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ABSTRACT

OXYGEN ABSTRACTION
A NEW TYPE OF CARBENE REACTIVITY AND A NEW METHOD TO
GENERATE STABLE CARBENE

By

Dalila G. Kovacs

A new type of carbene reaction was investigated here, oxygen abstraction by
carbenes. Reactions of three different type of carbene, with suitable oxygen donors were
studied. For methylene, :CHj (triplet ground state), fluorenylidene, Fl: (triplet ground
state but rapidly equilibrating to singlet state), and phenylchlorocarbene, PCC: (singlet
ground state) experimental and computational tools were employed to demonstrate the
carbene ability to abstract oxygen atom and to get some insight into the mechanistic
aspects of this new type of reaction.

This new type of carbenes chemistry was experimentally proved, by isotope
labeling and products detection and analysis. Rates for some of the investigate reactions
of oxygen abstraction reaction were measured. Aspects of the mechanism were revealed
by qualitative Laser Flash Photolysis studies and theoretical calculations. A different
approach toward synthesis of stable carbene by carbodiimide cyclization reaction proved
to be ineffective toward carbene synthesis but a reach subject for mechanistic point of

view.
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1.1 Introduction

Atom abstraction is one of the typical reactions of carbenes. The most familiar
cases involve abstraction of hydrogen or chlorine atoms. In the last decade, a new type of
atom transfer has been investigated, mainly as a result of Scaiano's work! concerning
reactions of triplet diphenylcarbene with nitroxides. More recent work has described
oxygen and sulfur atom abstraction from oxiranes and thiiranes.

The idea of generating stable carbenes by oxygen abstraction reactions from
carbonyl compounds is the focus of the work presented here. The driving force for such a
reaction should be the formation of a thermodynamically stable species as in the
abstraction of a divalent heteroatom such as oxygen or sulfur, bonded by two single ¢

bonds or by a double (o + ) bond.

1.2 Atom abstraction reactions in carbene chemistry
1.2.1 Monovalent atom abstraction: Hydrogen and Chlorine

Carbenes commonly abstract univalent atoms, such as hydrogen and chlorine, to
yield radical pairs.2 The spin state of the reacting carbene plays a determinant role. It is
commonly accepted that a carbene in its triplet state can abstract hydrogen atoms while
the singlet state abstracts chlorine atoms.3 An early noted exception to this rule is
methylene. Both singlet and triplet methylene may abstract chlorine from suitable donors.
Roth et al. studied the chlorine atom abstraction from chloroform, using CIDNP, for
several types of carbenes (Figure 1.2)

r_ gt cHop B ..Cl HH -
R

Rl _CHCb g, . e H, Ll
E H=—Cl + H=( [ o

Figure 1.1 Hydrogen and Chlorine atom abstraction
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The carbene can form either a singlet or a triplet radical pair depending on the its initial
spin state.

Laser flash photolysis (LFP) studies* of chlorine atom abstraction by
diphenylcarbene, well established triplet ground state, and singlet ground state
phenylchlorocarbene, PCC:, known to be singlet in its ground state, reveal that both
triplet and singlet states may abstract chlorine from a C-Cl bond.5 The rate of chlorine
abstraction by the triplet state of diphenylcarbene is one order of magnitude faster than
the corresponding reaction of singlet PCC:. These studies indicate a transition state with
a considerable amount of carbene-chlorine bond formation and charge development, and
the experimental results® do not support the intervention of a chloronium ylide in the
reaction of phenylchlorocarbene with halomethanes.

1.2.2 Oxygen and sulfur: divalent atom abstraction

Transfer of a divalent atom, e.g. oxygen or sulfur, to make a closed-shell 7t-
bonded species such as carbonyl compounds, is rare. Only a few donors—
dimethylsulfoxide, nitroxides, amine oxides, O2, oxiranes, and thiiranes—have been
mentioned in the literature.
1.2.2.1 Dimethylsulfoxide

In 1967 Hayashi et al. reported the oxidation of some carbenes by
dimethylsulfoxide.” The authors proposed an ylide intermediate which decomposes to
dimethylsulfide and the corresponding carbonyl compound derived from the starting
Carbene. The yield of the carbonyl compound drops rapidly with time, and the authors
Suggested further reaction of the produced carbonyl compound with the methylsulfinyl
Carbanion.
1.2.2.2 Organonitrogen oxides

In 1963 Schweitzer8 et al. reported the deoxygenation of pyridine-N-oxide (PNO)
by dichloromethylene. They also investigated the reaction of 9-diazofluorene (DAF) with

PNO in refluxing benzene; 50% of the yield was fluorenone and 35% fluorene-azine.
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These results suggested an ylide intermediate which decomposes to give fluorenone,
FI=0.

In 1984, Scaiano et al. investigated the reaction of nitroxides with triplet
diphenylcarbene, and found that oxygen atom transfer leads to quantitative yields of
benzophenone!. For 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxide the triplet carbene

deoxygenates the nitroxide instead of inserting into the O-H bond.

o CH3CN
k=28x108M"s!
el < + (Pn)2CO
-O-N chact 23_@“(%)2
9 19x1o’M st

Figure 1.2 Oxygen transfer from nitroxides to diphenyl carbene

Oxygen abstraction is spin allowed, and over 100 kcal/mol exothermic; the attack at the
nitroxide center competes successfully with insertion in O-H bond which is usually
considered to be a singlet carbene reaction.

In 1988 Schuster et al. found that anthronylidene (AN) reacts with PNO to yield

92% anthraquinone.® The reaction is assumed to occur through the singlet 1AN.

O30 - me > +

Figure 1.3 Oxygen transfer from nitroxides to anthronylidene

The experiments suggested that in the absence of a good trapping reagent, 3AN converts

to 1AN which can abstract oxygen from PNO.
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1.2.2.3 Oxygen (O3)
Interest in the reaction of carbenes with molecular oxygen gained popularity due
to the general interest in ozone chemistry. Carbenes react with O3 to form carbonyl

oxides, familiar as the Criegee intermediates involved in alkene ozonolysis.

® e O
R2C-0—0 LY
Criegee intermediate Dioxirane

Figure 1.4 Criegee intermediates and dioxiranes

The dioxiranes,!0 isomers of the Criegee intermediates, were studied while mapping out
the carbene-O; chemistry. The formation of such intermediates, detected by matrix
isolation techniques, clearly showed the range of possible carbene reactions with
molecular oxygen as well as revealing the novel chemistry of carbonyl oxides and
dioxiranes.

In comparison with the previous study? 3AN is oxidized by molecular oxygen at
a diffusion controlled rate, two orders of magnitude faster than oxidation of the same
carbene by PNO. In general, triplet carbenes react with O2 at or near diffusion control,
whereas carbenes with singlet ground states react much more slowly or not at all. The
presence of products from the reaction with molecular oxygen is usually taken as strong
evidence for triplet state trapping in a given process.
1.2.2.4 Oxiranes and Thiiranes

Fluorenylidene (FI:) abstracts oxygen from cis- and trans-2-butene oxide,!! to
Yyield the corresponding alkene. The experimental results indicate that singlet state is
responsible for this process. The reaction is faster than formation of the known FI:-
acetonitrile ylide in acetonitrile solvent, but slower than insertion into the O-H bond of

methanol.
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Figure 1.5 Oxygen transfer from oxiranes to carbenes

The yields depend on the nature of the oxirane and, from the above cited work,
are: cis-epoxybutane 60%, trans-epoxybutane 50%, styrene oxide 50% and cyclohexene
oxide 30%. An earlier estimate of the rates !2 was confirmed by recent direct
measurements by means of LFP. 13 Warkentin et al. give rate constants for oxygen
abstraction by several carbenes from oxiranes and thiiranes. For the wide range of
carbenes studied, rate constants from 104 to 1010 M-1s-! were found. Oxygen or sulfur
abstraction appears to obey a linear free energy relationship with respect to the carbene
philicity parameter mcxy!4 with higher reactivity for electrophilic carbenes, lower for
ambiphilic ones and the lowest reactivity for the nucleophilic carbenes such as
dimethoxycarbene. By comparison, the corresponding rate constants for oxygen

abstraction from PNO exceed 109 M-1s-1,

1.3. Oxygen abstraction by atomic Carbon as a model for the reactivity of carbenes.
Atomic carbon is, by itself, one of the most fascinating intermediates encountered
in chemistry due to its high energy and its particularly interesting electronic
configuration. Of the fifteen possible electronic states, the triplet ground state C(P) and
the two low-lying excited metastable singlet states C(lD) and C(IS) are thought to be
involved in most of its reactions. Despite the energy differences among these three states
(~30 kcal/mol) all three have to be considered as possible reacting species. Presented in
Figure 1.6 is a schematic representation of the electronic structure of these three states,

and their heat of formation.
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Figure 1.6 The first three electronic states of atomic carbon
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As with carbenes, carbon atom chemistry presents chemists with the problem of
finding which of the reactive states of the carbon atom is responsible for certain reactions.

Knowledge of the electronic state of the reacting partner and the product(s) are
useful for interpreting the results. To probe for the involvement of the triplet ground state
C(3P), molecular oxygen is often added to the system and its influence on the overall and
particular yields is used as an indication of the participation of the triplet state in the
reaction. Molecular O3 is used as a scavenger for C(3P). The reaction is governed by the
spin conservation rule which states the interaction of triplet carbon with triplet oxygen
molecule. The same rule applies in carbene reactivity studies, where the reaction with
molecular oxygen is a probe for the presence of the triplet state of the carbene in the
given reaction under study.

A general trend from the experimental information available to date is that the
most reactive species seems to be the singlet 1D, followed by the triplet 3P and the less
reactive singlet 1S. In this respect the chemistry of atomic carbon parallels the chemistry
of carbenes in which the reaction rates of singlet species are generally higher than the
corresponding rates of the analogous triplet states of a particular carbene.

Atomic carbon maybe generated from diazotetrazole.!5 The precursor is prepared
in tetrahydrofuran (THF) solution and the solvent is evaporated while the walls of the

reaction flask are evenly coated with the diazo compound. The substrate may be added in



the initial solution of THF or after evaporation of the solvent, UV irradiation or heating to

800-100° C, decomposes the diazocompound to N, and monoatomic carbonina3: 1

X
thermal decomposition

r\{\ /f‘ 3N2+C

N—N 80°-100° 3

ratio (Figure 1.7).

Figure 1.7 Atomic carbon generation

The advantage of this method is that it produces monatomic carbon with low kinetic
energy at moderate running temperatures, ~100° C, for the subsequent reaction of the
substrate with carbon.

Due to its unfilled outer electronic shell, atomic carbon acts mainly as an
electrophile. This aspect of its reactivity governs the competition between insertion into ¢
or T bonds and atom abstraction. Monoatomic carbon presents, in several cases,
unexpected selectivity. In interactions with organic substrates, atomic carbon follows two

possible routes, both typical reactions for carbenes as well: insertion into ¢ or T bonds

and atom abstraction (Figure 1.8).16

N or X—C—Y c "CX +Z

Figure 1.8 Possible reaction routes for atomic carbon

Particularly interesting is the behavior of carbon atoms toward halocarbons.!?
Halogen abstraction is most likely the primary process, generating monovalent CF or CCl
intermediates. 18 Preference for insertion into the C-Cl bond but not into the C-F bond
may be explained by considering the strength of the C-halogen bond. This side of carbon

atom chemistry allows further analogies to the chemistry of carbenes.



The reactions with heteroatom—containing moieties are not entirely understood
but they do produce highly reactive carbenes. The presence of heteroatoms with their
nonbonding electrons (as in the case of ethers, thioethers or aziridines), directs the attack
of carbon toward the electron lone pair. The main course of the reaction is atom
abstraction with the formation of carbon monoxide CO, CS, or CNH (Figure 1.9).!9 The
reaction is thought to follow a mechanism similar to that of carbene reactions with
oxiranes and thiiranes (Reference 11 and references therein). A carbon atom in its singlet
state is similar to a singlet carbene and the reactions of singlet carbon atoms as an oxygen

abstractor have been studied both experimentally and theoretically.

o<\ — O I
sﬂ — s I

C + HNQ — CNH ”

Q — o
/= Y

| — co j
Q. P

Figure 1.9 Heteroatom abstraction by atomic carbon

However, the most interesting cases are the reactions of carbon atoms with
carbonyl or nitroso compounds. In such cases, C atoms abstract a double bonded oxygen
atom. In 1983 Shevlin mentioned for the first time the possibility of excited singlet
methylene formation in the deoxygenation of formaldehyde by atomic carbon.20 The
main products are carbon monoxide and the corresponding carbene or nitrene?! and this

reaction is used generally to generate these species (Figure 1.10).
N \N=O 0=< V4
CO + N: c :C{_+co

Nitrenes Carbenes

Figure 1.10 Double bonded oxygen abstraction by atomic carbon
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Of interest to us is its similarity to the carbene reaction involving abstraction of

double bonded oxygen from suitable donors, especially carbonyl compounds.

@CH:O oG @é—H .co
>cn, P > CHg

@ . X H=CH2
' 2 CH,

Figure 1.11 Oxygen transfer between atomic carbon and an aldehyde

Predicted in 1968 by Hoffmann, the formation of !:CHj was finally completed in 1983 by

Shevlin; the stepwise addition to olefins confirms its spin state.

HX=0 +C CO + “:CH,

Highly energetic species are generated in the carbon atom case, but by carefully directing
a similar reaction from a thermodynamically less stable carbene to a more stable one, the
designed procedure may become a new route to generate thermodynamically stable

carbenes.

