calculations.

Shortly before these results were reported, Audier &t al.
reported a detailed study of the unimolecular chemistry of the
methyl ether ofl, CH;OCH,CH,OH, which also dissociates
via DHT to produce CHO(H)CHst + HCO. On the basis of
labeling results and observations fromiamolecule reactions,
they proposed a mechanism involving distonic ions and sug-
gested thal would dissociate similarly (see Scheme 2), but no
theoretical calculations were available for this process. 9on
could be formed from3 via a shuffle of the two ChLDH
subunits. Both mechanisms, i.e., dissociation via eithef-ion
dipole complexes (Scheme 1) or distonic ions (Scheme 2), are
experimentally indistinguishable; for example, they both cor-
rectly predict the labeling results (see above). Note that we

species. We therefore proposed, and this was substantiated by}ad already calculatédhat if ions 8 can be formed front,

ab initio calculations, that the GB®H,** ions first rearrange to
CHzOH* by a formaldehyde-catalyzed 1,2-proton shift--

TS). This process is an example oflBoe’s concept of
“proton-transport catalysi€*? It has recently been show#,
from chemical ionization experiments, that the reverse isomer-
ization CHOHt* — CH,OH>"", which does not occur unas-
sisted, is greatly accelerated by the addition of water. This has
also been established by ab initio calculatibhsThe result of

this “proton-transport catalysis” for iofis that an ion-dipole
complex is produced for which both partners (S0 and CH-

they could lose HCOvia a low-lying isomerization t&. The
question is therefore the following: can io8$%e formed from
9 via a 1,4-hydrogen shift according to Scheme 2 at or below
the experimentally determined appearance energy (AE)?
The next-higher homologue df, ionized 1,2-propanediol,
HOCH,CH(CHz)OH"* (1p), also dissociates by DHT, yielding
CH3OH,"™ + CH3CO.12 This process appears to be remarkably
similar to that forl; for example, the isotopomer GAH(OD)-
CH,OD** specifically forms CHDOHD™ to the exclusion of
CH30D,".12 Again, two mechanisms, one involving iedipole

OH) represent stable neutral and ionic structures, and so nowcomplexes (proposal A), the other distonic ions (proposal B),

charge transfer (CT) is possible via orbital interactio@nce

and which are very similar to those proposed for 1,2-ethanediol,

the formaldehyde moiety becomes charged, it can rotate suchmay account for all observations (see Scheme 3). Again, the

that one of its hydrogen atoms becomes correctly oriented for
transfer 6), and this transfer then is @roton transfer. With
regard to the transformatioh — TS, it is of interest to note
that the proton affinity (PA) of Ck=0O (PA = 168 kcal/mol)

lies between that of C¥DH" at oxygen (to produce GiOH,*"),

guestion is the following: which mechanism can occur at or
below the AE ? To decide between the two mechanistic
proposals forl and 1p, we have performed ab initio MO
calculations on the most relevant parts of the respective potential
energy surfaces.
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TABLE 1: Electronic Energies of lonized 1,2-Ethanediol, ZPVE, and Relative Energies of Isomers and Transition States for
This System

RHF/DZP ZPVE? SDCI/Pople Erel® Erel ©

structure (hartree) (keal/mol) (hartree) (kcal/mol) (kcal/mol)
1 —228.662 84 50.9 —229.311 74 1.9
4 —228.672 66 47.8 —229.321 13 —6.9
TS —228.623 24 45.2 —229.295 84 6.2 <9+2
CT —228.652 90 48.0 —229.299 94 6.4 <9+2
6 —228.650 27 47.8 —229.298 73 7.2 <9+2
9 —228.666 20 50.7 —229.314 85 —0.2 [-1.8
8 —228.675 60 51.4 —229.316 53 -0.5 [-1.9F
TS8—9 —228.577 75 48.3 —229.254 28 35.4[34.7] <9+2
HCO + CHzOH,+ —228.651 74 47.3 —229.308 87 0

aRHF/DZP scaled by 0.9 for the geometries of the ions (except fd8 F59); see ref 1° Energies including ZPVE: Experimental appearance
energy (ref 1)9 QCISD/6-31G**//MP2(FC)/6-31G** result (see text).

