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A combined mass-spectrometric and theoretical approach
has been used for an investigation of the gas-phase chemi-
stry of two representative alkylperoxy anions. Metastable
CH3007 ions undergo unimolecular loss of molecular hydro-
gen and formaldehyde yielding HCOZ and OH™, respective-
ly. The observed reactivity is in pleasing agreemenl with cal-
culations of the [C H;3,0,]” and [C,H,O,]” potential-energy
surfaces at the BECKE3LYP/6-311+ +G** level of theory. Upon
exhaustive methylation of the a-position as in +-C,HsOO~
anions, the reactivity switches completely to an elimination

of (CH;),C=CH; giving rise to the formation of HOO™. The
results obtained for the “bare” alkylperoxy anions are used
for the analysis of lhe EI mass spectrum of ({-C;HgOOLi)q,
dodecamers, which thermally decompose in the inlet system
at a probe temperature of ca. 130°C. The decomposition is
rationalized by a mechanism involving nucleophilic attack of
one {-C4HgOOLi subunit on the oxenoid oxygen atom of a
second {-C;HgoOOLi moiety. This reaction may produce t-
C4HyOOOLi trioxy species as intermediates, which rapidly
decompose to singlet dioxygen and ¢{-C,HgOLi.

Introduction

Lithium!["l and magnesium!? salts of hydroperoxides re-
veal some intriguing features as far as reactivity, structural,
and clectronic properties are concerned. In analogy to iso-
electronic carbenoids, RAC(OR)Lil*~3 and nitrenoids,
R'N(OR)Li™™7, the hydroperoxide salts can be regarded as
oxenoids O(OR)Li (Scheme 1). Consequently, for oxenoids
we can expeclt analogous reactions to those observed for
carbenoids and nitrenoids® 7l in fact, they readily react as
electrophiles with nucleophiles such as Grignard reagents
or alkyl lithium compounds to yield metal alkoxides(!-8!,
The nucleophilic attack is supported by the favorable energy
of the o ¢ orbitall'l. Recently!'l, the structure of lithi-
ated tert-butyl hydroperoxide, -C4H,OOLi (1), has been
determined by X-ray crystallography to be a dodecamer
{(1)12. The lithium ions bridge the two oxygen atoms of each
alkylperoxy subunit, and ab initio calculations support this
feature!!®), Similar structures have been calculated earlier
for transition metal containing systems like (HO);TiOO¢-
C4H, and (H,N),FeOOH!'-?, which have been suggested
to play key roles as catalysls in organic syntheses!'”), for
example in the Sharpless epoxidation'. The oxenoid
character of peroxy anions is reflected in the O—O bond
lengths, which are significantly elongated due to increased
repulsion of the lone pairs. For example, this bond is as
long as 1.479 A (see below!'?) for CH;00 * (27) as com-
pared to the neutral CH;00" radical 2° (1.318 A). This
holds also true for other calculated species such as
LiOOH!*T and experimentally characterized structures!'el.
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Of course, aggregation effects may well play an important
role for the actual bond lengths of (1);; in the solid

phasel’<],

Scheme 1
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In the course of a mass-spectromelric characterization of
(1)1 by conventional ¢lectron ionization (EI), a mass spec-
trum (Figure 1) was obtained, which surprisingly contains
signals  for  mixed oligomeric  (r-C4HyOLi),,(z-
C4HyOOLi),Li* (m + n = 1-8) cluster ions, which are due
to  formual losses of oxygen atoms from (-
C4HyOO0Lj),,,,Li* ions. The base peak of the spectrum
corresponds 1o protonated acetone (m/z = 59), a typical
fragmentation product of species bearing -C,HoO units.
The structural assignment of these ions is supported by the
observation of an intense signal for acylium ions (m/z =
43). Thus, all ions observed in the ET mass spectrum of (1);»
can casily attributed to fragments of (1),, and are closed-
shell species. However, the cluster ions observed in the mass
range m/z = 1000—1100 form a notable exception. They
cannot be explained by closed-shell cluster ions held to-
gether by one additional Li* ion. Instead, they correspond
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Figure 1. EI (70 eV) mass spectrum of (1)1, at a probe temperature of ca. 130°C; insct: mass range of m/z = 500 to 1100 amplified by a
factor of 40 relative to the original spectrum; note that not all cluster ions are visible due to suppression of very weak signals by the
detection threshold of the instrument
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to the products of formal oxygen atom losses from cation
radicals of dodecameric (1),,. Hence, the signal at, for
example, m/z = 1056 corresponds to (#-C4HoOLi)s(2-
C,HyOO0Li){ . Note that signals for clusters with higher
masses such as the (-C4HgOOLIi){s molecular ion are sup-
pressed by the detection threshold of the instrument. In
fact, the formation of open-shell clusters exclusively for the
dodecamers strongly supports the presence of genuine do-
decamers as derived from X-ray crystallographic analy-
sistiel,

As far as the oxenoid character of metallated hydroper-
oxides is concerned, several questions arise from these find-
ings: (i) What is the mechanistic origin of the formal O-
atom expulsion? Does it reflect the oxenoid character of
metallated hydroperoxides within the cluster ions? (i1) The
loss of an oxygen atom is quite endothermic by ca. 94 kcal/
mol for the model reaction HOO™ — HO™ + 'O and is
still quite unfavorable (AH, = +49 kcal/mol), if a spin-for-
bidden generation of triplet oxygen atoms is assumed!'3.
Thus, is a unimolecular gas-phase reaction feasible? (iii)
Does the metal 1on support the elimination of oxygen
atoms? (iv) If the formal oxygen atom loss does not occur as
unimolecular gas-phase process, how are the corresponding
ions formed? Whal, for example, is the conceivable role of
thermal decomposition of the solid probe in the inlet sys-
tem of the mass spectrometer? (v) If so, what is then the
mechanism of this reaction? These and related questions
will be addressed in the present article. In order to obtain
more detailed insight into the gas-phase chemistry of alkyl-
peroxy anions, we have conducted combined mass spectro-
metricl'¥ and theoretical investigations on two representa-
tive examples, i.e. “bare” CH;00~ and -C4H,OO ~. These
ions can easily be generated by negative ion chemical ioni-
zation (NICI) of a mixture of the corresponding alkyl

1086

hydroperoxides and N,O. Extensive calculations for the
[C,H3,0,]” and [C,H,0O;] potential-energy surfaces at the
Becke3LYP/6-311++G** level of theory support the con-
clusions drawn from the experiments with methyl peroxy
anions. Based on these results, the unusual mass spectro-
metric behavior of (1), can be rationalized in terms of a
thermal reaction in the solid phase prior to lonization. A
plausible mechanism is proposed by which the decompo-
sition may proceed.