1.4 Ylide formation: first step in a possible heteroatom abstraction

The interaction of a carbene with the lone-pair electrons of heteroatoms, such as
nitrogen, oxygen, phosphorus and sulfur, usually leads to zwitterionic species known as
ylides (Figure 1.12). They are the result of interaction of a singlet carbene empty p orbital
with lone electron pairs of the reaction partner.22 Numerous ylides are mentioned in the
literature, involving heteroatoms such as nitrogen (with amines, isoquinoline, 4-picoline,
pyridine and nitriles), oxygen, halogens, phosphorus (mainly triphenylphosphine), sulfur
(sulfonium, sulfoxonium, and thiocarbonyl), arsenium, antimony, bismuth, selenium, and

tellurium.
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®X—H%<: —_— X= <RR

X =R3P, R2S, R20

Figure 1.12 Ylide resonance structures

Ylide formation is a certainty well established and ylides of sulfur, nitrogen and
halogens have been detected, isolated and characterized.?3 As a consequence, the idea of
ylides as intermediates in carbene reactions has solid experimental support. Generally, the
presence of an ylide as an intermediate in a certain reaction is accepted if characteristic
transformations are observed20. Figure 1.13 lists reactions where the intermediacy of an

ylide is generally accepted.
a. o',B-elimination
g“%Rz s X—iﬁz H2C=CH
H

b. [1,2] sigmatropic rearrangement—Stevens rearrangement

@(—@Rz A %-CR,

Cren EHR
c. carbene insertion in X—H bonds where X=0, N, S
H
R-X-H + :CR2 HP S R—X—éﬂz

7

d. [2,3] sigmatropic rearrangement—allylic rearrangement

%/‘?':2 A \Tz

R

e. fragmentation of three membered rings

>x + Ry — ]>C:<)—§R2 = ﬂ X=CR;
-

Figure 1.13 Ylides reactivity
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We are interested here in ylide formation as a possible first step in oxygen atom
transfer. Usually, an ylide may follow several different reaction paths (Figure 1.13),
depending on its ability to react with the available partners and on its thermodynamic
stability. Commonly mentioned are the paths a and b in Figure 1.13. In the presence of a
dipolarophile, [2+3] dipolar cycloadditions (path a) are frequently encountered and
specifically used for probing ylide intermediacy in certain processes. In the absence of a
suitable partner, ylides may cyclize to the corresponding oxirane (path b) or, in some
cases, decompose to more stable species (path c). However, if a previously generated
carbonyl ylide has no choice other than to decompose to the carbonyl compound and
carbene, the ylide itself becomes a reliable source for carbenes. Indeed, such a procedure
was pioneered in J. Warkentin's labs at McMaster University and has made its way in the
chemistry world.

Is interesting that it was thought that only carbenes with electron-withdrawing
groups attached to the carbenic center or carbene precursor, frequently a diazocompound,
could generate stable ylides. However, despite popular belief of their involvement in
several processes, carbonyl ylides remained only hypothetical intermediates to the late
70's. In 1978 Bartlett ez al. published results for carbonyl-ylide intermediates obtained in
the decomposition of A3-1,3,4-oxadiazolines?4 formed through the reaction of
diazoalkanes with ketones. The presence of products from the reactions of 1, 3 dipolar
intermediates was considered strong evidence for the existence of a short lived ylide
intermediate. Literature data are available about the solid-state photolysis of trans-
stilbene oxide which allowed the observation of an intermediate with an ylide-like
structure.25

The first stable carbonyl ylide was reported in literature in the late '80s.26 The

thermodynamic stability of this designed ylide is the result of its existence mainly in the
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zwitterionic polar form, a fact confirmed by the X-ray crystal structure data which clearly

reveals different lengths for the two C-O bonds (Figure 1.14).

N(CHa)2

Fa )\
Fa N(CHa)2

0]

®

FaC ¢ry

Figure 1.14 Ylide of tetramethylurea and tetrakis(trifluoromethyl) cyclopentadienylidene

At the beginning of 90's, Warkentin published a new method to generate
asymmetric alkoxy—carbenes via thermolysis of A3-1,3,4-oxadiazolines substituted with
different alkoxy groups. The mechanism proposed by the authors involves ylide
formation with N3 loss by a concerted, irreversible, 1,3-dipolar cycloreversion, followed

by the fragmentation of the ylide.27

HaG  OCHj
Pb(OAC),
N“ o
CHOH \ (

crEHs

(CH3),C=N-NH-COCH,

A A, CgH
J— ® _~%8
;}_‘ CHZOH Q Z
H or CCls
e’ e
H3C CH,

Figure 1.15 Oxadiazoline synthesis and reactivity

Ylide formation and reactivity is the subject of several theoretical studies. In 1978
a series of results was published by Devaquet ez al. and described investigations of the
overall thermal and photochemical behavior of oxiranes, using ethylene oxide as a

prototype. Their results parallel the experimental data.28 For oxiranes bearing substituents

13



which do not stabilize zwitterionic forms, C-O bond rupture is the most effective primary
process. For the other oxirane derivatives, C-C bond rupture competes and leads to
products less susceptible to reclosure. They can either be trapped by 1,3-dipolar

cycloaddition or fragment into a carbenic entity and carbonyl compounds.29

Q
CWiCHz
»  110° N
0 N
o —O~C, — 2\ _,O\CfH\z_ &, /c CH3
110° l H
-

hv . + Rz
A PR, Aol Re H =P 4 (O]
R Ra o R? B R R1 RS

hv
orA

hv or A R R
R >=0 + 2
2?'})\'<R§ i R
Figure 1.16 Ylide synthesis: theoretical studies results
In 1980 Houk et al. published an analysis of the structure and reactivity of

substituted carbonyl ylides.30 Ylides containing amino, cyano and phenyl groups were

considered usingab initio methods (STO-3G, 4-31G basis set with 3 x 3 CI).
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Figure 1.17 Ylide cleavage to carbene and carbonyl compound

When X = Y = H the cleavage reaction is calculated to be endothermic by 38 kcal/mol
but for X = H, Y = NH2, it becomes exothermic by 17 kcal/mol. Also, the authors
concluded that thermal fragmentation of a carbonyl ylide from a coplanar ground state is
an orbital forbidden process. The same study concludes that ylides can easily form from
excited state oxiranes.

In 1982 Volatron et al. published also an ab initio study (STO-3G and 4-31G
basis sets plus extensive CI) which analyzes the electrocyclic ring opening of oxiranes.3!
In these calculations, a highly energetic point was considered to correspond to an ylide-
like transition state with a significant diradical character. The authors suggest that the best
way to consider the mechanism of such reactions is through an ylide intermediate which
has a planar structure. The transition state (TS), is an orthogonal ylide-like structure
which corresponds to the rotational isomerization of the planar ylide.

Finally, the paper published by Warkentin ez al. in 1981 presents experimental

results that relate to Houk's calculations. It shows the fragmentation of alkoxy substituted

15



carbonyl ylides as a thermal process which leads to a carbene and a carbonyl

compound.32

1.5 Conclusions

The precedents presented in this overview of carbene reactivity set the stage for
an exploration of the possibility of generating thermodynamically stable carbenes by
means of oxygen abstraction reactions. We reasoned that by choosing a carbene product
such as diaminocarbene, we should endow the reaction with sufficient driving force. The
known cases of oxygen abstraction from nitroxides or from oxiranes should represent
good reference points in the exploration of this proposed new reaction. The similarity of
carbon atom chemistry with that of singlet carbenes leads to the choice of a, highly
reactive singlet carbene to perform the abstraction of the double bonded oxygen.
However, other species were considered as well. One well known case is the one of
phosphorus atom as it behaves in the Corey-Winter reaction.33 The mechanism of such a

reaction is intriguing and constitutes a rich subject to be studied.

16



1.6 References

8

9

a) Casal, H. L.; Werstiuk, N. H.; Scaiano, J. C. J. Org. Chem. 1984, 49, 5214.
b) Clark, K. B.; Bhattacharyya, K.; Das, P. K.; Scaiano, J. C.; Schaap, A. P. J. Org.
Chem. 1992, 57, 3706.

a) Kirmse, W. "Carbene Chemistry" Second Edition, Academic Press, Inc. New
York, 1971, Chapter 7. b) Jones, M., Jr., Moss, R. A. "Carbenes" John Wiley & Sons,
New York, 1973.

a) Roth, H. D. Acc. Chem. Res. 1988, 21, 236-242. b) Roth, H.D. Acc.Chem.Res.
1977, 10, 85.

a) Closs, G. L.; Rabinow, B. E. J. Am. Chem. Soc. 1976, 98, 8190. b) Scaiano, J.
C. Acc.Chem.Res. 1982, 15, 252. c) Reference 5a and 5b.

a) Platz M. S.; Maloney, V. M. in "Kinetics and Spectroscopy of Carbenes and
Biradicals" M. S. Platz, Ed.; Plenum Press:New York, 1990; Chapter 8. b) Jackson,
J. E.; Platz, M. in Advances in Carbene Chemistry, U. H.Brinker, JAI Press LTD.;
Greenwich, CT, 1994.

Jones, M. B.; Jackson, J. E.; Soundararajan, N.; Platz, M. S. J. Am. Chem. Soc.
1988, 110, 5597.

Oda. R.; Mieno, M.; Hayashi, Y. Tetrahedron Lett. 1967, 25, 2363.
Schweizer, E. E.; O'Neill, G. J. J. Org. Chem. 1963, 28, 2460.

Field, K. W.; Schuster, G. B. J. Org. Chem. 1988, 53, 4000.

10 Criegee, R. Angew. Chem. Int. Ed. Engl. 1975, 14, 745.
11 Shields, C. J.; Schuster, G. B. Tetrahedron Lett.. 1987, 28, 853.
12 Kovacs, D.; Lee, M-S.; Olson, D.; Jackson, J. E. J. Am. Chem. Soc. 1996, 118, 8144.

13 Pezacki, J. P.; Wood, P. D.; Gadosy, T.; Lusztyk, J.; Warkentin, J. J. Am. Chem. Soc.

1998, 120, 8681.

17



14 a) Moss, R. A; Acc. Chem. Res. 1989, 22, 15;b) Moss, R. A; Acc. Chem. Res. 1980,
13, 58. The reactivity of carbene intermediates may be predicted using the philicity
scale mcxy; values for mcxy are either determined empirically based on selectivity
of carbene toward olefines or calculated using 6r* and o7 values.

15 a) Shevlin, P. B. J. Am. Chem. Soc. 1970, 97, 1379. b) Shevlin, P. B. Tetrahedron
Lett. 1970, 46, 3987. c) Waali, E. E., Tivakompannarai, S. J. Am. Chem. Soc. 1986,
108, 6059.

16 The products are short lived species (see Table 1.1, heats of formation in kcal/mol)
and their existence as intermediates may be proved by product analysis of their
subsequent transformations. The intermediates may by a monovalent species known
as methylynes, carbenes or radicals.

Table 1.1 Experimental heats of formation

Species  AHExp Species  AHEgxp Species AHExp
ciép) 171 CH 142.4 iso-C3H7 223
cilpy 201 IcH; 998 HyC=CH 63.4
cilds)y 233 3cH, 923 HpC=CHyCH3 40.0
C2 200.2 CH3 34.8 HO 9.3

C3 196 n-C3H7 16.8 HN 45.1

* from: Steward, J. J. P. J. Comp. Chem. 1989, 2, 221-264.

17 Blaxell, D., MacKay, C., Wolfgang, R. J. Am. Chem. Soc. 1970, 92, 50.

18 a) Rahman, M., McKee, M. L., Shevlin, P. B. J. Am. Chem. Soc. 1986, 108, 6296.
b) LaFrancois, C., Shevlin, P. B. J. Am. Chem. Soc. 1994, 116, 9405.

19 a) Skell, P. S., Plonka, J. H. J. Am. Chem. Soc. 1973, 95, 1547. b) Figuera, J. M.,
Worley, S., Shevlin, P. B. J. Am. Chem. Soc. 1976, 98, 3820. c) Skell, P. S.,
Villaume, J. Am. Chem. Soc. 1972, 94, 3455.

20 a) Rahman, M.; Shevlin, P. B. Tetrahedron Lett. 1985, 26, 2959.
b) Ahmed, S. N.; Shevlin, P. B. J. Am. Chem. Soc. 1983, 105, 6488.

18



21 a) Skell, P. S., Plonka, J. H. J. Am. Chem. Soc. 1970, 92, 836. b) Armstrong, B.,
Shevlin, P. B. J. Am. Chem. Soc. 1994, 116, 4071.

22 a) Clark, J. S.; Dossetter, A. G.; Wittingham, W. G.; Tetrahedron Lett. 1996, 37, 605.
b) Olson, D. R.; Platz, M. S. J. Phys. Org. Chem. 1996, 9, 759. c) Padwa, A.;
Austen, D. J.; Hornbuckle, S. F. J. Org. Chem. 1996, 61, 63. d) Padwa, A.; Curtis, E.
A.; Sandanayaka, V. P.; J. Org. Chem. 1996, 61, 73. e) PLatz, M.S; Olson, D. R. J.
Phys. Org. Chem. 1996, 9, 689. f) Sueda, T.; Nagaoka, T.; Goto, S.; Ochiai, M. J. Am.
Chem. Soc. 1996, 118, 10141. g) Curtis, E. A.; Sandanayake, V. P.; Padwa, A.
Tetrahedron Lert. 1995, 36, 1989. h) Bonneau, R.; Reuter, I.; Liu, M. T. H. J. Am.
Chem. Soc. 1994, 116, 3145. i) Padwa, A.; Horbuckle, S. F. Chem Rev. 1991, 91, 263.
j) Trost, B. M.; Melvin, L. S. Sulfur Ylieds: Emerging Synthetic Intermediates;
Academic Press: New York, 1975.