TABLE 2: Relative Energies (kcal/mol) for Molecules or
lons Analogous to the lonized 1,2-Ethanediol Isomers 8 and

1,2-Ethanediol Building upon the results described in ref 9 @nd Their 1,4-H Shift Transition States'

Results and Discussion

1 and using the same computational procedures, we have X iso-8 TS is0-9
located, at the RHF/DZP level of theory, the minima for the c3se A O 06), 14 (" 14 (0) —12 (0)
distonic structure8 and9 as well as the transition state (saddle CH, 0 (0), 54 (7) 15 () —4 (0)
point with one imaginary frequency) connecting these ions. caseB O 0%) 27 (30) —4(78)
Electron correlation effects were then introduced by performing CHy 0 () 26 (3T 1(180)
single+ double excitation CI (SDCI) calculations including the 83& g gg a0 B ggg :; 822)

Pople size-correction methd& All minima and saddle points _ ' ' _ o _ '
were checked for the correct number of imaginary frequencies,  ° The orientation of the singly occupied orbitaliso-8 andiso-9 is

and transition states were checked for connections to appropriaté'srlﬂij‘é";‘;?gsei‘i‘fin‘éric’;tézesiﬁﬁte fgirhggtg:I?ﬁng]‘ecQgrglal?ugegfptgrin-
m!n!ma' Note furth_er_ that CT does no_t corrgspond lo a theses after TS and aft&o-9). ® z-lonization of the ether oxygen is
minimum but to a minimum energy crossing point (see ref 1 t5y0red over that of the carbonyl oxygen.

for details). The results are given in Figure 1 and in Table 1,

which include the highest barriers associated with the-ion SCHEME 4
dipole mechanism,CT and6 in Scheme 1. All energies are H H H H
relative to the products, which are set to zero. We find that the H—C  o°* case A H-C o+
barrier for the 1,4-H shif® — 8 is surprisingly large and, more

importantly, that it lies 26 kcal/mol above the measured AE " X=0.Ch, _ i
(see Figure 1). As stated, iofs should they be formed, can iso8 09
isomerize to6 at the AE after which dissociation to GBH,* . case B y "
+ HCO would take effect. For ions8, 9, and TS8 — 9, we H—c' oe HC'
have also performed MO calculations at the QCISD/6-31G**/ X-CHy X=0, CH, X-CH
IMP2(FC)/6-31G** level of theor{? (see Table 1), which gives OH", OCHj"