Results and Discussion

Before discussing the mass-spectrometric behavior of
alkylperoxy anions, let us first mention a fundamental point
concerning the amount of internal energy, which can be
stored in metastable anions decomposing on the psec time
scale of tandem mass spectrometric experiments!'?. Elec-
tron affinities (EA) of most organic molecules are usually
quite low as compared to the energetic demand of re-
arrangement or dissociation reactions. For example, for
larger alkoxy radicals EA values of 1.5 to 2.0 eV have been
derived!'?), and for hydrogen peroxy radicals HOO" a value
of only 1.08 eV has been reported in the literature!'*1, which
is below most of the typical bond dissociation energies. For
metastable ion (MI) decompositions, any process involving
barriers or exit channels above the threshold defined by the
electron affinity can, therefore, not compete with electron
detachment. However, upon activation of the anions in
high-energy collisions!!®], direct bond cleavages may yet oc-
cur quite efficiently. Thus, new processes become often vis-
ible in the CA mass spectra, which are “forbidden” for the
metastable ions on energetic grounds. In addition, the total
fragment ion currents are often enhanced; for example, the
total ion current was higher by a tactor of ca. 500 for the
CA mass spectrum of methyl peroxy anions, 2”7, as com-
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pared to its MI mass spectrum. These constraints have also
to be kept in mind for the computational analysis; obvi-
ously, all transition structures and exit channels considered
as relevant for the unimolecular decay must necessarily be
located below the threshold defined by the respective elec-
tron affinities. Further, if exothermic rearrangements en
route to products lead to intermediates, due to the huge
amount of internal energy, these excited intermediates will
exhibit a dissociation behavior which is closer to that of
collisionally activated than that of metastable ions. As a
result, direct bond cleavage and isomerization processes can
efficiently compete with electron detachment. In other
words, if unimolecular dissociation of a metastable anion
proceeds via intermediates much more favorable in cnergy,
the thermochemical threshold is defined by the electron af-
finity of the slarting anion, while the EAs of intermediates
do not necessarily play such an important role.

The Unimolecular and Collision-Induced Decay of Methyl Peroxy
Anions

Figure 2 presents the MI and CA mass spectra of
CH;00"~ anions 2~ generated by NICI of CH;00H
withN,O. Metastable 2~ decomposes via two fragmentation
pathways (Figure 2a): (1) Elimination of H, (Am = 2) gives
rise to a rather broad signal for [C,H,0,]™ anions. The ki-
netic energy released (7s) in this process can be esti-
mated!"”! from the peak’s half-height width, and a value of
Tos = 1.35 €V has been derived. The amount of released
energy is quite large and points to a significant barrier for
the reverse reaction. (i) Loss of formaldehyde (Am = 30)
results in the formation of OH™. The signal for OH ™ anions
is characterized by its distinctly dished-topped peak
shape!'® (T, s = 1.22 V), leading again to the conclusion
that a large amount of kinetic encrgy is released during the
expulsion of formaldehyde.

Upon collisional activation (Figure 2b) three additional
processes are observed: (i) The formation of O3 by C-O
bond cleavage corresponds to the base peak in the CA mass
spectrum. From the absence of the O3 signal in Figure 2a,
one can conclude that collision processes do not contribute
to the MIT spectrum. Hence, the losses of dihydrogen and
formaldehyde represent indeed unimolecular fragmen-
tations of metastable anions. Furthermore, the presence of
an intense signal for O3 in the CA mass spectrum indicates
that the major part of the ion beam consists of CH;00~
ions with an intact O—O bond. This structural assignment
is further supported by charge reversall'” and neutraliza-
tion-reionizalion mass spectrometric experiments?’l. (i) A
very minor CH;O™ fragment indicates the loss of an oxygen
atom, (iii) Vice versa, O ~" contributes to the CA mass spec-
trum. The latter two reactions are indicative for O—O bond
cleavage. Since they are not observed in the MI mass spec-
trum and are of low abundances in the CA spectrum, they
are expected to be rather energy demanding. The fragmen-
tations observed for CD;OO™ anions are in complete agree-
ment with these findings and therefore not reported here.

As far as the course of the fragmentations of metastable
CH,00" is concerned, a few alternatives are depicted in
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Figure 2. (a) MI and (b) CA mass spectra of CH3;00™ anions

27; note the pronounced dished topped peak for OH™ generation

indicating a large kinetic energy releasc in the decomposition of
CH;00" into CH,O and OH~
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Scheme 2. The OH ™ anions may be gencrated directly from
2~ by a formal 1,2-elimination reaction. However, it is not
so easy Lo explain the loss of dihydrogen from 2 . This
holds true in particular, if one considers the energetic
threshold for electron detachment, which is only ca. 26 kcal/
mol above the energy of the equilibrium geometry of 2~
(see below). More likely, the H, elimination proceeds via an
intermediate, for which deprotonated dihydroxy methane
3~ represents a tempting structure. Assuming that 3~ can
be formed from 2~ within the energetic constraints, the ex-
pulsion of H, can be described in terms of a 1,2-elimi-
nation, in course of which formation of the energetically
favorable formiate anion 5~ serves as a driving force.

Scheme 2
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In order to obtain a more detailed insight into the mech-
anism and the energetics of the decompositions of 27 in the
gas phase, high level DFT/HF calculations at the BECKE-
3LYP/6-311++G** level of theory were performed. As
demonstrated earlier, a large basis set is necessary for a
reasonable description of electron affinities®?!. Quite fortu-
nately, when compared to experimental electron affinities,
the BECKR3LYP method gives much better data than the
more costly MP2 approach with the same basis set applied
(see below). The optimized geometries of [C,H5,0,]  iso-
mers and transition structures are depicted in Chart 1. The
energetic data (Tables 1, 2) allow to construet the relevant
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parts of the [C,H,0;]~ potential-energy surface (Figure 3).
The peroxy anion CH;007, 27, (AH; = —20.0 kecal/mol)
is located below the corresponding neutral by ca. 26 kcal/
mol. The geometries of 2 and 2" differ particularly with
regard to the C—O and O—0O bond lengths. Thus, the C-0O
bond is shorter (27: 1.386 A, 2 1.450 A) for the anion,
while the O—O bond is longer (27: 1.479 A, 27: 1.318 /ﬂ\).
The calculated electron affinity of 1.14 eV for 2" nicely
agrees with the literature value of HOO" (1.08 eV)l'3l
Hence, it can be assumed that our calculations are quite
reliable and serve their purpose.