23 Nikolaev, V. A_; Korobitsyna, I. K. Zhurnal Vses. Khim. Ob-va. Mendeleeva, 1979,
24, 496.

24 Shimizu, N.; Bartlett, P. D. J. Am. Chem. Soc. 1978, 100, 4260.

25 Trozzolo, A. M,; Leslie, T. M.; Sarpotdar, A. S.; Small, R.D.; Ferraudi, G. J. Pure &
Appl. Chem. 1979, 51, 261.

26 a) Janulis, E. P.; Arduengo II1, A. J., J. Am. Chem. Soc. 1983, 105, 3563.
b) Janulis, E. P.; Arduengo II1, A. J., J. Am. Chem. Soc. 1983, 105, 5929.

27 Zoghbi, M.; Warkentin, J. J. Org. Chem. 1991, 56, 3214.
28 Huisgen, R. Angew. Chem. Int. Ed. Engl. 19717, 16, 572.

29 a) Bigot, B.; Sevin, A.; Devaquet, A. J. Am. Chem. Soc. 1979, 101, 1095.
b) Bigot, B.; Sevin, A.; Devaquet, A. J. Am. Chem. Soc. 1979, 101, 1101.

30 Houk, K. N.; Rodan, N. G.; Santiago, C.; Gallo, C.; Griffin, G. W. J. Am. Chem.
Soc. 1980, 102, 1504.

31 Volatron, F.; Anh, N. T.; Jean, Y. J. Am. Chem. Soc. 1983, 105, 2359.

19



32 a) Bekhazi, M.; Warkentin, J. J. Am. Chem. Soc. 1981, 103, 2473. b) El-Saidi, M .;
Kassam, K.; Pole, D. L.; Tadey, T.; Warkentin, J. J. Am. Chem. Soc. 1992, 114,
8751.

33 a) Corey, E. J.; Winter, J. J. Am. Chem. Soc. 1979, 101, 1095. b) Corey, E. J. Pure
Appl. Chem. 1967, 14, 19. For reviews see Block, E. Org. React. 1984, 30, 457.

20



CHAPTER 2

Carbene-to—Carbene Oxygen Atom Transfer:
A New Type of Carbene Reactivity and a Potential Path to Generate

Nucleophilic Carbenes

ADBSIIacCt. oo 22
2.1 INtrOdUCHION . .cuuit ettt 23
2.2 Carbenes and oxygen donors.........ccccoooiiiiiiiiiiiiiiiininiiiiiinnninnniinne, 24
2.3 Product Studies.......c.ocuiiiiiiiiiiiiiiiiiiii e 25
2.4 Rate Studies.......ccoiiiiiiiuiiiiiiiiiiiii e 30
2.5 Mechanism of oxygen transfer reaction...............cccccoevviiieeeenccnnneneen. 33

2.5.1 Theoretical calculations.......cccccooeveeiiiiiiiiniiiiiiiiiiieneneeeeenees 37

2.5.2. Laser Flash Photolysis data..........ccccoooeiiniiiiiiiiininnninieennnn. 53
2.6 Experimental...........ccoooiiiiiiiiiiiiiiiiii e 58
2.7 CONCIUSIONS. ..uuitiiiiiiie ittt e e e e 61
2.8 REfEIENCES....iiuiiiiiiiiiiiiiii e 62

21



Abstract:

Fluorenylidene (FI:) abstracts oxygen from pyridine-N-oxide (PNO), to give fluorenone
(F1=0) in high yield. Other substrates—N-methyl morpholine-N-oxide (MNO),
sulfolane, trimethyl phosphate, tetramethylurea (TMU), 1,3-dimethyl-2-imidazolidinone
(DMI), and dimethyl carbonate (DMC)—also oxygenate Fl:. The latter three, TMU,
DMI, and DMC, should yield carbenes instead of stable deoxygenated byproducts. This
heretofore unexplored carbene-to-carbene exchange has been verified by two observations:
the 180 label is transferred from TMU to Fl=0, and tetrakis(dimethylamino)ethylene (the
dimer of the product carbene) is detected by its chemiluminescent reaction with atmospheric
oxygen. Competition between methanol and oxygen donors along with laser flash
photolysis studies in acetonitrile show that Fl: deoxygenates PNO as fast or faster than it
inserts into methanol O-H bonds: kpno/kMeOH = 1.7 £ 0.4; analogous experiments with
TMU and DMI give ktMu/kMeoH = 0.49 1 0.02 and kpmi’kMeoH = 0.52 + 0.02. These
relative rate data translate into absolute rate constants of 2.6 and 2.8 x 108 M-ls-1,
respectively, in good agreement with an independently determined LFP value of 3 x 108 M-
Is-1 for quenching of Fl: by TMU. These measurements represent the first absolute rate

constants measured for carbene-to-carbene oxygen atom transfer processes.
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2.1. Introduction

We report here evidence for carbene-to-carbene oxygen atom transfer, according to

the reaction :
R2C: + O=CR'3 —> R7C=0 + :CR"; (Reaction 1)

Singlet atomic carbon abstracts oxygen atoms from a wide variety of carbonyl
compounds to produce carbon monoxide and carbenes!; these highly exothermic processes
can produce "hot" carbenes with unusual behavior.2 We now report that the reactive
carbenes fluorenylidene (FI:) and methylene (:CH32) behave analogously if the carbene
product is sufficiently stabilized with electron donor groups (see Table 2.1).3 Besides its
intrinsic interest as an abstraction of a doubly bonded atom,? this type of reaction
represents a new photochemical pathway to generate nucleophilic carbenes and study their
chemistry.

Carbenes do abstract oxygen atoms from suitable donors such as N-oxidess,
nitroxides®, or epoxides.7 Many carbenes react with molecular oxygen to give carbonyl
oxides and their isomeric dioxiranes.8 With simple carbonyl compounds such as
aldehydes,? ketones, 10 esters,!! amides,!? and ureas,!3 electrophilic singlet carbenes
attack the oxygen lone electron pairs to form carbonyl ylides 1 (Figure 2.1). These
intermediates may then cyclize to form epoxides!4 or undergo cycloaddition with a second
equivalent of carbonyl compound to give dioxolanes.?"108 A third, almost unexplored
pathway, is fragmentation to a new carbene/carbonyl compound pair. Indeed, Warkentin et
al. have shown!3 that explicit synthesis of ylide 1 (R=CH3, R'=OCH3) via oxadiazoline

decomposition leads to acetone and dimethoxycarbene products.
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Figure 2.1 Fluorenylidene, methylene, phenylchlorocarbene and carbene—carbonyl ylide

2.2 Carbenes and oxygen donors

In this work, fluorenylidene (Fl:), methylene (:CH32) and phenylchlorocarbene
(PCC:) have been examined as oxygen abstractors. The carbenes were photolytically
generated from diazofluorene (DAF), diazomethane (DAM), or phenylchlorodiazirine
(PCD), respectively, and their reactions were studied by product analysis and laser flash
photolysis (LFP).

DAF is a relatively stable diazo compound, readily available in two steps from
fluorenone. ¢ Irradiation of DAF with UV-VIS light from a high pressure Hg lamp (500
W) filtered through uranium glass generates Fl:. DAM is synthesized via established
methods and trapped directly in the neat urea used as the oxygen donor, thereby eliminating
ether, the standard solvent used for DAM solutions. The diazirine PCD is synthesized via
Graham's method.!” After purification, it is photolyzed to form PCC: in neat urea or
solutions containing the oxygen donor.

Despite its triplet ground state, Fl: generally shows singlet behavior because of the
high reactivity of its singlet state and its small singlet-triplet gap (1.1 kcal/mol).!® LFP
studies of Fl: via the ylide probe method!? are well described in the literature. In addition,
the oxygenation product fluorenone (FI=0) is easily detected. Similarly, singlet reactivity
dominates the chemistry of :CHj in condensed phases due to the singlet’s high reactivity
and relatively slow rate of intersystem crossing to the triplet ground state.20 The singlet
carbene PCC: has also been extensively studied by LFP both direct and via the ylide
probe method.
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By adding the PCC: to our study we were able to cover the entire spectrum of
carbene reactivity, from a carbene with typical triplet ground state (:CH3) to one with a
small S-T gap and rapid equilibration (Fl:) to one with a known singlet ground state
(PCC:). Also, the known behavior of PCC: and Fl: in LFP studies offer the solid
foundation needed in exploring a new reaction type such as oxygen atom transfer reaction.

The oxygen donors used here may be classified as: (i) familiar oxygen donors such
as pyridine-N-oxide (PNQ), 4-picoline-N-oxide, N-methyl morpholine-N-oxide (MNQO)
and cis- and trans-2-butene oxides,’ all expected to follow the previously described
chemistry in the literature; (ii)'poorer’ donors, such as dimethyl carbonate, sulfolane, and
trimethyl phosphate, which may undergo the same types of reaction but with slower rates;
and (iii) urea—type donors which are expected to generate stable carbenes substituted by
amino substituents at the carbenic center.2!

The idea of generating stable nucleophilic carbenes is the core of our study. Such
species are expected to be more thermodynamically stable compared with the starting
carbenes that we plan to use, such as :CHj2. We also expect the carbene-to—carbene

oxygen atom transfer to be driven by the favorable thermodynamic outcome of the overall

process.

2.3. Product Detection
2.3.1 Identification

In dry degassed acetonitrile or benzene, Fl: is oxygenated by pyridine-N-oxide
(PNO), 4-picoline-N-oxide, N-methyl morpholine-N-oxide and cis- and trans-2-butene
oxides? to give FI=0. Minor byproducts are bifluorenyl, bifluorenylidene, and in some

cases, products of reaction with solvent.
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Figure 2.2 FI: reactions with various oxygen donors used

Given the checkered history of the ylide formed from Fl: and acetonitrile (see Platz,
M. S, ref. 4d, pp. 285-287 and references therein) we explicitly generated this species by
photolysis of the corresponding azirine precursor in the presence of PNO to verify that
PNO oxygenation of this ylide could not make the Fl=0 observed. In any case,

subsequent rate studies showed that, in the concentration ranges studied, the acetonitrile

e

ylide formation could not compete with oxygen atom transfer.22 The poorer oxygen

donors—dimethyl carbonate, sulfolane, and trimethyl phosphate—gave similar results
when used neat. Yields of FI=0 were substantial, ranging from 30-90% based on DAF.
In the key reaction of our study we consider the stability (see Table 2.1) of
diamino3 and dialkoxy carbenes? as the driving force to completion of oxygen transfer.
We examined tetramethyl urea (TMU), 1,3-dimethylimidazolidin-2-one (DMI), 1,3-di-
tert-buthylimidazolidin-2-one ( DTBI), imidazolidin-2-one (IM) and dimethyl carbonate
(DMC) as substrates. Like the more traditional oxidants, they reacted with F1: to give

F1=0.

Yo

.

s

Figure 2.3 Fl: reaction with TMU
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Table 2.1 Thermochemistry of oxygen donors and selected rate constants for their
reactions with Fl:.

X: AHf(X:)®> AHg(X0)® BDE® CSE® kxo/kmeoH kxo (LFP)x 10-84
L.c 201 -26 286 51

A 156¢ 13f 202

IHyc: 102 -26 187

FoC: -45 -153 168 57

(MeO)7C: -358 -139 163 92 12+02x103 001
(HaN)2C: 39h -59 158 79

(MepN)2C: 441 -57 160 72 49+02x101 26 (3)
C2H4(NMe),C: 561 -41 156 52+¢02x101 28

:CO 26 94 127 120

(MeO)3P: -167 -265 158 14102x102 08
C4HgSO -35 -88 113

Z-2-butene -2 -30 88 3
E-2-butene 3 -31 88 9
CsHsN: 33 14 79 1.740.4 9 (458)
4-MeCsHyN: 25 6 79 1.7+0.4 9

3 Unless otherwise noted, these are AH values at 298 K, from Lias, S. G.; Bartmess, J. E.; Liebman, J. F.;
Holmes, J. L.; Levin, R. D.; Mallard, W. G.; “Gas Phase Ion and Neutral Thermochemistry” J. Phys.
Chem. Ref. Data, 1988, 17, Suppl. 1.

b BDE = bond dissociation energy; note that AHf for Oxygen is 59.6 kcal/mol at 298K.

€ CSE = carbene stabilization energy, defined as the energy change for the following reaction: :CHp +
CY2Hj3 ---> CH4 + :CY)

d Griller, D.; Nazran, A. S.; Scaiano, J. C. J. Am. Chem. Soc, 1984, 106, 2128-39.

€ Li, Y.; Schuster, G. B. J. Org. Chem. 1988, 53, 1273; based on a computational estimate, this can not be
considered an independent value.

f Sabbah, R.; Watik, L. E.; Minadakis, C. Comptes Rendus de I'’Academie des Sciences de Paris, 1988, 307,
Serie 11, 239.

£ Estimated from the PA (234 kcal/mol) calculated at MP3/6-31+G*//HF/6-31G* and the known AHf (97
kcal/mol) of (MeQ)2CH*. The MP2/6-31G*//HF/6-31G* + scaled ZPE reaction energies for FoC: +
(Me0)2C=0 --> FpC=0 + (MeO)2C: and (H2N)2C: + (Me0)2C=0 --> (H2N)2C=0 + (MeO)2C:
give similar results, -31 and -35 kcal/mol respectively. Overall, the agreement between these three
independent calculations leads us to discount the -61 kcal/mol value reported in an earlier
experimental study (see ref 21).

h McGibbon, G. A.; Kingsmill, C. A.; Terlouw, J. K. Chem. Phys. Letter , 1994, 22, 129-34.

I Substituted diaminocarbene AHf values were estimated via experimental values and the MP2/6-
31G*//HF/6-31G* + scaled ZPE reaction energies for the oxygen exchange reactions with urea.
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In a parallel set of experiments, :CHj was examined with TMU, DMI and DTBI.
In each case the reaction was run in the neat urea and only products from carbene
dimerization were detected

Benzoyl chloride is obtained as major product from the reaction of PCC: with
TMU and DTBI, by oxygen atom transfer. Quenching the final reaction mixture with
MeOH gave methyl benzoate, which was detected via GC-MS spectrometry.The results
listed in Table 2.1 implicate the corresponding stabilized carbenes as byproducts in the urea
and carbonate deoxygenations.