results almost identical to results of our SDCI calculations. From is0 8 i509

the results presented in Table 1 and Figure 1 we conclude that
the 1,4-hydrogen shifl — 8 does not occur for the low-energy  determining the magnitude of the activation energy for the H
(metastable) ions and also that the dissociation of ionized 1,2- shift. In case A, thes symmetry corresponds to the ground
ethanediol may proceed via Scheme 1, i.e., via proton and state, the transition state for the 1,4-H shift is planar, and the
electron transfers in iondipole complexes. barrier is relatively low. However, in case B thestate is more
The barrier for the conversiogh— 9 is 36 kcal/mol relative stable than the state. This is a property of the radical O atom
to 8, much larger than that associated with a 1,4-H shift in other in both the neutral molecules and the cations. The 1,4-H shift
oxygen-containing cations; for example, the 1,4-H shift in is thus more difficult for case B, since here the molecule or ion
ionized methyl acetate, GB(=O)OCHs+ — CH3zC(OH)- has to be distorted before the shift can take place. This is further
OCHy*, requires only 12 kcal/mdft A possible explanation illustrated in Figure 2, which shows the transition-state structures
for the increased barrier height in the present system comesfor the 1,4-H shift in CHOC(Hy=0O"* — *CH,OC*(H)OH (case
from an analysis of the computational results in Table 2 on 1,4-H A; X = O) and that for CHO*(H)CH,O* — *CH,O*(H)CH,-
shifts in the ionic and neutral systems shown in Scheme 4 (caseOH (case B; X= OH*, TS8 — 9in Figure 1). Itis seen that
B; X = OH" represents ion8 and9 for ionized 1,2-ethanediol). ~ for case A, the dihedral angle is zero, while for case B, the ion
In Table 2 the orientation of the singly occupied orbital, which is significantly distorted from planarity.
in all cases is almost completely localized on an O atom, is  1,2-Propanediol The sequence depicted in Scheme 3
indicated byo or z. This is possible even if the structure has (proposal A) has been the subject of a recent experimental and
no overall symmetry. Herey indicates that the open-shell computational study and a brief discussion will suffice.
orbital lies in the XCO plane, whereasindicates an orbital Unlike 1,2-ethanediol, the reactions for 1,2-propanediol all take
perpendicular to this plane. The (non)planarity of the skeleton place below or at the dissociation lind#;that is, all species
is measured by the dihedral angle CXCO. involved must have energies at or below that for;OH,* +
The main feature of these results is that the stabilities of the CH;CO = 0. First, the charge-transfer complex (CT) was
two ionization stateso or ;r) apparently reverse when we go located and its energy was calculated by the procedure described
from case A to case B. This may be an important factor in in ref 1. It was found that its energy lies just below 1.7
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\ VIEW until a configuration is reached (CT) where the oxygen lone

- pairs are oriented toward each other so that charge transfer is
possible. Now, the neutral methanol in turn can migrate within
the electrostatic field of the charged acetaldehyde such that
proton transfer is possible to generépe(—8.5 kcal/mol, RHF/
D95**-optimized geometry; see ref 15), which then dissociates.
Note that all these transformations take place below the
dissociation limit, and so the ierdipole mechanism is energeti-
cally possible.

With respect to the distonic ion mechanism, the barrier for
the transformatior®p — 8p was determined by a QCISD(T)/
6-31G** calculation as 25.5 kcal/mol above the dissociation
threshold (CHOH,* + CH3CCO). Thus, this transformation
takes place far above the dissociation limit, and so the distonic
ion mechanism can be ruled out for the low-energy ions.

In summary, the above computational results show that the
rearrangement processes observed in the radical cations of 1,2-
ethanediol and 1,2-propanediol can best be understood in terms
of proton and electron transfers taking place in-alipole
Figure 2. (A) Transition state for the 1,4-hydrogen shift in methyl - complexes rather than hydrogen atom shifts in distonic ions.
Iﬁ;mﬂi]y%tgggﬂsﬁg C;;)f(':')?gg ng . C(:El?zgi?ﬂ?ct:lﬁzoslfte for Thus, the sequential transfer of a proton and an electron if ion

dipole complexes appears much more “economical” than a
cealinol prompt hydrogen atom shift in a distonic ion.

Why Only One Fragmentation for lonized 1,2-Ethanediol?

Our computational results allow a comparison of the dissociation
behavior of ionized 1,2-ethanediol and 1,2-propanediol (compare
Figures 1 and 3). As was stated above,;OH,;* and HCO

|25 are the sole dissociation products for ionized 1,2-ethanediol.
By contrast, 1,2-propanediol undergoes, in addition to loss of
CH;CO:, five other dissociation®15 Apparently, the additional
methyl substituent makes available dissociation routes and
products that are not possible for ionized 1,2-ethanéliol.
However, there is one abundant dissociation observed for ionized
1,2-propanediol, namely, the loss of®, which, too, should
occur easily for ionized 1,2-ethanediol but which is nevertheless
not observed. Fotp the reactions proposed to occur fr@p

via a proton shift followed by a “methyl cation shuttiéto
produce ionized acetotfeare (R= CHy)