Figure 3. [C.H;,0,]" potential-encrgy surface calculated at the
BeCKE3LYP/6-311++G** level of theory (Al values in kcal/mol)

- TS24~

4 48.5

435 TS2/2™

073 CH0™ + 30 Threshold for
25.0 CH.O + O formation of
3 ( CH,;00" + e~

19.5 CH, + 0

HCO,H + H™

TS3™
-62.5

-111.0

Table 1. Calculated total energies (Eiq), zero-point vibrational

energies (ZPVE), and calculated as well as cxperimental heats of

formation (AHp) of [C,H;,05]"" isomers and relevant fragmenta-
tion reactions™

Eiot 1 ZPVE Allgle] AH¢ld]
(hartrec) (hartree) (kcal/mol)  (keal/mol)
Ci;00° 2 ~190.235866  0.042718 6.2 24
CH300™ 2 —190.277534 0.0408C6 -20.0
HOCH,0" 3 -190.385877 0.041177 —88.0
CH,0(H)O~ 47 —-190.176443 0.038356 435
TS2/2° -190.184192 0.037363 38.4
TS2/3 —190.232698 0.034847 8.2
TS2/4” -190.171617 0.034532 46.5
TS3/3™ ~190.355017 0.037729 —68.6
TS3™ —190.345259 0.035259 —62.5
HCO;” +Ha -190.422605 0.029948 -111.0 ~111.0
CH0 + OH™ —-190.334268 0.035028 55.6 -58.8
HCOH+H™ -190.321368 0.033307 -47.5 -55.8
CHy + 027" —190.214605 0.032287 19.5 244
CH3O + 3O -160.202192 0.034502 7.3 271
CH;O' +0 " -190.205185 0.036069 25.0 29.6
cyc-CHaO + H™ —190.178095 0.032387 42.0
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Three direct exit channels can be accessed from 27:
Methyl loss together with formation of O3 is the lowest in
energy (ZAH,; = 19.5 kcal/mol), but yet it is located ca. 13
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=1 Calculated ener%ges and literature heats of fragments are summari-
zed in Table 2. — ! Total energies based on BECKE3LYP/6-311++
G** optimized structures including ZPVE corrections (unscaled). -
lel Calculated on the basis of literature data for the HCO5 + H, exit
channel. — ! Experimental data have been (aken from ref I3,

kcal/mol above the thermochemical threshold for electron
detachment (AH; = 6.2 kcal/mol). Generation of CH;0™
+ 30 (XAH; = 27.3 kcal/mol) and CH;0" + O™° (ZAH, =
25.0 kcal/mol) arc comparable in energy, but higher by ad-
ditional 7 kcal/mol. Note that formation of triplel oxygen
atoms is also spin-forbidden. These results are exactly in
line with the experimental data presented above, as none of
these fragments is observed in the metastable ion spectrum
(Figure 2a); quite clearly, they cannot compete with elce-
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Table 2. Calculated total energies (Eiqry), zero-point vibrational
energies (ZPVE), and expcrimental heats of formation (AH;) of

fragments

Byt [3] ZPVE AH;[b) AHgle)

(hartree) (hartree)  (kcal/mol) (kcal/mol)
H -0.502257 - 52.1
H —0.534166 - 32.1 347
H, ~1.169500  0.010072 0.0
0 —75.089880 - 59.6
10 ('D state) 104.5Le]
o’ ~75.149014 - 225 259
oH' ~75.753967  0.008445 93
OoH~ ~75.818918  0.008530 315 328
0, ~150.366693  0.003719 0.0
10, (* 4g state) 22.6lel
0y’ ~150.389052  0.002654 ~14.0 -10.4
CH3’ -39.825553  0.029635 34.8
Cco ~113.344010  0.005041 -26.4
HCO* -113.878377  0.012954 10.7
HCO™ ~113.893943  0.009923 0.9 -3.5
CH0 —114515350  0.026498 ~26.0
CH30" -115.056175  0.036069 3.7
CH;0~ —115.112312  0.034502 ~315 325
COy ~188.635227  0.011688 -94.1
co,”” ~188.624879  0.008332 —87.6ld1
HCOOH ~189.787202  0.033307 905
cye-CHaO 189.643929  0.032387 0.6
Li —7.284918 - 162.4
LiOH -83.404231  0.013107
CH;OLi ~122.683077  0.040977

2} Total energies based on BECKE3LYP/6-311++G** optimized
structures including ZPVE corrections (unscaled). — ™ Calculated
on the basis of litcrature data for the corres?ondinF neutral, — [l
Experimental data have becn taken from ref U3, — 9! The electron
affinity (EA) of linear CO, 1s slightly negative by ¢ca. —6.3 kcal/mol;
however; single-point calculations tor bent CO, at the equilibrium
geometry of the corresponding anion radical [r(CO) = 1.231 A,
ZEOCO = 137.8°], predict a positive EA of 29.4 kcal/mol. —
[l Since BECkE3LYP calculations are problematic with the excited
singlet stutes of oxygen atoms and molecules, the excitation energy
of 1.967 ¢V and 0.98 eV relative to the triplet ground states have
been added (o the calculated energies for the triplet specics; for
data, see ref.[?ll,

tron detachment. However, upon collisional activation,
these reaction channels are populated to some extent, and
the relative intensities of the ionic products as derived from
the CA mass spectrum roughly correlate with the energetics
of these exit channels. Even higher in enery (AH, = 38.4
kcal/mol), the transition structure TS2/2~ for the degener-
ate 1.2-methyl migration has been located. This process pro-
ceeds with retention of the configuration at the carbon
center (Chart 1). However, due to its high energy demand
it does not play any role in the present experiments. Simi-
larly, the 1,2-hydrogen migration via TS2/4 , which gives
rise to a shallow minimum for deprotonated methanol ox-
ide 47, is only of theoretical interest{2*].

With regard to the losses of dihydrogen and formal-
dehyde, intermediate formation of 3~ appears attractive. In-
deed, 3 represents a deep minimum on the [C,H;,0,]~ po-
tential-energy surface 3~ is located 68 kcal/mol below 2.
Both minima are connected by TS2/3~, for which the reac-
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tion coordinate has been followed by an IRC calculation[?4.
This transition structure (Aff; = 8.2 kcal/mol) is located
slightly above the threshold (6.2 kcal/mol) for electron de-
tachment, but this tiny energy difference is within the crror
margins of the calculations. In addition, electron detach-
ment is a verlical process, which may have an energy de-
mand somewhat higher than given by the adiabatic electron
affinity. Furthermore, the small absolute ion abundance of
the MI mass spectrum may indeed point to the presence of
elcctron detachment as a process competing with the rcar-
rangement. Thus, it is quite plausible to assume that TS2/3~
is within the energetic limiations. If the decompositions of
2~ do indeced proceed via 3 as intermediate, the barrier for
the reverse reaction 3~ — 2~ amounts to ¢a. 96 kcal/mol;
this energy is stored in 3~ and gives rise to the large kinetic
energy teleases found for the metastable transitions (see
above). Several attempts failed to locate a transition struc-
ture, which combines a 1,1-elimination of molecular hydro-
gen from 27 either with or without a concerted 1,2-mi-
gration of the outer oxygen atom to the carbon center.
Thus, a direct pathway for the reaction 27 — 5~ + H; has
not been further pursued.