In the TMU deoxygenation studies we tried to trap the diaminocarbene with
alkenes such as cyclohexene, dimethylfumarate, acrylonitrile, norbornadiene or

chloroacrilonitrile, as shown in Figure 2.4.

CN
CN x /
X)> H + E - x&
c ci
Carbene 2 expected product

Figure 2.4 Carbene trapping reactions

However, our attempts to trap the bis(dimethylamino)-carbene were unsuccessful and the
only products found were those from the reaction with Fl: and/or DAF. Such highly
stabilized carbenes may not react significantly with simple olefins, preferring to dimerize
instead. In contrast, electron-deficient alkenes, which should be most appropriate for
trapping nucleophilic carbenes, readily undergo 1,3 dipolar cycloadditions with DAF,
destroying the carbene precursor and leading ultimately to fluorene-containing

cyclopropane products.

Me,N. Me; H20 MegN>£H
. —_— F|=O P —
Fl 4 Mo N0 * M92:> MeN~ ~H

Figure 2.5 Carbene trapping with H,O and CH30H
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These compounds were not isolated since they were generated in amounts detectable only
by GC-MS, and they are hydrolytically sensitive materials which makes their isolation and

characterization challenging.

2.3.2 Chemiluminescence experiments

Like dimethoxycarbene,!3 the bis-(dimethylamino)-carbene generated by TMU
deoxygenation dimerizes in the absence of traps. The resulting tetrakis(dimethylamino)-
ethylene reacts rapidly with O at room temperature to produce TMU (as in our 130-TMU
synthesis)2! and visible light. This characteristic chemiluminescence verified the presence
of the carbene dimer when air was bubbled through photolyzed samples of DAF in neat
TMU inside a fluorimeter cavity.24 Neither photolyzed samples of TMU without DAF,
nor unphotolyzed DAF-containing samples showed chemiluminescence. The same

analysis demonstrated that :CHj, generated by photolysis of diazomethane, also abstracts

oxygen from TMU.
Me, s Me Ns
Fl: + I&;_ow___ Fl—0'8 , MeaN,
Mezl‘fo= 0 ‘__0_2__ Mesz_ C{NMGZ J Dimerization
MezN Me,N NMe,
DETECTED
Chemiluminescence
in VIS region

Figure 2.6 Chemiluminescence setup scheme

This experiments are correlated with detection of 180-F1=0 via GC-MS and FTIR (vide

infra).

2.3.3. Oxygen isotope (180) labeling experiments
To verify that oxygen transfer occurs as we envisioned, we needed to demonstrate

the specific transfer of oxygen from the donor to the Fl: acceptor to yield FI=0 as a
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product. Thus we required a urea oxygen donor, labeled with 180. Tetramethyurea proved
the most accessible by far. To build the tetramethyl urea structure with the desired isotopic
substitution a rather unconventional synthesis was employed?> involving the reaction of
180, with tetrakis(dimethylamino)ethylene. After distillation and column chromatography,
labeled 180-TMU was obtained in near quantitative yield; the content of 1830-TMU in the
final product was 95% (determined by GC-MS).

MeoN_ _ _NMes 1802 Me, 18
MezN: :NMez——'>2 M°2'$= 0

Figure 2.7 180-labeling experiment

Reaction of F1: with 180-labeled TMU was conducted, according to the general
procedure described in the experimental part, and the products were analyzed by GC-
MS.26 The GC retention times were identical with for the labeled and unlabeled FI=O
product while the mass and fragmentation pattern showed that the 180 was incorporated in
the product Fl=0, confirming that oxygen transfer occurs from the carbonyl substrate to

the carbene Fl: (see Appendix).

2.4 Rate Studies

Absolute rate constants for the Fl: reaction with oxygen donors were measured by
LFP using the ylide probe method.!8 The results are listed in Table 2.1. Competition with
insertion into methanol O-H bonds allowed additional rate constants to be calculated via the

absolute rate constant for Fl: quenching with methanol in acetonitrile.?’

9-Methoxyfluorene FI=0

Figure 2.8 Competition reaction setup for rate studies
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Ratios of FI=0 to the 9-methoxyfluorene product were determined either by NMR or GC
analysis; the resulting rate constants are included in Table 1. Several absolute concentration
ratios of oxygen donor to methanol were examined to ensure that the observed product
ratios reflected the direct reaction of Fl: with the substrates and not indirect pathways to the
same product. Table 2.1 shows that rate constants obtained directly by LFP compare
reasonably well with those determined in competition experiments; as expected, the
reactivities of oxygen donors with Fl: track inversely with C=0 bond strengths.
Unpublished data, previously obtained in our labs, prove the singlet nature of the B
O-transfer reactions from closed-shell donors. Diphenyldiazomethane was photolyzed with q
PNO and methanol. As in the case of Fl:, the rate constant for oxygen transfer from PNO

to diphenylcarbene (DPC:) is essentially the same as for O-H insertion. Thus, the

reactivity of PNQ parallels that of methanol for both carbenes, even though DPC:, with its
larger singlet-triplet gap,28 reacts substantially slower than Fl:.2° In contrast, DPC: reacts
at nearly diffusion—controlled rates with open-shell oxygen donors such as 2,2,6,6-
tetramethylmorpholine (TEMPO) (see Reference 4b).

In addition to the values obtained for Fl: (Table 2.1), our rate studies were
extended with an LFP study of PCC: abstracting oxygen from PNO and MNO. Absolute
rate constants for the reaction of oxygen transfer to PCC: from the two N-oxides were
measured by means of UV-LFP and the pyridine ylide method, using the Stern-Volmer
analysis (Reference 31). For more details see Appendix.

Bimolecular rate constants of 2.2 x 109 M-1s-1 and of 2.1 x 109 M-1s-! were
obtained for PCC: abstracting oxygen atom from PNO and MNO, respectively. Oxygen
abstraction reactions could not be followed in pentane because of the low solubility of the
two N—-oxides used here as oxygen donors. Also, the rapid formation of the fluorenyl
radical by hydrogen atom abstraction from the solvent would strongly compete with
oxygen transfer from N-oxide to Fl: while the absorption band of FI-H will have a chance

to overlap with possible short-lived intermediates.
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Figure 2.9 Stern-Volmer quenching plot for the reaction of PCC: + PNO in CH3CN '
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Figure 2.10 Stern-Volmer quenching plot for the reaction of PCC: + MNO in CH3CN

2.5 Mechanism of oxygen transfer reaction

The mechanism responsible for the oxygen abstraction reaction is intriguing when
the transfer of a double bonded atom from a carbonyl compound to a carbene is involved.
Such a reaction has no precedent in the literature except for the case of carbon atom

chemistry. The pathways we considered in our investigation are depicted in Figure 2.11.
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Figure 2.11 Possible pathways for oxygen abstraction by carbene

One attractive pathway is the direct formation of the ylide ( Reaction 1), which
depending on the specific 1,3 disubstitution pattern, may directly cleave to generate carbene
2 and the carbonyl compound (Reaction 2). Such a two step route for oxygen atom transfer
from one carbene (1) to another (2) will be dependent upon the stability of the ylide, the
barrier for ylide cleavage in Reaction 2, and competition between the opening of the ylide to
the more thermodynamically favored carbene 2 vs. ylide closing to the corresponding
oxirane (Reaction 3). Another possibility is a single step reaction (Reaction 1 + Reaction 2,
where the ylide is not a minimum but a transition state, TS) in which, after reaching the
corresponding transition state to the ylide, a direct passage to carbene 2 will be found due
to its specific 1,3 disubstitution. If carbene 1 directly adds to the carbonyl C=0 bond in a
[1+2] cycloaddition the first step will be oxirane formation (Reaction 4) followed by C-C
oxirane ring opening (Reaction 5) to the ylide. The ylide will cleave to carbene 2 and the
second carbonyl compound..

A solid starting point for our analysis is the available literature concerning the
mechanisms considered above. Literature data about ylide or oxirane formation and their
fate in the cases of :CHjy, Fl: and (PCC:) are presented and are analyzed in connection
with our findings.

:CH;, is the prototype of triplet ground state carbene. Ylide formation in its case

should be the result of fast reaction of the singlet before it can equilibrate to the most stable
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triplet state. Methylene was found to form a stable ylide with acetonitrile with an absorption
maximum at 280 nm.30 The case of the postulated methylene ylide with water is the matter
of long-standing controversy. Most of the theoretical studies propose a barrierless process
with the intermediate is too short-lived to be experimentally detected. But mass
spectrometric techniques used by Wesdemiotis et al. found the existence of an intermediate
in the gas phase, with the corresponding mass of an HyC+ OHj ylide.3! Recent high level
theoretical calculations of Wiberg er al. describe the ylide as a stable species.32 By contrast,
similar high level calculations for the case of dichloromethylene show no evidence for a
stable ylide formed from dichlorocarbene, Cl;C:, and Hy0.33

:CH3; is proved to be more reactive toward the C=0 bond than to the C-H (a) or C-
H(B) of butanone. The relative reactivity was found to be 1:0.08: 0.05.34 Because of the S-
T gap of ~9 kcal/mol, the interception of the singlet methylene by the carbonyl compound
to form an ylide or oxirane should be faster than the intersystem crossing to its triplet state.
High level theoretical calculations for the reaction of Cl,C: with formaldehyde reveal the
ylide as a stable species (calculated as a minimum ) with transient character.35 However,
the ylide formation was calculated to be 2.5 times slower than direct addition to the C=0
bond, which is the dominant process.

The case of :CH3 and the acetone ylide was investigated experimentally36 by
photoacoustic calorimetry. The heat of formation for the ylide is estimated to be 4.5£9.9
kcal/mol for the gas phase and 12.4+10.9 kcal/mol in solution. The same study found the
estimated heat of decomposition for the ylide to methylene and acetone to be -45 kcal/mol
exothermic. The methylene ylide with formaldehyde is also controversial. The results
mentioned above show the thermal cleavage of methylene—acetone ylide as ~45 kcal/mol
exothermic and theoretical calculations on methylene and formaldehyde found the cleavage
reaction also exothermic by 38 kcal/mol.37 However, a different communication indicates
reversible formation of the same methylene-formaldehyde ylide at -78° C because of H/D

exchange observed in a system containing :CHj and D,C=0 (ref 8a).
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With its much smaller S-T gap, FI: presents a different case than :CHj. The
literature on F1: indicates a series of ylides detected as short lived transients by LFP.38 The
florenylidene ylide with acetonitrile absorbs at 400 nm while those with carbonyl
compounds absorb in the region of 620-680 nm.

The case of a carbene with well known singlet ground state, PCC:, is discussed
here because of our interest in using this carbene in experimental work. Preliminary
experiments in our lab proved qualitatively the possibility of oxygen transfer from urea—
type oxygen donors to PCC:. The well established behavior of PCC: in LFP experiments
encouraged us to include it in our studies. The experimental detection of ylides from the
PCC: reactions with acetone, acetonitrile or ethyl acetate is controversial. Despite their
controversial nature, we present here the available data from the literature (vide infra).

Substitution in the para position of the phenyl ring with nitro, chloro or
trifluoromethyl groups allows the formation of detectable carbonyl ylides via LFP. 3
Thus, PCC: forms an acetone ylide with Anax at 450 nm (weak) while the p-NO,-PCC:
acetone ylide is seen at 590 nm.%0 In addition, a transient found at 530 nm was attributed to
the ylide of PCC: with benzaldehyde.4! The cyclization of the p-NO,-PCC:0=C(CH3),
adduct was used to explain the appearance of a new absorption at 365 nm, 42 attributed to
the corresponding oxirane.

Ylides which may be formed in reversible processes have been reported.43 Also,
the ylides from biphenylchlorocarbene and ethers are believed to be responsible for the 1,3
dipolar cycloaddition products experimentally obtained.44 However, LFP experiments only
reveal a 15 nm bathochromic shift in the carbene absorption maximum. A kinetic study on
the same arylcarbene system with various concentrations of the ether and monitoring of the
Carbene absorption allowed determination of the equilibrium constant (Figure 2.13) for the

reversible formation of the ylide.
Av., - AnD

o' X K=05M" 203K O

Figure 2.12  Reversible formation of an ylide
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Cases in which the carbonyl partner in the formation of an ylide is of urea type are
scarcely mentioned in the literature. Of specific interest in our case is an electronically
stabilized carbonyl ylide (Figure 2.2.2) formed from tetramethyl urea and tetrakis-
(trifluoromethyl)cyclopentadienylidene!3. This ylide was generated from the corresponding
diazocompound of the carbene with TMU in THF and recrystallized from CHCl3/n-pentane

as a yellow solid with mp = 190-193 °C.

Fa N(CHa)2

F3 O)\N(CHa)z

®

FaC try

Figure 2.13 A stable carbonyl ylide

However, this encouraging idea of TMU's capability to form stable ylides with carbenes
should be reconsidered with respect to the nature of the carbene. If such stable ylides were
formed in our experimental cases with TMU and :CHj, Fl: or PCC:, then the
decomposition of the ylide to the diaminocarbene would likely not occur at room
temperature. In this respect, a comment by Platz ef al. 45 seems especially important. These
authors note that the ylide of cyclopentadienylidene and TMU was never detected in their
LFP experiments, although several other ylides were generated and observed from
cyclopentadieneylidene.