TSiso8—~iso9
case A, X =0

1 VIEW

TS 8+ 9
case B, X =OH*

TS 8p—-9p

1p— O=C(R)—H""++*H—O(H)CH, (6p) —
R—C'=0--*H—-O(H)CH," (11p) —

*— XX +— B
Figure 3. Theoretical results for the relative energies of isomers and R-C=0 CHS OHZ (12p)
transition states encountered in the dissociation of 1,2-propanediol R—C'(=O)--'CH3+—OH2 (13p —

radical cations according to Scheme 3.
R—C'(=0)—CH;,"++-OH, (14p) —

CH;C(=0)CH3 " + H,0

kcal/mol) the above anchor point, and so charge transfer is -
energetically possible. For economical reasons (see ref 15), R—C(=O0)—CH;" + H,0
other relevant parts of the surface were calculated from

UB3LYP/6-31G*-optimized geometries followed by single-point Rotation of the charged G&@H," group in 11p leads to the
QCISD(T)/6-31G** calculations including the usual zero-point methyl cation bridged specid2p after which the methyl cation
vibrational energy corrections. The obtained energies are givenshuttles to the carbon atom of fC*=0 followed by dissociation
below in parentheses. The calculated energy diagram is givenof the intermediate iondipole complexi4p. As can be seen

in Figure 3. As with 1,2-ethanediol, iodp, formed by vertical from Figure 3, for ionized 1,2-propanediol these products lie
ionization of 1,2-propanediol, collapse to the long-bonded below the anchor point C¥DH,™ + CH;COr, but the same is
species3p (—15.9 kcal/mol), which has a-€C bond length of true for ionized 1,2-ethanediol (see Figure 1), yet loss of water
1.964 A (see Scheme 3). The species can undergo reorientationis not observed. Our ab initio calculations provide an explana-
to form the hydrogen-bridged specidp (—20.7 kcal/mol). tion for this puzzling result. According to our results, i8S
Because the proton affinity of acetaldehyde is greater than thatlie below the anchor point (see Figure 3); that is, proton transfer
of CH,OH, while that of formaldehyde is smaller than that of is endothermic. Hence, the resulting idkip live sufficiently
CH,OH°, the proton will now be closer to acetaldehyde long to undergo other transformations such as a “methyl cation
(comparedp (Scheme 3) and (Scheme 1)). londp may then shuttle”. By contrast, ion$ lie above the anchor point (see
shuttlé the bridging proton to the methylene carbon, T34 Figure 1), and so proton transfer now is exothermic and fast.
kcal/mol, RHF/D95**-optimized geometry; see ref 15). Next, Therefore, iond1, H—C=0---H—O(H)—CHjz", have a fleeting

the charged methanol rotates around the acetaldehyde moleculexistence only and cannot undergo other transformations. A
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confirmation of these findings is provided by an assessment of
the stabilization energies (SE) of ior& and 6p. Using

S AH{{CH3OH,™ 4+ HCO] = 144 kcal/mol” we calculate,
using the results of Table AH; = 152 kcal/mol for ions6.
Using AH{[CH,O**] = 225 kcal/molt” and AH{CH3OH"*] =

—48 kcal/mol'” we obtain an SH) of 25 kcal/mol. A similar
procedure for ion§p (usingAH{CHzOH,™ + CH;CO] = 132
kcal/mol” and AH{CH3;CHO"] = 196 kcal/mol'") yields SE-

(6p) = 26 kcal/mol. Not only are these SE’s entirely reasonable

in magnitude, they are also equal. The reason that many of the

intermediates and transition states for ionized 1,2-propanediol
lie below the anchor point is that these ionic intermediates are
stabilized by the additional methyl group, but the product ion
CH3OH,™ obviously is not.
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