From 37, a degenerate intramolecular hydrogen transfer
via TS3/3~ (AH; = —68.6 kcal/mol) and several fragmen-
tation channels are accessible: Cleavage of the C—O bond
leads to the formation of CH,O and OH™ (ZAH; = —55.6
kcal/mol). It should be noted that we did not succeed in
locating a transition structure for a 1,2-elimination leading
dircctly from 27 to these products. For the loss of H,, TS3~
has been found at a heat of formation of AH; = —62.5 kcal/
mol, i.e. ca. 7 kcal/mol below the energy demand for the
C—0 bond cleavage. As simple bond cleavages usually are
entropically favored over rearrangements, both processes
can easily compete with each other and are both observed
in the MI mass spectrum with considerable intcnsities.
Interestingly, the geometry of TS3 (Chart 1) resembles
much that expected for expulsion of a hydride concomitant
with formation of formic acid: Thus, population analysis
reveals that 70% of the negative charge is located on the
moving hydrogen atom. The C—H bond of the leaving hy-
drogen is elongated to more than 2 A, while the O—H bond
length is still rather short (0.974 A) and the X H>*CO' angle
of 120 degrees roughly resembles an intramolecular case of
the Biirgi-Dunitz-Lehn trajectory®* for a nucleophilic at-
tack at a sp?-hybridized carbon atom. Consequently, one
might argue that TS3™ is betler described as an intermedi-
ate structure en route to the generation of formic acid and
a hydride anion. However, the energy of this exit channel is
ca. 15 kcal/mol higher than TS3~ and instead the hydride
collapses with the acidic proton and I, is released. This
conjecture is fully confirmed by an IRC calculation (Figure
4), which demonstrates that first the hydride ion moves
away from the carbon center followed by a deprotonation
of the hydroxyl group to yield H, and formiate (ZAH; =
—111.0 kcal/mol).

In order to characicrize experimentally the anionic prod-
uct of the hydrogen loss, a CA mass spectrum of [2 — H,]™
generated in the ion source® has been recorded (Figure
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Figure 4. Intrinsic reacton coordinate for TS3~ describing the H,
loss from 3~ with formiate as ionic product

5). Three signals are observed: Besides minor signals for
O~ and OH ", the anion radical of carbon dioxide rep-
resents the base peak. This result is somewhat surprising,
because neutral CO, has a negative electron affinity of ca.
—6 kcal/mol?”! and, thercfore, is not expected to give rise
to an anion radical at all. However, for a bent structure
(£0CO = 137.8°) a minimum has been located for the
CO5" anion radical®®, and apparently its lifetime is large
enough to monitor it with mass spectrometric means. The
CA mass spectrum depicted in Figure 5 is more or less
identical with that of formiate anions 5~ (Chart 2) indepen-
dently generated by NICI of formic acid with N,O. How-
ever, there may well exist other [C,H,O,]” isomers, which
might lead to these CA mass spectral findings as well. In
particular, hydroxy acyl anion 6~ represenls a potential
candidate, which upon H" loss may give rise to a bent
CO3" anion radical as well. In addition, the weak OH™
signal in the CA mass spectrum of [2 — H,]™ ions can be
easily rationalized to be generated from this isomer by sim-
ple C—0O bond cleavage. Therefore, we studied the
[C,H,0,]  potential-energy surface theoretically*%),

Figure 5. CA mass spectrum of {C,H,0,]” anions generated in the
ion source from a mixture of methyl hydroperoxide and N,O

co;’

miz —

Formiate ions 5~ represent the most stable [C,H,0;]”
isomer (AHy = —111.0 kcal/mol, Table 3) on the [C,H,0;]”
potential-cnergy surface (Figure 6). Several other connec-
tivities for the [C,H,0,]” species 6~ =9~ (Chart 2) have
been found to correspond to local minima (Chart 2). The
high energy isomers 7~ and 8, which bear a cis- or trans-
HCOO™ structure, are connected with deprotonated dioxir-
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ane 9~ via the transition structures TS7/9~ and TS8/9~ re-
spectively. These species are far above any energetic limits
and do not play any role in the unimolecular decay of
CH,00 . However, 6~ (AH; = —73.3 kcal/mol) and the
transition structure TS5/6 ~ (AH; = —46.0 kcal/mol) for the
isomerization 5~ -—» 6~ are below the thermochemical
threshold. Furthermore, the exit channel of lowest energy
demand accessible [rom formiate 5~ corresponds to the for-
mation of H™ 4+ CO,. Due to mass discrimikation effects,
it is not visible in the mass spectrum. In addition, this pro-
cess may be hampercd by a significant barrier. Thus, upon
collisional activation, 5~ can either decompose to H™ +
CO5 " or rearrange via TS5/6~. This barrier is located ca.
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Figure 6. [C,H,0,]” potential-energy surface calculated at the BECKR3LYP/6-311++G** level of theory (AH; values in keal/mol)

TS6/7™

-111.0
5-

14 kcal/mol below the H* + CO3 " exit channel. In con-
clusion, formiate generated either from 2~ by loss of H, or
by NICI of formic acid can undergo collision-induced loss
of H" due to the favorable energetics, while some amount
of C—O bond cleavage is visible as well. As high energy
collisions increase the internal energy of the ions, a minor
part of 5~ ions can also rearrange to 6, which then gives
rise to the weak OH™ signal in the CA mass spectrum of
formiate.

Table 3. Calculated total cnergies (Ei,.), zero-point vibrational

energies (ZPVE), and calculated as well as experimental heats of
formation (AHy) of [C,H,0,]™ isomers and relevant fragmentation

reactions
Eyg lal ZPVE AHp(P] AHg el
(bartree) (hartree)  (kcal/mol) (kcal/mol)

HCOy™ 5 ~189.253105 0.019876 -111.0 -111.0
HOCO™ 6 —-189.193596 0.018686 -733
¢issHCQO™ 7 -189.042192 0.017050 21.4
rans-HCOO™ 8§~ —189.033532 0.016980 26.8
cye-HCO; ™ 9 ~185.021044 0.016952 34.6
TS5/6” ~189.149526 0.013841 -46.0
TS6/6~ ~189.158095 0.014490 -51.4
TS6/T —189.011902 0.013159 40.4
T87/9~ —188.999141 0.015290 48.4
TS8/9 -188.986352 0.014213 56.4
CO+0H —189.162928 0.013571 -54.4 ~59.2
H + COy - —-189.127136 0.008332 -32.0
HCO +0™° —189.027391 0.012954 30.6 36.6
HCO™ + 3() —188.983823 0.009923 58.0 56.1