The direct formation of oxiranes from carbenes and carbonyl compounds has been
mentioned in literature, 46 but it was generally connected with fluorinated or perfluorinated
carbenes. Also, the pyrolysis of several perfluoropropylene epoxides around 165° C was
found to form exclusively difluorocarbene.47

Considering the range of reactivities observed and the uncertainty surrounding

processes involving carbenes and their capacity to form ylides, one should not expect the
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investigation of a new type of carbene reaction to be an easy task. We have limited our
study here to only two modest investigations of the oxygen transfer mechanism. One is the
use of theoretical calculations, performed on model systems in order to compare the
carbenes' abilities to form ylides vs. their known tendency to cycloadd to double bonds and
form oxiranes. The other includes experimental investigation by qualitative detection/no
detection of transient species, observable by nanosecond LFP. Both sets of results are

presented in the following sections.

2.5.1 Theoretical calculations

The interaction of carbenes with carbonyl oxygen atoms was confirmed by our
experimental results. The products are a new carbonyl compound and a new carbene.
DAM, DAF and DPC were used as sources for :CHa, Fl:, and PCC:, respectively,
while ureas were the oxygen donors.

Semi empirical and ab initio computational methods were used to calculate the
results for comparison to the relevant experimental data available. A primary focus of this
effort was to understand the thermodynamics involved in the oxygen transfer reaction as a
function of carbene stabilization. Exploration of the two possible reaction paths, via oxirane
(Reaction 4 in Figure 2.15) or via an ylide intermediate or ylide-like transition state
(Reaction 1 and 2 in Figure 2.15) were also key goals. In the case where both paths are
available, we looked for the energetically favored path for oxygen atom transfer. It is also
possible that both types of intermediates are present on the path that connects them, as
shown in Figure 2.15.

In our analysis, we looked at two different types of reactions (Figure 2.15):
exchange reactions, where X=Y and cross reactions where X#Y. The cases of :CX»> with
X=H, F, NHj, :C(N(CH3)2)2, Fl:, and X7=CO were studied at the semi-empirical level
while the expense of ab initio methods limited us to X = H and Y = F, two exchange

reactions, :CHj + HpC=0 and F2C: + F,C=0, and one single cross reaction between
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:CH3 + FpC=0. An extensive study was carried out on the model reaction CO3 + :CHy,
and is the subject of Chapter 3.

By following these cases, we hope that our data analysis would allow comparisons
among the different carbenes' behaviors and insight into "the" mechanism of oxygen
transfer from carbene to carbene. More accurately, each case must be carefully considered

with regard to both the nature of the carbene and the oxygen donor.

1 Ry., o\ -
a Rz/eO:gR \

ylid
Y
Xs,,, R\
Carbene 1 2 Ry./ AR / Carbene 2
— R R

oxirane

Figure 2.14  Reaction paths considered by theoretical calculations

2.5.1.1 General considerations

The attack of an electrophilic carbene on a carbonyl-containing partner may occur
either at the 7 bond of the carbonyl moiety or at the lone pair electrons of the oxygen atom.
The m (direct) attack leads to formation of an oxirane. The side attack at the lone pair leads
to formation of an ylide (Figure 2.15)

If the oxirane is formed initially, its chemistry may involve subsequent C-O or
C-C bond cleavage. The C-C bond cleavage leads to an ylide-like configuration, possible
an intermediate or only a transition state. Cleavage of the ylide releases a new carbene and
the corresponding carbonyl compound. Direct decomposition of oxiranes to ylides and
eventually to carbenes and carbonyl compounds was claimed to occur in the case of
tetrafluoro ethylene oxide.4® There are numerous theoretical studies of oxirane ring
opening. 4 The existence of the ylide formed in such a way was proved by absorption and

emission detection and LPF. 50 Detailed, high level calculations for the C-C ring opening
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of ethylene oxide have also been published.5! The process is generally described as
opening of the oxirane ring to the ylide followed by isomerization of the ylide and its
reclosure to the oxirane ring. The isomerization of the ylide was found to be the step with
the highest barrier.

Ylide formation is the result of an initial attack on the lone pair of electrons from the
oxygen atom. The ylide is usually trapped by 1,3-dipolar cycloaddition reactions. In the
absence of a suitable partner for cycloaddition, the ylide itself has two paths for generating
a carbene and a carbonyl product: direct decomposition into the new products, and
cyclization to the corresponding oxirane.

Special consideration should be given to cases where diazocompounds are used as
carbene precursors. In such cases, a cycloadduct of the diazocompound with the carbonyl
compound may be formed. It has an oxadiazoline-type of structure and it decomposes,
photochemically or thermally, generating N5 and ylides. The ylides formed through this
path are able to decompose with generation of a carbene and a carbonyl compound.>2
Oxadiazolines' formation and ring opening, however, is not the subject of our
investigation.

We describe here a range of molecular orbital calculations run at Semi-Empirical
AM1, PM3 and ab initio RHF/6-31G* and MP2/6-31G*//MP2-6-31G*53 levels, using
Spartan, Mopac34 and Gaussian 9455 programs. Our goal was to find the differences and
similarities among the mechanisms of this reaction and define the method and level of
calculations which best fit the requirements for describing such mechanisms. The strategy
involved finding (i) possible minima, ylides or oxiranes, (ii) transition states related with
these minima, and (iii) paths connecting these two classes of stationary points. Only the

ground state potential energy surfaces, PES's, were considered.
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2.5.1.2 Results and discussion

Semi-Empirical results

Semi-empirical level calculations were used to evaluate the overall thermodynamic
outcome of the oxygen transfer reaction (AHReaction) for Fl: and TMU and the results are
presented in Table 2.2. Other carbenes were also considered for the exchange reactions
defined in Reaction 1 (Figure 2.15) where X = H, F, NH3 and X3 = O. The use of :CH3
offers a handle for comparisons with the available experimental and theoretical data. The
substituents in the case of X = F and NHj should provide information about the role of
substituents on the carbenic and carbonyl centers along with the stabilization or
destabilization of the possible intermediates by electron donating groups. At the same time
F may itself constitute an unpredictable exception.5 The case of CO abstraction of oxygen
atoms from CO7 may lead to more complete understanding of CO oxidation and the
reactivity of CO. Meanwhile, it may prove to be a special case of oxygen atom transfer

(see Chapter 3).

Table 2.2 PM3 Calculated energies for Fl: + O=CX3 —> Fl=0+ :CXj and for
X7C: +TMU —> X»C=0 + :C[N(CH3)]; reactions

X Er.+ocx2 ECompl. TSto ylide ylide TSto oxirane Eoxirane
H 76.4 not found 108.6 89.3 120.0 64.3
F 7.4 1.9 not found not found 4.8 -33.7
NH; 108.5 102.5 73.6 86.8 72.6

N(CH3); 129.6 not found 102.8 99.1 113.9 92.6

E.cx2+TMU ECompl. TS0 ylide ylide TSto oxiran Eoxirane

H 65.9 not found -12.4 -17.5 -2.3 2.2
F -112.9 -118.1 -81.5 -155.9 -95.2 -104.9
X2=O -50.6 -53.2 not found not found 13.7 -64.2
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As expected, in all cases considered, the oxygen transfer reaction is calculated to be
exothermic. For the experimental case of Fl: + TMU the oxygen transfer is calculated to

be 55.4 kcal/mol exothermic. However, barriers were also computed in all the cases.

/r S to oxirane

TS to ylide

S TS to oxirane = ,’ /
g / g , ‘\ TS+t ylide
£ g
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Q
: :
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C . w andicd X—MezN
S TMU + :CF, Fi: + 0=CX, >

reaction coordinate reaction coordinate

Figure 2.15 PM3 calculation for TMU and Fl: oxygen transfer reaction

Our semiempirical results describe the reaction of :CH3 with CH,O (the case of X
= H) with no complex formed between the reactants. A direct path leads to a planar ylide.
The ylide cyclizes to oxirane. No direct path to oxirane was found. For the case of CF,0 +
:CF, X=F, one possible pathway leads to oxirane via a high TS. Another path was found
direct toward the formation of an ylide. The ylide is less stable than the oxirane but its
formation requires less energy than the formation of the corresponding oxirane. In Figure
2.16 below, the energies are plotted with respect to the reaction coordinate. X= (NH3),,
(NH3),CO + :C(NH>), a similar behavior as in the case of X = F was found. There are
two possible pathways for the oxygen transfer reaction, one through an ylide-like structure,
the other through an oxirane one, with similar appearance as in the case of X = F. Carbon
monoxide (the case of X, = O), with its singlet ground state, was included here because of
its analogy to a singlet carbene. The :CO+CQ2 reaction only follows the pathway through
an oxirane structure via a defined transition state. A special type of intermediate was found

with a four-membered cyclic structure. IRC proved that such a pathway is not related with
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oxygen transfer. For these reasons, we concluded that the analogy between a singlet
carbene and CO will not give useful informations about the mechanism investigated here
and no further analysis was performed on this system. Even though the system is of no
interest for the cases investigated here. The CO-to—CO> reaction remain an unexplored
theoretical model and experimental challenge.

Two possible reaction pathways on the , one through an ylide-like intermediate with
a slightly lower activation energy (TS), and another one through an oxirane were found. In
the case of :CF3 and :C(NH); the pathway following the ylide-like structure presents a
lower barrier than the one via an oxirane intermediate despite the higher energy of an ylide
vs. an oxirane intermediate. IRC calculations performed at the AM1 and PM3 levels show
no relation between the two paths, implying that there is no pathway on the reaction PES

from ylide to oxirane or vice versa.

g = TS i
§ TS 16 oxirane CE’ o oxirane
E to ylide g TSt Jide
2 o § (HN) CO‘C(NH )
o 165777 3. FoC~"CF, o e\ 2N)2 2)2
% ’ \‘ﬁ % C4 13
] f : S
e o & (HN22C-C(NH,),
wi 0 F,C~CF, Sl o
F2C=0 + :CF3 (NH2)2C=0 + :C(NH2)2
reaction coordinate reaction coordinate

Figure 2.16 PM3 IRC calculation at for degenerate reaction, X=F and X = NH;

Even though the ylide, when found, is less stable than the corresponding oxirane, the

activation energy required to generate the ylide is much smaller than is needed for the

oxirane to cleave to carbene (see Table 2.3).
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Table 2.3 AE; (kcal/mol) for the exchange reactions

X, X Ej to ylide E, to oxirane AEa

H no ylide -33.2
F,F 16.5 25.8 9.3
H,N,NH, 36.3 47.7 10.5
=0 no ylide 49.6

For the cross reaction FC=0 + :CHj the ylide path require less energy despite the

fact that the ylide is calculated to be less stable (Figure 2.17).
F20=0 + ZCHZ

A

TS from oxirane

“‘ / TS trom ylide
K -35
" /— H2C=O +:CF 2
— e e e lman -—
-51 / 48 77T o 50

complex

Energy difference (kcal/mol)

reaction coordinate

Figure 2.17 PM3 PES of cross reaction F,C=0 + :CH»

Ab initio results

MO ab initio calculations were performed at the HF/6-31G* level for optimization,
vibrational analysis and IRC. Single point calculation and occasionally, geometry
optimization and vibrational analysis were run also at MP2/6-31G*. The energy data
obtained for the stationary points and the corresponding transition states are presented in
Table 2.6 and 2.7 as differences, in kcal/mol.

The case of the methylene and formaldehyde exchange reaction presents the same
general patterns here as found at PM3 level.

H2C=0 + :CH2 ---> H2C: + O=CH3 AHexpicalc = 0 kcal/mol

Initial attack at the oxygen lone pair leads, via a complex, directly to a planar ylide

intermediate. The ylide evolves into the oxirane via a TS.
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Figure 2.18 PES of exchange reaction HoC=0 + :CH»

Discrepancies between the results at the HF and MP2 levels were not surprising as long as
HF level calculations is generally provide poor descriptions of cases like the one under
discussion here.57 HF/6-31G* IRC calculations confirm the connection of the starting
species with the oxirane via TScomplex to ylide- However, single point calculations at the
MP2 or MP4/6-31G* level starting with HF geometries as well as full optimization at the
MP2/6-31G* found no barrier on the path from H2C=0 + :CH2 to ylide. The barrier for
C-C cleavage is calculated to be extremely high ~ 82 kcal/mol. A direct one step path
through a possible ylide-like TS was found only at HF, over a barrier of 15.5 kcal/mol. A
similar structure could not be found at higher level of calculations

Two possible mechanisms were found for the reaction with X = F:

F7C=0 + :CF3 ---> F2C: + O=CF, AHexp/calc = 0 kcal/mol



Initial attack at the oxygen lone pair leads to a complex ~2 kcal/mol lower in energy than the
starting species. Two different pathways were found for the attack of :CF on the carbonyl
compound. One is a two-step pathway through an oxirane intermediate, with Ea = 23
kcal/mol at the HF level (TS complex to oxirane) and 10 kcal/mol at MP2 level. The other
pathway, found only at the HF level, is described as an one-step oxygen transfer via an
ylide-like TS (TS complex to ylide), With Ea = ~86 kcal/mol. IRC calculations confirm the
evolution of the reaction in one step, with an overall transfer of an oxygen atom from one
molecule of :CF3 to another. The HF level of calculations does not lead to an ylide as a
minimum on the PES. However, while searching for the corresponding TS of the one-step
reaction at the MP2 level, a minimum was found (with a geometry close to the ylide-like TS
found at HF), 34 kcal/mol higher in energy than the starting F2C: + O=CF; (Figure
2.20).58

Table 2.4 Ab initio calculated energy differences for exchange reactions

HF MP2
(HaN)2CO + :C(HaN); 0.0 0.0
Ylide +26.6
Oxirane +5.6 +133
vdW complex 9.5 -119
TS through ylide +33.6 +88.5
TS through oxirane +29.9 +79.2
CO,+CO 0.0 0.0
vdW complex -0.4 -0.6
Oxirane +49.9 +74.8
TS through oxirane +53.2 +80.2

As for the case of X = F, calculations were run only at the HF/6-31G* and MP2/6-
31G*//HF/6-31G* levels for urea—type of oxygen atom donors, where X= NHj. The
energy difference values for X=NH; and X>=0 are summarized in Table 2.4. A full
optimization on the structure of TMU-formaldehyde ylide run at MP2/6-31G* found such

an ylide a minimum. This result, even though it may not be interpreted in terms of the
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barriers on the PES, indicates that ylides may be short-lived intermediates in the carbene

oxygen atom abstraction reaction.

TS compl to ylide

E (kcal/mol) HF
— HF/6-31G* + ZPE
= = MP2/6-31G*//MP2/6-31G* + ZPE - MP; not found

complex

Figure 2.19 PES of exchange reaction F,C=0 + :CF2

For the case of cross reaction, FoC=0 + :CH3 ---> F2C: + O=CH;
AHexp = -20 kcal/mol, AHcalc = -25 keal/mol, initial attack at the oxygen lone pair leads
to a complex, ~6 kcal/mol lower in energy than the starting species. From the complex the
reaction follow the path which leads to an oxirane intermediate through a transition state,
TS1 which we were unable to locate. . In a following step, oxirane evolves via TS2 to a
new complex 6 kcal/mol lower in energy than the products. Finding such a complex
indicates a possible significant interaction between the formaldehyde oxygen atom and the
empty 7 orbital of the singlet :CF5. The transition state for the oxirane ring opening is
calculated to be ~ 50 kcal/mol higher in energy than the difluorooxirane but ~26 kcal/mol
below the energy of FoC=0 + :CH,.
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— HF/6-31G* +ZPE
----- MP2/6-31G* + ZPE _

complex1

oxirane

Figure 2.20 PES of cross reaction F,C=0 + :CH2
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2.5.1.5 Exploring the ability of Marcus Theory to predict the oxygen transfer barrier
Marcus theory was first applied to electron transfer and, later on, to protons or
other atom or group transfers. We explore here the possibility of applying Marcus theory to
the (gas-phase) carbene—-to—carbene oxygen atom transfer reactions.
In the simplest kind of atom transfer, the reaction coordinate involves a concerted

motion forming one bond and stretching the other.

X-A+X —p X----A----X —» X+ A-X exchange reaction 11

Y- A+Y —» Y----A----Y —/» Y + A-Y exchange reaction 22

X-A+Y 5 X-eeAe-anY — X +A-Y cross reaction 12

When the bond breaking—bond forming process is the principal contributor to the reaction
coordinate, the equation below can be used to relate the barrier of a cross reaction to those
of exchange reactions:

Ej2 = E(1+ AEV/4E) eq 2.5.1
where: Ej= the barrier of cross reaction

E=(E|1+ E22)/2 where E| ), Ex>= barriers of exchange reactions

AEO= the potential energy change in the cross reaction
Thus, Marcus theory offers a way to predict the activation energy of degenerate exchange
reactions. We sought to check the predicted values against those found by exploration of

the reaction potential energy surfaces.

A series of oxygen transfer reactions involving carbenes with the general structure
X5C:, where X=H, F, Cl, Br, and I were investigated. Because of the heavy atoms
involved and the computer time required, the calculations were performed only at the PM3
Semiempirical level. As detailed above, the two possible paths, through oxirane and ylide-

like intermediate were found in all cases.
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X, . Lo wY x/, "‘“\Y

".—O . ‘. o .
x==0 + o= o=
Carbonyl Carbonyl
compound 1 Carbene 1 Carbene2 compound 2

where: X =F, Cl, Br, I

Figure 2.21 Generic reactions used for Marcus theory applications

Comparison of the computed (Appendix 1) energies with those obtained using
Marcus theory are in fairly good agreement. Our results, calculated PM3 semi-empirical
level are listed in Table 2.7 as differences in energy, in kcal/mol. For easier interpretation
of Table 2.7 the relative energies of carbene involved along with the energies of the
corresponding carbonyl compound are included in the last two column of the table. The last
column in Table 2.7 contains the difference between the calculated at Semi-Empirical and
calculated values using Marcus' theory. The range of differences is very broad, from 23.6
kcal/mol for X =F, Y = Br to only 3.1 kcal/mol for the case of X = H, Y = F. The fact that
for X=H and Y=F, the difference is only 3.1 kcal/mol as it is in the case of X =Br, Y =1,
may be only the cancellation of error effect rather than a better description of the theory
applied.

Only with this data in hand is difficult to predict the capacity of Marcus theory to
elucidate the barriers in the oxygen atom transfer. First, the level of calculations used,

PM3, may give only a qualitative picture of the ranges of energies involved. more detailed
ab initio data will be required to conclude about the possibility of Marcus's theory

applicability on the oxygen atom transfer.
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2.5.1.5 Summary and Conclusions of Theoretical Results

From the calculations presented here it appears that semiempirical results provide a
reasonable estimate of the heat of reaction and in many cases a qualitative picture of the
overall mechanism of carbene-to-carbene oxygen atom transfer. The findings are similar to
the ab initio data, but in some of the cases, an ylide described as a minimum at the PM3
level becomes a TS at ab initio.

Our calculated data suggest general characteristics for the oxygen transfer reaction
mechanism:

(i) on the singlet PES, the attack of the carbene on the lone pair of the carbonyl oxygen
predominates (except for the F2CO case).

(i1) oxirane intermediates are located in deep wells on the PES. However, C-C bond
closure requires, in general, traversal of high energy barriers.

(iii) at the level of calculation used here, one-step mechanisms, via ylide-like TSs,
present barriers comparable or higher then those via oxirane.

(iv) when the thermodynamics of the reaction is favorable, a direct path for oxygen
transfer from carbene-to-carbene via an ylide intermediate or TS, with no oxirane
intermediate involved, may be preferred.

As a general conclusion, the oxygen transfer seems as expected to be, heavily
dependent upon the substituents present at the carbenic center. High levels of theory will
likely be required to fully describe the systems under investigation. Our initial survey
results, however, indicate that the oxygen atom transfer from a carbonyl compound to
carbene is most likely to occur via a transient ylide intermediate. If such a path is available

the intermediacy of an oxirane is unlikely.
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2.5.2. Laser Flash Photolysis results

Carbenes form ylides when interacting with carbonyl compounds>? and abstract oxygen
from CO,.60 Methylene and fluorenylidene abstract oxygen from ureas leading to
formaldehyde or fluorenone, respectively.6!

Carbonyl ylides, generated by decomposition of oxadiazolines®2 or by photolytic or
thermal C-C cleavage of oxiranes%3 lead, in some cases, to carbenes and carbonyl
compounds. In order to experimentally probe the question of the possible intermediates in
the oxygen abstraction reaction by carbene, we undertook a laser flash photolysis (LFP)
study . 64

LFP studies of PCD and diazoflorene DAF are reported. These compounds, upon
irradiation, afford phenylchlorocarbene PCC: and fluorenylidene Fl:. In addition to our
rate measurements (vide supra) we include here LFP experiments for detection of possible
short-lived intermediates in the reaction of Fl: or PCC: with ureas as oxygen donors.
Qualitative data about the presence of transient species in the LFP of Fl: and PCC: in
acetonitrile and pentane in the presence of oxygen donor were obtained. A laser setup
similar to the one used for rate studies was used here (Nd-YAG laser, 355 nm, 10 ns
pulse, 10 mJ). Stock solutions of precursors in acetonitrile and pentane, with a optical
density of 0.3 to 0.7 at the irradiation wavelength (355 nm), were prepared. A large excess
of the oxygen donor was added and each sample was homogenized and degassed with
bubbling Ar for 10 to 15 min.

Control experiments were conducted by irradiation of PCD or DAF alone in the
same solvents to verify the correlation with the available data from the literature. The
following ureas were used as oxygen donors: TMU, DMI, IM, and DTBI. These
compounds also were irradiated alone under the experimental conditions to confirm that no
new absorptions were seen. For Fl: in acetonitrile, the known transient absorptions of
triplet Fl:, at 470 nm, the FIH radical at 500 nm, and the acetonitrile-FI: ylide at 400 nm

were identified when no urea was present in the photolyzed mixture. Irradiation of PCD
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afforded the known transient absorption of PCC: at 318 nm with no interference from any
other transient.2’

In Figure 2.25 and Figure 2.26 the transient absorptions obtained for both Fl: and
PCC: are presented. The experiments shown evidence for an intermediate for both PCC:
and for Fl:. None of the known absorptions, usually present in the LFP of these two
carbenes, matches the new features. Considering that the control experiments showed no
additional absorptions than those characteristic for each carbene in the given solvent, the
new absorptions have to be the result of processes involving the carbene, PCC: or Fl:,
and the oxygen donor, TMU, DMI, IM or DTBI.

Considering the possible mechanisms depicted in Figure 2.14, the new absorptions
may be attributed to ylide or oxirane intermediates, to the newly generated carbenes or to a
combination of these and the known ylide formed by the carbene and the solvent. Since the
available literature data correlates with our calculated pathways for the oxygen atom
transfer, we believe that the transient absorption in the LFP of our analyzed systems may
belong either to a short-lived ylide intermediate or to the main product of the oxygen
transfer reaction, the diaminocarbene.

Even though the literature of the last two years abounds in data about new
diaminocarbenes with many crystal structures reported, we found no information about
their UV-VIS spectra. Table 2.8 lists the literature for the UV-VIS absorption of some

carbenes which may be compared with our case.
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Table 2.7. UV-VIS absorption of carbenes

Amax (nm)
1.CH;, 550-950  gas phase?
:CHF 430-600  gas phaseb
:CHC1 550-820 gas phase¢
:CF; 220-270 matrixd
:CCly 480-560 matrix®
:CFCl 360-390  gas phasef
Co 360 MeTHF gassg
:CCI(OMe) 318 matrixh
:CPh(OMe) 290 hexane, -10 °Ci
:C(OMe), 255 matrixJ

‘CF(OMe)  240-280 matrixk

a) Graham W. H. J. Am. Chem. Soc. 1965, 87, 4369.

b) Merer, A. J.; Travis, D. N. Can. J. Chem. 1966, 44, 525. c) Merer, A. J.; Travis, D. N. Can. J.
Chem. 1966, 44, 1541. d) Smith. C. E.; Jacox, M. E.; Milligan, D.E. J. Mol. Spectroscopy, 1976, 60,
381. e) Jacox, M. E.; Milligan, D.E. Chem. Phys. 1976, 16, 195. f) Tiel, J. J.; Wampler, F. B.; Rice,
W. W. Chem. Phys. Lett. 1979, 65, 425. g) Quinkert, G.; Kaiser, K. H.; Stohrer, W. -D. Angew. Chem.
Int. Ed. Engl. 1974, 13, 198. h) Kesselmayer, M. A.; Sheridan, R. S. J. Am. Chem. Soc. 1986, 108,
99. i) Moss, R. A.; Shen, S.; Hadel, L.; Kmiecik-Lawynowice, G.; Wlostowska, J.; Krogh-Jespersen, K.J.
Am. Chem. Soc. 1987 109, 4341. j) Moss, R. A.;Wlostowski, M.; Shen, S.; Krogh-Jespersen, K.;
Matro, A. J. Am. Chem. Soc. 1988, 110 4443-44. k) ref 23.
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Figure 2.23 LPF transient absorptions observed for PCC: + oxygen donors
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In the case of PCC:, a strong new absorption band is easily noticed in the case of DTBI
+ PCC:, with Apax = 380-410 nm. However, the observation of analogous absorptions
for TMU, DMI and IM is hampered by the remnant signal from the 350 nm laser pulse
and the residual absorption from the carbene itself. In the Fl: case, as may be noticed from
the transient absorption spectra, the presence of the oxygen donor in a photolyzed sample
of Fl: in acetonitrile gives rise to a previously unnoticed broad absorption, with a
maximum at A = 390-450 nm. The position and intensity of this new absorption change
with the urea donors. However, because of the broadness of the band and its overlap with
the absorptions of fluorenyl radical (Amax = 500 nm) and the Fl: - acetonitrile ylide (Amax
=400 nm) it is hard to define quantitatively the amount of changes with respect to the ureas
used.

These qualitative results show that a new transient species is formed in the oxygen transfer
reaction, detectable on the timescale of our LFP experiments. The existence of such a
transient, whether it is intermediate or product, may allow direct measurements of rate
constants. We are inclined to attribute these absorptions to the newly formed carbene rather
than to the possible ylide. With no available data in the literature, however further

investigations and different approaches are necessary in order to confirm our assumption.

2.6 Experimental

General methods. Melting points were determined on a Thomas Hoover capillary apparatus
and are uncorrected. Fourier-transform infrared (IR) spectra were recorded on a Mattson-
Galaxy FT-IR 3020 or Nicolet IR/42 spectrometers. Samples were measured either as thin
layers prepared by evaporating a CH3CN solution on a NaCl plate (liquids) or as KBr
pellets(solids).
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Electron impact (EI) mass spectra were obtained on a Fission VG trio-1 mass
spectrometer which operates in line with a Helwett Packard 5890 gas chromatograph for
GC-MS measurements.

Routine !H and 13C NMR spectra were obtained at 300 and 75.43 MHz
respectively using either a Varian VXR-300 Spectrometer or a Varian GEMINI 300 NMR
Spectrometer. The 1H NMR chemical shifts are referenced to the 'H resonance in CDCl3
(7.24) and acetonitrile-d3 (1.93). The 13C chemical shifts are referenced to CDCl3 (77.0)
or acetonitrile-d3 (broad 118.0 and 1.3 septet).

Solvents were purchased from Aldrich and dried and deoxygenated by standard
procedures (see Vogel in Reference 66). Gravity and flash column chromatography were
performed on E. Merck silica gel (230400 mesh). Thin-layer chromatography was done
on E. Merck plastic-backed plates silica gel 60, F245, 0.2 mm. High resolution mass
spectra analysis were carried out on a JEOL JMS-HX110 high resolution double—focusing

mass spectrometer.