[2l Total energies based on BECKEILYP/6-3114+G** optimized
structures including ZPVE corrections (unscaled). — ] Calculated
on the basis of literature data for the formiate anion 5-. — ! Ex-
perimental data have been taken from ref. (13!,

Finally let us discuss the transition structures TS2/3~
(Chart 1) and TS6/7~ (Chart 2) with respect to the oxenoid
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TS8/19™ — 43
HCO™ +
56.4 °

58.0

TS7/9™
48.4

Threshold for
formation of
CH;00" + e~

character of alkylperoxy anions. In both processes 27 — 3~
and 6 — 7 an oxygen atom is formally inserted into a
C—H bond. One might assume that these reactions are due
to the oxenoid character, since oxenoid oxygen atoms
should give rise to bond insertion as is observed for car-
benes as well. However, this does not hold true for TS2/3~
and TS6/7 . Instead, the population analyses suggest that
in both cases the major part of the negative charge is lo-
cated on the moving oxygen atoms, which then deprotonate
the hydrogen carbon bond. This results in formation of
OH™, which form new bonds to the etectrophilic carbon
centers to yield 37 and 7. In conclusion, there is no indi-
cation for the oxenoid character in the metastable and colli-
sion induced fragmentations of bare methyl peroxy anions.

The Gas-Phase Chemistry of +-C;HyOO~ Anions

In order to proceed towards a more suilable model for
the (-C4HyOOLI),Li" complexes, we examined the com-
pletely a-methylated anion 10~ (+-C,HoOO ") and its fully
deuterated isotopologue 10a~". The MI and CA mass spec-
tra are given in Figure 7. In the MI mass spectrum, HOO™
(mlz = 33) corresponds to the base peak, indicating an in-
tact peroxidic structure; upon deuteration this signal is
shifted to m/z = 34 for DOO™. Most likely, isobutene is
formed as neutral counterpart via a 1,2-elimination of
HOO™. Upon collisional activation a minor peak for O;"
becomes visible, but HOO ~ formation continues to be the
most abundant process. Two small signals at m/z = 71 and
mlz = 73 correspond to the expulsions of water and meth-
ane. As methane is isobaric with atomic oxygen, one might
assume that the signal at m/z = 73 belongs to oxygen losses
and formation of -C4HeO~ anions. However, in the MI
mass spectrum of 10a™ no signal corresponding to oxygen
atom losses is found at all. Thus, as already stated for the
CH;00™ system, t-C4HoOO™ anions also do not reveal
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Figure 7. (a) MI and (b) CA mass spectra of +-C,HyOO ™ anions
10~

(@ HOO™
C.H,O™ CiH0,”
A.j_._—ﬂ
miz ———>
® HOO ]
0y’ CH; 07 CyH0,”
N )
m/z ———>

any indication for their oxenoid character as far as their
unimolecular gas-phasc chemistry is concerned.

Thermal Decomposition of the r-C,H,OOLi Dodecamer

Let us now return to the EI mass spectrum of (1),, (Fig-
ure 1). For comparison, lithium ferf-butanolate has been
characterized similarly by electron ionization (Figure §). In
agreement with earlier studiesP® on -C,HyOLi and alkali
halogenides and the EI mass spectrum of (1)1, (¢
C4HoOLi), Li* cluster ions are formed from ?-C4HoOLi
(x = 1-7)3U The (+-C,HyOLi)sLi* pentamers represent
the most abundant cluster ions in Figure 8. Their major
decomposition reaction corresponds to the loss of (s-
C;HoOLi); dimers*. In close analogy, abundant penta-
meric (z-C4HgOLI),,(¢-C,HyOOLI), Li* (m + n = 5) are
also formed from (1);5.

Figure 8. EI (70 eV) mass spectrum of -C,HyOLi at a probe tem-
perature of ca. 150°C; the mass range of m/z == 420—600 is ampli-
fied by a factor of ten

(t-CHgOLisLi"
mz 407

(t-C,H,0Li,Li" (t-CHOLi)Li"
miz 247 miz 487

l !

(t-C H, 0L {t-C,HOLi),Li"
miz 87 m/z 567
(¢-CH,OLi),Li" {t-C H,OLij, Li"
miz 167 miz 327 x10 x10
L n A 1 4 i d l 1 Lads g .i.
miz——»
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As far as the formal oxygen-atom losses from (1), are
concerned, the clemental composition has been examined
for several clusters by analysis of the isotope distributions.
Assuming natural isotope abundances, the distributions can
be easily calculated and compared to the measured ones.
Figure 9 displays the results for the (#-C4HoOLi)s-
(1-C4H,OOLI)Li* (Figure 9a) and (-C4HoOLi)sLi™ (Fig-
ure 9b) cluster ions. Indeed, the isotope patterns are those
expected for consecutive losses of 4 and 5 oxygen atoms
from (+-C,HyOLi)sLi™, respectively, rather than those cal-
culated for consecutive losses of methane from the penla-
meric cluster.

Figure 9. Isotope distribution in {a) (+-C,HyOLi),(+-C4HyOOLILi*
(m/z = 423) and (b) (+-C4HgOLi)sLi" (m/z = 407) cluster ions as
measured by scanning B(1); the bold-line spectra give the isotope
distributions calculated on the basis of natural isotope abundances

@

) J\|M

Nevertheless, with regard to the origin of the signals cor-
responding to formal oxygen atom losses, several arguments
are not in line with the operation of such a process in the
gas phase: (1) The CH;00™ and -C4;HyOO™ model systems
do not reveal any indication in favor of an oxenoid reactiv-
ity.

(ii) During the measurements of (1);,, an exothermic,
self-accelerating rection seems to occur in the solid sample
of (1), at temperatures of more than 130°C. Signal inten-
sities and ion source pressure increase abruptly and last for
several minutes, until the sample is consumed. Sometimes
even a sudden decomposition of the solid has been ob-
served.

(i) As mentioned above, thermochemistry disfavors loss
of atomic oxygen, because this is a highly endothermic reac-
tion. It is, for example, not plausible to assume five con-

1
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secutive oxygen atom expulsions for the pentameric (r-
C4HgOOLi)sLi™ cluster, since each of them has an energy
demand of at least ca. 50 kcal/mol. This would request an
excess energy of more than 250 kcal/mol that had to be
stored in a loosely bound cluster ion.

(iv) One might argue that complexation by lithium cat-
ions favors oxygen atom losscs. This, however, would only
be the case, if the -C4HyO—Li bond dissociation energy
was much larger as compared to that of the +-C,H,O0—Li
bond. However, consideration of the model reactions (1)
and (2) lead to comparable bond dissociation energies of
176.9 and 179.4 kcal/mol, such that we conclude that the
metal ion does not influence much the thermochemistry of
the oxygen loss.