General procedure
Literature procedures were followed for DAF65, DAMS6 and PCC:!7 synthesis.

DAF was recrystallized from pentane. DAM was collected directly in neat oxygen donor.
PCD was purified either by distillation or by column chromatography (Reference 17 ) The
physical and spectroscopic data of the carbenes precursors listed above were in agreement
with those reported in literature.

General procedure for irradiation: 1 to 2 mL solution of carbene precursor (3to 5 x
10-3M) in dry acetonitrile was prepared and placed in a standard NMR tube (1 cm x 10
cm). After being purged with dry nitrogen gas for 15 mins, the solution was irradiated for
1 h with a 500W high pressure mercury lamp shielded with a uranium glass filter. The
nitrogen purge was continued throughout the process of irradiation. After removal of

solvent, the mixture was separated by flash chromatography over silica gel. Same
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procedure was used for the case of neat oxygen donor experiments when samples of 1 to 2
mL solutions of carbene precursors in neat oxygen donor were used. The samples were
deoxygenated by purging with nitrogen for 10 to 20 min. before irradiation. The carbenes
were generated in the reaction mixture by irradiation with light from a 500 W Oriel high-
pressure Hg lamp, through an uranium glass filter. Reagents consumption was followed in
all the cases by !H and 13C NMR. GC-MS spectra were taken for the initial reaction
mixture and exactly the same conditions were applied at the end of the reaction time to
detect the final mixture composition.

180-TMU was prepared from tetrakis(dimethylamino)ethylene (TDMAE)
purchased from Aldrich by reaction with molecular 180;. 2.1 mL. (0.0073 mol) TDMAE
was placed in a round bottom flask and attached to the vacuum line. 74 mL 180, was added
to the flask via vacuum line by heating-cooling cycles, in three portions. The reaction flask
was kept under stirring at the vacuum line for 3 hours, after which time the visible
chemiluminiscence vanished. The crude product was separated by column chromatography
with a solution of isopropanol : acetone in a 3:2 ratio. 180-TMU was obtained with a 93.1
% yield and a content of 98% 180 by GC-MS. The IR taken on NaCl pellets shows vc=018
shifted to smaller wavenumbers, at 1626, compared with vc=016 at 1658.

Fl=0!8 was prepared by irradiating a solution of 5.3 mg of DAF and 0.1 mL of
TMU in 0.8 mL deuterated acetonitrile degassed by S freeze-pump-thaw cycles. After the
irradiation, the crude reaction mixture was separated by column chromatography, using a

mixture of hexane : methylene chloride, 5:1 and was analyzed by GC-MS. .

2.7 Conclusions

Carbene-to-carbene oxygen atom transfer has been demonstrated by isotopic labeling and
by observation of products from the newly generated carbene. Dimers of the newly
generated carbene byproduct have been detected by chemiluminescence. Rate constants for
oxygen abstraction by Fl: from various donors, including ureas, have been determined.

Whether these highly exothermic oxygen transfers occur in a single step or via the

60



intermediacy of ylide or oxirane intermediates are questions that we address by theoretical
and experimental (LFP) means. Qualitative LFP transient absorption suggests the presence
of new species. We tentatively suggest that the new species is the diaminocarbene formed
as a result of the oxygen atom transfer. However, the possibility of an ylide intermediate
which may absorb in the same region is not excluded. Our initial studies indicate that LFP
will be a valuable tool in rate studies of oxygen transfer reaction. Theoretical calculations
describe detailed ab initio molecular orbital studies of the remarkably convoluted potential
energy surfaces for carbene-to-carbene oxygen transfer reactions. The degenerate and cross

reactions present the same pattern: the possibility of two competing paths, through an ylide-

like intermediate or transition state and through an oxirane. For the cases of :CF, and

:C(NH,),, ab initio calculations find the ylide-type structure to be a TS for oxygen atom

transfer, rather than a stable intermediate.

61



2.8 References

1

a) Skell, P. S.; Plonka, J. H. J. Am. Chem. Soc. 1970, 92, 836. b) Dewar, M. J. S.;
Nelson, D. J.; Shevlin, P. B.; Biesiada, K., A. J. Am. Chem. Soc. 1981, 103, 2802.
c) Ahmed, S. N., Shevlin, P. B.J. Am. Chem. Soc. 1983, 105, 6488.

a) Shevlin, P. B.; Wolf, A. P. Tetrahedron Lert. 1970, 3987. b) Rahman, M.
Shevlin, P. B.Tetrahedron Lent. 1985, 26, 2959. c) Fox, J. M.; Gillen Scacheri, J.
E.; Jones, K. G. L.; Jones, M. Jr.; Shevlin, P. B.; Armstrong, B. M.; Sztyrbicka, R.
Tetrahedron Lent. 1992, 33, 5021. d) Armstrong, B. M.; McKee, M. L.; Shevlin, P.
B.J. Am. Chem. Soc. 1995, 117, 3688.

Donor groups strongly stabilize carbenes, even to the point of their being isolable:

a) Wanzlick, H. W. Angew. Chem. Int. Ed. Engl. 1962, 1, 75. b) Arduengo III, A.
J.; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991, 113, 361. c) Dixon, D. A.;
Arduengo III, A. J.J. Phys. Chem. 1991, 95, 4180. d) Arduengo III, A. J.; Dias, R.
H. V.; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1992, 114, 5530.

Carbenes commonly abstract monovalent atoms or groups: broadly, triplet carbenes
abstract hydrogen and singlet carbenes halogen. Such processes yield radical pairs
which may undergo rapid cage coupling, disproportionate, or diffuse apart. a) Kirmse,
W. Carbene Chemistry; 2nd ed.; Academic Press: New York, 1971. b) Roth, H. D.
Ibid 19717, 10, 85. c) Platz, M. S. Acc. Chem. Res. 1988, 21, 236. d) Platz, M. S.;
Maloney, V. M. In Kinetics and S pectroscopy of Carbenes and Biradicals; M. S. Platz,
Ed.; Plenum Press: New York, 1990; Chapter 8.

62



10

a) Field, K. W_; Schuster, G. B. J. Org. Chem. 1988, 53, 4000. b) Schweitzer, E.,
E.; O'Neill, G. J.J. Org. Chem. 1963, 28, 2460.

Triplet diphenylcarbene deoxygenates nitroxides to give quantitative yields of
benzophenone. This process is preferred even when OH groups, usually effective
carbene traps, are present in the substrate. a) Casal, H. L.; Werstiuk, N. H; Scaiano, J.
C. J. Org. Chem. 1984, 49, 5214. b) Clark, K. B.; Battacharyya, K.; Das, P. K.;
Scaiano, J. C. Ibid. 1992, 57, 3706.

Shields, C. J.; Schuster, G. B. Tetrahedron Lert.. 1987, 28, 853.

a) Prakash G. K. S.; Ellis, R. W_; Felberg, J. D.; Olah, G. A. J. Am. Chem. Soc.
1986, 108, 1341. b) Sander, W. Angew. Chem. Int. Ed. Engl. 1990, 29, 344.

L’Esperance, R. P.; Ford, T. M.; Jones, M.; Jr. J. Am. Chem. Soc. 1988, 110, 209.

a) Shimizu, N.; Bartlett, P. D. J. Am. Chem. Soc. 1978, 100, 4260. b) Nikolaev, V.
A.; Korobitsyna, 1. K. Mendeleev Chem. J. 1979, 24, 88. c) Wong, P. C.; Griller,
D.; Scaiano, J. C. J. Am. Chem. Soc. 1982, 104, 6631. d) Liu, M. T. H;
Soundararajan, N.; Anand, S., M.; Ibata, T. Tetrahedron Lett. 1987, 1011. e) Ibata,
T.;Liu, M. T. H.; Toyoda, J. Ibid. 1986, 27, 4383. f) Liu, M. T. H.; Ibata, T. J.

63



11

12

13

14

15

16

Am. Chem. Soc. 1987, 112, 774. g) Ibata, T.; Toyoda, J.; Liu, M. T. H.Chem. Lett.
1987, 2135.

Chateauneuf, J. E.; Liu, M. T.H. J. Am. Chem. Soc. 1991, 113, 6585.

a) Padwa, A.; Dean, D. C.; Zhi, L. J. Am. Chem. Soc. 1989, 111, 6451. b) Padwa,
A.;Zhi,L.J. Am. Chem. Soc. 1990, 112, 2037. c) Padwa, A.; Hornbruckle, S. F.
Chem. Rev, 1991, 91, 263 and references therein.

a) Janulis, E. P.; Arduengo III, A. J., J. Am. Chem. Soc. 1983, 105, 3563.
b) Janulis, E. P.; Arduengo III, A. J., J. Am. Chem. Soc. 1983, 105, 5929.

a) Trozzolo, A. M.; Leslie, T. M.; Sarpotdar, A. S.; Small, R. D.; Feraudi, G. J,;
DoMinh, T.; Hartless, R. L. Pure & App. Chem. 1979, 51, 261. b) Amold, D. R.;
Karnischky, L. A. J. Am. Chem. Soc. 1970, 98, 1404. See also ref 6b and 10c.

a) Bekhazi, M.; Warkentin, J. J. Am. Chem. Soc. 1981, 103, 2473. b) Bekhazi, M.;
Warkentin, J. J. Org. Chem. 1982, 47, 4870. c) Zoghbi, M.; Warkentin, J. J. Org.
Chem. 1991, 56, 3214. d) El-Saidi, M.; Kassam, K.; Pole, D. L.; Tadey, T.;
Warkentin, J. J. Am. Chem. Soc. 1992, 114, 8751. e) Wong, T.; Warkentin, J.;
Terlouw, J. K. Int. J. Mass Spectrom. Ion Processes, 1992, 115, 33.

Moss, R. A.; Joyce, Y. Y. J. Am. Chem. Soc. 1978, 100, 4479.



17 Graham, W. H. J. Am. Chem. Soc. 1965, 87, 4369.

18 Griller, D.; Hadel, L.; Nazran, A. S.; Platz, M. S.; Wong, P. C.; Savino, J. C.;
Scaiano, J. C. J. Am. Chem. Soc., 1984, 106, 2227 and references therein.

19 a) Jackson, J. E.; Platz, M. in Advances in Carbene Chemistry, Brinker, U. H. JAI
Press LTD.; Greenwich, CT, 1994, pp. 89-160. b) Moss, R. A.; Ibid. p59.

20 Platz, M. S. in ref. 4d, pp. 298-300 and references therein.

21 Herrmann, W. A.; Kocher, C. Angew. Chem. Int. Ed. Engl. 1997, 36, 2162

and references therein.

22 Ming-Shee Lee Ph.D. Dissertation, MSU 1993.

23 Du, X. M,; Fan, H.; Goodman, J. L.; Kesselmayer, M. A.; Krogh-Jespersen, K.;
LaVilla, J. A.; Moss, R. A,; Shen, S.; Sheridan, R. S. J. Am. Chem. Soc., 1990,
112, 1920.

24 The meajurements were performed using SPEX Triplemate 1877 with 150g/mm
gratings and a PAR OMAY 1024 x 256 detector, LN2/UV enhanced CCD. The spectra

are the result of 30s accumulations.

65



25 a) Wiberg -von, N.; Buchler, J. W. Z. Naturforschg. 19645 2055.b) Winberg, H. E.;
Carnham, J. E.; Coffman, D. D.; Brown, M. J. Am. Chem. Soc., 1965, 87, 2054.

26 The expected product of 180 transfer, labeled Fl=180, was detected via GC-MS of the
reaction mixture. In the experiments to date, the fluorenone was found as a mixture of
FI=!80 and F1=!60 in a 1:3 ratio. We believe that FI=160 results from reaction of

traces of 1607 with Fl: either in the reaction mixture or (from residual DAF) in the

injector of the GC-MS.

27 Photolyses were run in dry acetonitrile solvent for all oxygen donors except dimethyl

carbonate, sulfolane, and trimethyl phosphate, which were run neat.

28 Singlet -triplet gap for DPC was found to be solvent dependent and estimated at 3
kcal/mol. a) Hadel, L. M.; Platz, M. S.; Scaiano, C. J. J. Am. Chem. Soc. 1984,
106, 283. b) Savino, T. G.; Senthilnathan, V. P.; Platz, M. S. Tetrahedron, 1986,
42, 2167.

29 Analysis of benzophenone/benzhydryl methyl ether product ratios by !H NMR
indicated that for DPC in acetonitrile, kpno~ kMeOH = 2.4 x 107 M-1s-1; see Griller,

D.; Nazran, A. S.; Scaiano, J. C., J. Am. Chem. Soc. 1984, 106, 198.

66




ey



30

31

32

33

34

35

36

37

Turro, N. J.; Cha, Y.; Scaiano, J. C. J. Am. Chem. Soc. 1987, 109, 2101.

Wesdemiotis, C.; Feng, R.; Danis, P. O.; Williams, E. R. McLafferty, F. W. J. Am.
Chem. Soc. 1986, 108, 5847.

Gonzales, C; Restrepo-Cossio, A.; Marquez, M.; Wiberg, K. B. J. Am. Chem.
Soc. 1996, 118, 5408.

a) Pliego, J. P., Jr., DeAlmeida, W. B. Chem. Phys. Lett. 1996, 249, 136.

b) Pliego, J. P., Jr., DeAlmeida, W. B. J. Phys. Chem., 1996, 100, 12410.

c) Pliego, J. P, Jr,, Franca, M. A.; DeAlmeida, W. B. Chem. Phys. Lett. 1998,
258, 121.

a) Rose, T. L.; Fuqua, P. J. J. Am. Chem. Soc. 1976, 98, 6988. b) Bradley, J. N.;
Ledwith, A. J. Am. Chem. Soc. 1963, 86, 3480; c) Reference 9 and references

therein.