CH;00Li — CH;00~ + Li* (1)

CH;OLi — CH,0~ + Li* 2

(v) Unfortunately, the ion intensity ol pentameric (z-
C4Hy00Li);Li* was too low for performing MI or CA
experiments, but we succeeded in recording a CA mass
spectrum of (-C;HgOLI); _(1-C4;HgOOLI),Li* cluster ions
(Figure 10). This cluster still contains two peroxidic subun-
its, and one would expect that oxygen atom losses should
be visible at Jeast upon collisional activation. Instead, these
ions exhibit losses of neutral (+-C4,HoOL1i), and (¢-C4HoO-
Li)(z-C,H,OOLi) dimers, which agrees with the findings for
the lithium zer¢-butanolate clusters (see above)?). The loss
of a (+-C4HyOOLi), unit is expected to be present in the
spectrum as well, but it does not exceed the signal-to-
noise ratio.

Figure 10. CA mass speetrum of (¢-C,HgOLi)(r-CHoOLi),Li"

cluster ions (mfz = 439); notc that sequential losses of oxygen

atoms do not occur even upon collisional activation; it is not clear,

whether the signal at m/z = 327 is an artifact or corresponds to
the loss of CgHje. i.€. two butene units

(£-C,HgOLi)(-C4Hy00Li), LI
m/z 279

M- CH.l*?
{-CHgOLi),(-C H,O0L)LI* miz 327

m/z 263 /

_—

miz —

Thesc overwhelming arguments rule oul the possibility
of oxygen-atom losses occuring in the gas phase. Thus, the
observed cluster ions must be due to thermal decompo-
sition of the solid and the question arises, what kind of
mechanism is operative, As one is dealing with thermal acti-
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vation, it is plausible to assume that molecular oxygen is
generated instead of oxygen atoms. The analogy to car-
benoids provides an idea about the mechanistic course of
the reaction: It is known**! that two LiCH,F molecules di-
merize in ether solvents even at —100°C to ethene and 2
LiF, most probable via nucleophilic attack of one of the
reaction partners on the carbenoid carbon atom of the
other (Scheme 3a). Scheme 3b depicts an analogous mech-
anism for fert-butyl peroxy lithium 1 in the solid state. With
lithium rert-butanolate as leaving group, in the first step
one of the +C;HyOOLi molecules reacts with the oxenoid
oxygen of the other. Formally, this process leads o an inter-
mediate tert-butyl trioxylithium 11P4, which is expected to
easily decompose to singlet dioxygen and a second lithium
tert-butanolate. Indeed, the formation of singlet dioxygen
has been observed for the reaction of Ti(Or-C4Hg), with
t-C4HyOOH, in which alkylperoxo titanium species are

proposed as intermediates’).
Schemc 3
® H H
bion + no™ U % H.C=CH
2 L0 -LIF FoLuF : :
F HH
Li. Ad
., 9 ——» L Oy —— 9=0
0 OX - +C,H,OLi - +C,HOU
1 1 1

The proposed mechanism is in agreement with thermo-
chemical considerations and calculations. As mentioned
above, the model reaction HOO~ — HO~ + 'O is endo-
thermic by ca. 94 kcal/mol. Instead, formation of 10, from
2 HOO™ is essentially thermoneutral. The heat of reaction
for 2 HOO™ — 2 HO™ + 'O, amounts to 1.4 kcal/mol®®,
These values can quite accurately be reproduced by calcu-
lations (Table 4), which result in AH, = 91.2 and AH, =
—2.1 kcal/mol, respectively. The lithium ion in LiOOH does
indeed support both the loss of oxygen atoms as well as the
generation of molecular oxygen by some kcal/mol (Table 4).
For the reaction LIOOH — LiOH + 'O a heat of reaction
of AH, = 84.1 kcal/mol has been calculated, which is lower
than that of the bare anions by ca. 7 kcal/mol. Instead, the
dimerization 2 LIOOH — 2 LiOH + 'O, is exothermic with
AH, = —16.3 kcal/mol instead of —2.1 kcal/mol for the
HOO™ system. Similarly, the loss of a singlel oxygen atom
from CH;OOLi is endothermic by 89.7 kcal/mol, while the
calculated heat of formation for the generation of '0, is
AH, = —5.2 kcal/mol rendering the dimerization slightly
exothermic. In contrast, the analogous dimerization of 2
H,C(F)Li to ethylene and 2 LiF has been calculated to be
much more exothermic (AH, = —98 kcal/mol®”), while the
reaction H,C(F)Li — CH, + LiF has an endothermicity of
AH, = 49.3 kcal/mol. This accounts well for the experimen-
tal finding that H,C(F)Li cannot be isolated down (o tem-
peratures as low as —100°CP3, while (1), does not decom-
pose below a temperature of ca. 130°C.
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Table 4. Calculated total energies (E,,.;), zero-point vibrational
energies (ZPVE), and calculated relative cnergies for the oxygen
atom and oxygen molecule losses from LiOOH and CH;00Li

Eior [a] ZPVE Frel [b] Erel(Lit-) le]
(hartree) (bartree)  (keal/mol)  (kcal/mol)
HOO™ —150.982563  0.012912 0.0 0.0
oH +70 -150.908798  0.008530 463 49.1
on +'od 91.2 94.0
2100™ —301.965126  0.025824 0.0 0.0
200 +°0; -302,004529  0.020779 247 -21.0
201+ 10, [ -2.1 1.6
LiOOH ~158.556571  0.016947 0.0
LiOH +°0 158494111 0.013107 392
LiOH+ 'o(d 84.1
2 LiOOH 317113142 0.033894 0.0
2 LiOH + 0, 317175155 0.026214 389
2 LiOH + 10, [d] -163
CH;00Li ~197.844290  0.044911 0.0
CH;0Li + %0 ~197.772957  0.040977 44.8
Cli;0Li + 'O [l 89.7
2 CH300Li -395.688580  0.089822 0.0
2 CH30Li + 20, -395.732847  0.085673 278
2 CH;0Li+ !0y [ 52

a1 Total energies based on BRCKR3LYP/6-311++G** optimized
structures including ZPVE corrections (unscaled), — ™ Energies
relative to the corresponding peroxidic specics. — © Litcrature data
has been taken from re[['"] — 9 Since Becke3LYP calculations
are problematic with the excited singlet states of oxygen atoms and
molecules, the excitation energy of 1.967 ¢V and (.98 eV relative
to the triplet ground stales have been added to the calculated encer-
gies for the triplet species; for data, see ref 2l

Conclusions

The fragmentation mechanisms of methyl- and terz-butyl-
peroxy anions in the gas phase can consistently be described
by experiment and theory using the DFT/HF approach.
Thus, within the energetic limit imposed by the electron af-
finity, methyl peroxy anion can rearrange to the energet-
ically much more stable HOCH,O ™~ isomer. Due to cleavage
of the peroxidic O—O bond, the latter ion 1s formed with
ca. 96 kcal/mol of excess energy stored as rovibrational exci-
tation. Similar eflects have been found to influence the reac-
tivity for a series of peroxidic species including cationrad-
icalsP®l protonated peroxides®”, and transition-metal
complexes of peroxidest?l. Nevertheless, a particular ox-
enoid character of peroxy anions is not revealed in their
unimolecular chemistry. Consequently, this feature is not an
intrinsic property of alkyl peroxy anions and lithiated alkyl
hydroperoxides; rather the presence of appropriate reaclion
partners plays a pivotal role.

These results can be transferred to the thermal decompo-
sition of the +-C4HoOOLi cluster (1);5. Thus, formal oxygen
atom loss does not occur in the gas phase; rather, in the
solid each peroxy anion rcacts with a second one to liberate,
most likely, singlet oxygen via a trioxy intermediate. Evap-
oration of the remaining mixture of #C4HqOLi and #-
C,H,OO0L1 accounts for the mixed cluster 1ons observed in
the mass spectra of (1);2. Thus, while a single peroxy unit
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does not behave like an oxenoid, the thermal decomposition
of (1), stresses the analogy between carbenoids and lithi-
ated alkyl hydroperoxides®¥. Further studies dealing with
the liberation of singlet dioxygen from ionic peroxides and
the distinctly different thermochemistry of carbenoids and
oxenoids are in progress.

We are grateful to Jeremy Harvey, Ph. D, for helpful comments
and thank the Deutsche Forschungsgemeinscahft (SFB 260, SPP
Peroxidchemie) and the Fonds der Chemischen Industrie for finan-
cial support.

Experimental Section

The experiments were performed using a modificd VG ZAB/HF/
AMD four-sector mass spectrometer of BEBE configuration (B
stands for magnctic and E for electric sector) which has been de-
scribed in detail previously™t. Briefly, for the generation of the
CH;00™ and +-C4HyOO0 anions and their deuterated analogues,
mixtures of N,O and the hydroperoxides were ionized by negative
ion chemical ionization (NTCH!*? in a chemical ionization source
(repeller voltage ca. —0 V) with a beam of electrons having 50—100
¢V kinetic cnergy. Note that a metal-free inlet system is necessary
to reduce decomposition of the peroxides! . The ions of interest
were accelerated to 8 keV translational energy and mass-selected
by means of B(1) at a mass resolution of ca. m/Am = 2000; isobaric
impurities have not been obscrved. Unimolecular fragmentations
of metastablc ions (MI) occurring in the field-free region preceding
E(1) werc recorded by scanning this sector. For collisional acti-
vation (CA) experiments the ions were collided with helium in the
same ficld-free region (80% transmission, T)!'%, In order to exclude
artifactst*?, (hese experiments were repeated in the field-free region
between E(1) and B(2), resulting in mass spectra of poorer quality,
which, however, are in satisfying agreement with those obtained
with E(1). HCO7 (DCO57) anions generated in the ions source by
either loss of molecular hydrogen from CH;00~ (CD;007) or by
NICI of formic acid were analogously characterized by their CA
mass spectra.

For EI mass spectra (70 eV electron energy, repeller voltage ca.
30 V), a small sample of (1), was introduced via the heatable direct
inlet system. The probe tip was healed very slowly Lo ca. 140°C,
while the instrument was scanning. At ca. 130—135°C decompo-
sition of the solid gives rise to sufficiently high ion currents of olig-
omeric ions (t-C4HoOLi),(+-C4Hy,OOLI), Li* (Figure 1) during a
period of max. 5 minutes. This period was long enough for re-
cording CA mass spectra (see above) of some of the most intense
oligomers, which contained at least one peroxide subunit. In order
to determine the exact elemental composition, B(1) scans were car-
ried out to measure the isotope distribution.

The syntheses of methyl and [Ds;]methy] hydroperoxides from di-
methyl sulfate ([Dg]dimethyl sulfate) and aqueous hydrogen per-
oxide (10%) has been described carlier™®). Unlabeled rert-butyl
hydroperoxide was commercially available (70% aqucous solution)
and used after purification (extraction with diethyl ether and re-
moval of the solvent in vacuo). [Dy]tert-butyl hydroperoxide has
been synthesized from |Dy]ters-butyl chloride and H,O» using silver
trifluoroacetate as coupling agent™3. The synthetic procedure for
(1),> has been described earlier!'®l. All substances were purified by
well established laboratory procedures and identified by 'H-NMR-
speclroscopic and mass-spectrometric means.

Computational Details: All calculations were carried out with the
Breke3LYP DFT/HF hybrid method as implemented in the.
GAUSSIAN 94 program ¢ ysing the BECKE3 paramcter fit for ato-
mization energies and the G2 set™¥” for the ionization energies of
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small moleculcs. The 6-311++G** basis set™*¥] was used for a pro-
per description of anions?2. The results obtained with the BECKE3-
LYP method were compared to MP2 calculations with the same
basis set applied and turned out to describe the electron affinities
much better. For example, Q- is predicted to have a negative elec-
tron affinity of ca. —0.5 kcal/mol with MP2, whilc the BECKE3LYP
calculation results in +14 kcal/mol (experimental value: +10.4
kcal/mol)3. Geometry optimizations were performed by using
gradient procedures. Vibrational frequencies were calculated in or-
der to characterize stationary points as minima (no imaginary fre-
quency) or transition structures (one imaginary frequency) and to
account for zero-point vibrational energy (ZPVE) corrections. The
ZPVE values reported in this study have not been scaled, since the
scaling factors are close to unity for the BEcke3LYP method ¥, Tt
is expected that this computational approach provides an accuracy
of ca. +5 kcal/molPY, If it was not obvious which minima are con-
nected by a certain transition structure, the reaction path has been
followed in Intrinsic Reaction Coordinate (IRC) calculations®¥ at
the same level of theory.

Appendix

For the sake of clarity, we reduced the calculated geo-
metrical data presented in the Charts to the important [ea-
tures of the ion structures. Here, the complete set of data is
given (bond lengths in A, bond angles in °). Numbers of
atoms are used as shown in the Charts.

CH300", 2" C, symmetry; r(Q0) = 1.318; HCO') = 1.450; r(CH!) = 1.089;
ACHY) = 1.090; £«CO'0% = 111.7; £HICO! = 105.3; £H?CO! = 109.0;
«HcH? = 111.2; 2H2CH? = 110.8; «H!CO'0? = 180.0; LH2CO!0% = 60.6.

CH3007, 2: C symmetry; #(00) = 1.479; r(COl) = 1.386; r(CHl) = 1.104;
HCHY) = 1.104; 2CO'0? = 105.2; «H!CO! = 107.6; £H%CO! = 111.5;
HICH? = 109.3; ZHACHS = 107.4; «H'CO'0? = 180.0; LZHCO'0? = 60.1.

HOCH,0", 3~: C, symmetry; r(OC) = 1.321; #(CO?) = 1.594; r(CH!) = 1.139,
HOM?) = 1.002; 20'C0? = 11L.5; #H'CO! = 1187, HICO? =100.7;
ZHICH? = 103,8; 2COPH? = 93.3; ~H!COH? = 0.0; ~0O'CO™H3 = 126.7.

CH,0(H)0™, 4~ C; symmetry; r(0O0) = 1.540; (CO') = 1.497; HCH") = 1.102;
rCHY) = 1.103; fO'H?) = 0960; £CO'0? = 1:82; sH'CO! = 101.5;
ZH2CO! = 105.6; «HICH? = 110.5; 2CO'H? = 111.8; «H°0'0? = 95.8;
2B1col0? = —155.8; H2C0'0O? = 88.8; «HICOH? = 94.4; ,H2CO'H>
=-209.

TS2/2: C, symmetry; r(00) = 1.531; HCO) = 1.675; r(CH') = 1.090; r(CH®) =
1.133; 2000 = 62.8; 20'CO? = 54.4: LH!CO! = 104.4; ~H2CO! = 92.6;
<H'CH? = 107.3; «<H2CH® = 101.9; /H'C0'0% = 97.7; £H?CO' 0% = -153.6.

TS2/3~: C symmetry; r(OO) = 1.523; /(CO) = 1.423; CH") = 1.105; HCH?) =
1.422; r(H?0) = 1.239; ,CO'0* =96.3; 20'0°H> = 77.3; LO°H3C = 111.1;
<HCO! = 753; H!cO! = 111.0; H!CH? = 1214; <HICH? = 110.3;
H'colo? = 118.5; «H!CH?0? =~106.0; £CO'O*H3 = 0.0.

TS2/4™: ¢y symmetry; r(00) = 1.468; r(CO') = 1.618; r(CH') = 1,091; r(CHE =
1.096; r(CH% = 1.354; r(O'H% = 1.115; 2CO'0% = 113.5; «H!CO' = 102.5;
MECO! = 105.1; HICH? = 110.7; HlcH? = 112y 2i%cH? = 131
<CO'H? = 558; «HCO! = 42.9; «CH?0 = 312; «H0'0? = 1164;
/H'CO'0? = 2.1; LHECO!0? = -117.9; HICO'W = -109.1; LHICO'H?

=1352.
TS3/3~: Cpy symmetry; {O'C) = 1.406; r(CHY = 1.117; #(O'H3) = 1.259;
20'CO? = 99.3; LCOMP = 72.1; «O'H?O? = 116.6; <H!CO! = 112.5;

sHICH? = 107.5; £#H!CO'H3 = 119.2; £0'CO*H3 = 0.0.
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TS3™: €| symmetry; r(COY) = 1219; r(CO%) = 1.406; r(CH") = 1.094; HCH?) =
2.011; H(OM) = 0.974; H112H) = 1.857; £0'CO? = 120.3; 4H'CO! = 122.2;
SHlCo? = 1127, 200! = 1200; «H'CH? = 820; £H*CO? = 87.9;
ZCOPHB = 99.8; ,OPHPH? = 1184; ZHPHC = 56.7; LCO*H’H? = -13.5;
CHICOMD = -67.0; <HICH2H? = 105.0; 20'COH? = 1374; £OlCH?H?
=-1324.

HCOOH: C, symmetry; CO") = 1.192; r(CO%) = 1354; n(CH") = 1.105;

~(OPH?) = 0.966; <H!CO' = 124.0; £H!CO? = 113.5; £0'CO? = 122.5;
£CO?H2 = 109.8; ~H'COH? = 0.0; £0'CO?H? = 180.0.

cyc-CH07: Coy symmetry; r(O0) = 1.501; »(CO) = 1.388; r(CH) = 1.090;

201C0? = 65.4; ~CO'0* = 57.3; «HICO! = 116.2; <H'CH? = 116.8;
sH'colo? =108 4.

HCO3, 57 Cay symmetry; r(CO) = 1.284; r(CH) =
£0CO = 130.8; ZHCOO = 180.0.

HOCO, 6~ C; symmetry; KCO%) = 1.208; r(CO') = 1.525; r(HO') = 0.963;
£0'CO% = 111.0; £HOC = 101.2; ~HO'CO? = 130.0.

1.151; ZHCO = 114.6;

¢is-HCOO™, 7~: Cs symmetry, r(HC) = 1.125; r(COl) = 1.260; r(00) = 1.478;

ZHCO! = 107.2; 200'0% = 120.4; ZHCO'0? = 0.0.

trans-HCOO™, 8™ C; symmetry, r(HC) = 1.170; r(COl) =1.328; r(00) = 1.529;

ZHCO! = 100.7; 2CO'0? = 114.7; ZHCO'0? = 180.0.

cyc-HCO3z, 97 C, symmetry, r(HC) = 1.130; A(CO) = 1.478; r(00) = 1.480;
ZHCO! = 102.8; 2C0'0? = 60.0; 20'C0? = 60.0; LZHCO'0% = 97.6.

T85/6™: Cg symmetry; r(col) = 1.375; r(CO2) =1.221; r(OlH) =1.217; HCH) =
1.288; «0lCO? = 123.8; LHCO! = 54.2; £«CO'H = 59.2; LO'HC = 66.6;
ZHCO? = 178.0; zHO'CO? = 180.0.

TS6/6™: Cpy symmetry; r(CO) = 1.317; r(OH) = 1.298; £HOC = 75.4; «OHO =

105.6; £0CO = 103.5; £ZHOCO = 0.0,

TS6/7": Cg symmetry; r(COl) = 1.190; (O0) = 2.014; r(CH) = 1.191; r(OZH) =

1:796; ~HCO! =104.8; 2CO'0? = 92.4; 20'0H = 59.0; £O’HC = 103.9
£HCO'0? = 0.0.

TS7/9: C; symmetry; r(HC) = 1.128; r(CO") = 1.328; r(Q0) = 1.519; HCO?) =

1.969: ZHCO! = 106.8; 2CO10? = 87.3; LHCO!0? = -62.3.

TS8/9™: C| symmetry; 7(HC) = 1.167; r(COY) = 1.345; r(00) = 1.502; (CO?) =

1.986; £HCO! = 103.6; 2C0'0? = 88 3; £HCO'0? = -121.2.
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