Pliego, J. P., Jr., DeAlmeida, W. B. J. Chem. Phys. 1997, 106, 3582.

LaVilla, J. A.; Goodman, J. L. Tet. Lett. 1988, 29, 2623.

Houk, K. N.; Rondan, N. G.; Santiago, C.; Gallo, C. J.; Gandour, R. W.; Griffin,
G. W. J. Am. Chem. Soc. 1980, 102, 1504.

67



4
-

“_n



38

39

40

41

42

43

45

46

47

48

49

50

51.

See Table 12, p. 142 and Table 14, p. 145 in ref 18.

Soundararajan, N.; Jackson, J. E.; Platz, M. S. Tetrahedron Lett. 1989, 29, 3419.
PCC:-nitro ylide absorbtion in Reference 19a.

Chateauneuf, J. E.; Liu, M.T.H. J. Am. Chem. Soc. 1990, 112, 744.

Chateauneuf, J. E.; Liu, M.T.H. J. Chem. Soc. Chem. Comm. 1991, 1575.

Sueda, T.; Nagaoka, T.; Goto, S.; Ochiai, M. J. Am. Chem. Soc. 1996, 118, 10141.
Oku, A. J. Chem. Soc. Perkin Trans. 2, 1996, 725.

Platz, M. S.; Olson, D. R. J. Phys. Org. Chem. 1996, 9, 689.

Mahler, W. J. Am. Chem. Soc. 1968, 90, 523.

Mahler, W.; Resnik, P. R. J. Fluorine Chemistry, 1973174, 3, 451.

a) It may be used as clean sources for :CF2 or other perfluorinated carbenes, by

pyrolysis Mahler W, ref 16 & 17 above.
a) Volatron, F. Can. J. Chem. 1984, 62, 1502, and references therein.

a) Griffin, G. W. J. Am. Chem. Soc. 1970, 92, 1402. b) Griffin, W. Angew. Chem.
Int. Ed. Engl. 1971, 10, 537. c) Huisgen, R. Angew. Chem. Int. Ed. Engl. 1977,
16, 572. d) Trozzolo, A. M.; Leslie, T. M.; Sarpotdar, A. S.; Small, R.D.; Ferraudi,
G. J. Pure & Appl. Chem. 1979, 51, 261.

a) Feller, D.; Erikson, D. J. Am. Chem. Soc. 1984, 3700. b) reference 57.

68



el o Dl s D



52 a) Warkentin, J.; J. Am. Chem. Soc. 1981, 103, 2473. b) J. Org. Chem, 1991, 56,
3214; Can. J. Chem. 1992, 70, 2967, Liebigs Ann. 1995, 1907.

53 Foresman, J. B.; Frisch, A. Exploring Chemistry with Electronic Structure Methods: A

Guide to Using Gaussian, Gaussian, Inc: Pittsburg, 1993.

54 Steward, J. J. P. MOPAC, A Semi-Empirical Molecular Orbital Program, QCPE, 455,
1983.

55 Gaussian 94 (Revision D.3), Frisch, M. J.; Trucks,G. W.; Schlegel, H. B.; Gill, P.
M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Peterson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. G.;
Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.;
Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J.
L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.;
Defrees, D. J.; Baker, J.; Steward, J. P.; Head-Gordon, M.; Gonzales, C. and Pople,
J. A.; Gaussian, Inc.; Pittsburg PA; 1995.

56 Moss, R. A; Acc. Chem. Res. 1989, 22, 15; b. Moss, R. A; Acc. Chem. Res. 1980,
13, 58. The reactivity of carbene intermediates may be predicted using the philicity
scale mCXY:; values for mCXY are either determined empirically based on selectivity

of carbene toward olefines or calculated using oR* and o] values.
57 Schaefer, H. F. et al. J. Am. Chem. Soc. 1993, 115, 5790.

58 Experimental data in ref 46 and 47 describe thermal decomposition of tetrafluorooxirane

at ~500 °C to generate :CF;

69



%



59 a). Clark, J. S.; Dosseter, A. G.; Wittingham, W. G.; Tetrahedron Lett. 1996, 37,
605. b). Olson, D.R.; Platz, M. S. J. Phys. Org. Chem. 1996, 9, 759.

60 a) Kistiakowski, G. B. et al. J. Am. Chem. Soc. 1958, 80, 1066. b) Milligan, D. E.;
Jacox, M. E. J. Chem. Phys. 1962, 36, 2911. c) Laufer, A. et al. Chem. Phys.
Letters, 1977, 46, 1151. d).Hsu, D. et al. Intern. J. Chem. Kinetics, 1977, 507.

e) Chapter 3, this work, for a complete review of the reaction of methylene with CO2.
61 Chapter 2, sections 2.1 to 2.4, this work.
62 Ref 28.
63 Photolytic C-C cleavage in oxiranes, Reference 17.
64 The laser system was kindly provided by David Modarelli at University of Akron.
65 DAF synthesis in Moss, R. A.; Joyce, Y. Y. J. Am. Chem. Soc. 1978, 100, 4479.

66 DAM synthesis from Vogel, A. Vogel's Practical Organic Chemistry including
qualitaitve organic analysis, 4th ed, John Wiley & Sons, Inc., 605 Third
Avenue, New York, NY 10158, 1978, p289.

70



.

CHAPTER 3:

A Theoretical Investigation of Double Bonded Oxygen Atom Abstraction on
a Model Reaction: CHz + CO3 ---> CH20 + CO

ADSITACL. ...ttt rtte e e s ae st e e e s s b e e s et r e e e s e banna e e s ataeesearaeenanes 70
I I8 110 (70 Lot o ) | DO RSP 70
3.2 Experimental background.............cccevcieveniiiniiiiinnicnieciieniee e 72
3.3 Methods and ProCedures..............cocoereereeieeriiteineneetet et seeseeneas 77
3.4 DISCUSSION......uiiieiiieieiiereiireeriteeestteeestaeeesiaeessssesesassaeesessseeesessssneaessssaessseeans 78
3.5 CONCIUSIONS........viiieiieciee ettt ree e s stte e e srte e s e s s aae e e s s vnaeesvaeesnnnneas 103
R J 3 S (= 1 1o T USSP 104
Abstract:

Ab initio G2 calculated pathways are presented for the reaction CH2 + CO2 --->
CH20 + CO, in which net transfer of a double bonded oxygen atom occurs from CO; to
the carbene. Of particular interest are the electronic state of the attacking methylene, the
structure of the possible intermediates and the lowest energy path(s) available for this
reaction. As expected, our results support the assignment of a—lactone 1 as the
intermediate observed by IR in the matrix isolation experiments of Milligan and Jacox
(Reference 4); analogous reactions involving substituted carbenes have more recently
been reported by Sander et al. We obtain AHg(1) = -43.7 kcal/mol at the G2 level while a
variety of isodesmic reactions point to slightly higher values (-40 to -42 kcal/mol).
Acyclic *CH;0(CO)e (methylen—oxycarbonyl) and *CH,CO3¢ (acetoxyl) biradicals 2 and
3, respectively, were also considered on both singlet and triplet potential energy surfaces.

According to the calculations, the singlet reaction proceeds with little or no barrier

to form 1; subsequent ring fragmentation (AH* = 27.4 kcal/mol) yields the products,
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CH20 + CO. Collision orientation must play a role, however; Wagner et al. have
reported that reaction is only half as fast as collisional deactivation of 1:CHj to 3:CH,
which presumably occurs via nonproductive encounter geometries. An activated channel
(AH?* = 24.5 kcal/mol) was also located in which :CH; directly abstracts oxygen from
CO3, via an ylide-like TS, 12. The lowest energy 3:CHj3 + CO> attack forms the triplet
acetoxyl diradical 33 and a higher energy path leads to methylene—oxycarbonyl diradical
32; no path for isomerization of 33 to 32 was found. Barriers for these two processes are
AH# =20.1 kcal/mol and AH¥ =58.9 kcal/mol.

Attempts to locate regions on the triplet approach surface where the singlet
crosses to become the lower energy spin state were complicated by the difficulty of
optimizing geometries within the composite G2 model. Preliminary efforts however,
indicate that such crossings occur at geometries higher in energy than separated !:CH; +
CO,, suggesting that their role should be relatively unimportant in the chemistry of this

reaction.
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3.1 Introduction

We present here a mechanistic analysis of the gas phase reaction of methylene,

:CHj, with carbon dioxide, CO».!

CO; + :CH,

CO + O=CH; (Reaction 1)

This reaction represents the first reported abstraction of a double bonded oxygen
atom by a carbene. Our own recent studies of oxygen transfer from carbonyl compounds
to carbenes? focused our attention on the mechanism of such processes and led us to the
present computational effort. Of particular interest is the potential existence and the
electronic nature of a single-step “pluck” reaction3 in which pairs of bonds are
simultaneously broken and formed. The results also shed light on recent suggestions of

ylide formation, HyC:----+O=C=0.

3.2 Background

Reaction 1 was first observed in 1958 when Kistiakowsky et al., studying the
reaction of methylene generated from ketene, noted excess CO production when CO;, was
used as an “inert” buffer gas. They proposed that the attack of triplet methylene on CO,

forms an intermediate, a—lactone (1), which decomposes to formaldehyde and CO.

° o0 S 20 S)\c=o
e R no”

1 32 12 33

Figure 3.1 Potential intermediates in the :CH2 + CO; reaction
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A few years later, in 1962, Milligan and Jacox4 photolyzed diazomethane in a
CO3 matrix, at ca. 50 K. Monitoring the methylene generated in the matrix, the authors
observed the appearance of a species whose IR absorption bands grow as those from the
initially generated :CH> decrease. The new IR spectrum shows a carbonyl stretch shifted
toward higher frequencies, over 1900 cm-1.5 The species was tentatively assigned as the
a-lactone 1 in which the carbonyl stretch is shifted due to the ring strain, but the
possibility of acyclic diradical intermediates such as 32 or 33 was not ruled out.

In 1977, almost two decades after Kistiakowski’s initial experiment, Laufer and
Bass® studied the kinetics of reaction 1 by flash photolysis with CH,N7 and CH,CO as
methylene precursors. The rate constant obtained for reaction 1 was 3.3 x 10-14
cm3molecule-1s-1, based on known values for triplet methylene dimerization (k = 5.3 x
10-11 cm3molecule-!s-1) and reaction with acetylene (k = 7.5 x 10-12 cm3molecule-!s-!).
Although the latter rate constant has since been revised,” Laufer’s results correctly
describe a slow reaction between methylene and CO».

In the same year, Hsu and Lin8 determined the vibrational energy of the carbon
monoxide released from reaction 1, monitoring its production with a continuous wave CO
laser. Methylene was generated by photolysis of CHzI3 (A > 210 nm). The vibrational
state population of CO produced was found to be close to that predicted by statistical
calculations, assuming a long lived CHCO; intermediate,? and a total final vibrational
energy of 63 kcal/mol, the exothermicity of the reaction. Such an assumption minimizes
contributions from reactions slower than reaction 1. The authors found that CO is
vibrationally excited up to v = 4, carrying an average of 1.9 kcal/mol. By extrapolation to
earlier reported reaction rates the authors assigned the singlet electronic state to the
reacting methylene but cited Laufer's then unpublished work, indicating that triplet
methylene might be also responsible for some oxygen abstraction.

Sophisticated new techniques allowed Wagner er al.10 in 1990, to perform

detailed kinetic measurements on reaction 1. Methylene, generated by laser photolysis of
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ketene, was observed by laser induced fluorescence (!CH>) and laser magnetic resonance
(3CH>) allowing quantitative evaluation of intersystem crossing (ISC). The authors found
that roughly 2/3 of 1:CHj + CO collisions relax 1:CHj to 3:CHp; for the remaining 1/3,
three exothermic reaction channels were considered: formation of OCH-CHO (glyoxal),
Hj + 2CO, or H2CO + CO. Preliminary experiments in Wagner's lab showed that 3:CH;
+ CO; react very slowly even at higher temperatures!! and the products may be only the
result of collisional activation of 3:CHj to 1:CHj which then reacts rapidly with CO,.
Wagner concluded that formaldehyde and CO are "the probable chemical products”, and
that a-lactone is a "plausible intermediate".

Based on DeMore’s observation!2 that diphenyldiazomethane photolysis in the
presence of O generates benzophenone, Sander!3 investigated :CPh; as an "oxygen
abstractor” from CO; doped into Ar or Xe matrices. The observed intermediate has a high
frequency carbonyl stretch (1890 cm-!) and fragments, on UV irradiation (A > 220 nm),
to PhoCO and CO. The intermediate is assigned as diphenyloxiranone 4. The spin
forbidden reaction of the ground state triplet :CPhy with CO to form 4 shows a thermal
barrier, occurring only when the matrix is annealed to 35 K.14 Photoexcited :CPhy,
however, reacts rapidly above 10 K to yield the same products, perhaps due to the
availability of a low lying empty p orbital as in the singlet case. No direct evidence was
obtained for diradical or zwitterionic intermediates such as 5§ or 6, the diphenyl analogs of

20r3.
AN
OA;’,’ Ph2é/ O\C / =°

Ph,C

4 5 6

Figure 3.2 Potential intermediates in the :CPh3 + CO3 reaction
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To clarify the carbene characteristics responsible for oxygen abstraction, Sander
et al. used four carbenes, !5 two with triplet and two with singlet ground states. 16 The
authors found no indication that the reactivity is influenced by the spin state. Instead, the
"philicity" of the carbene appears to control the oxygen abstraction via rate determining
nucleophilic attack on the CO; carbon. With the data available it was impossible to
determine whether the reaction is concerted or not.

Reaction 1 has also been probed by Chateuneuf !7 in a laser flash photolysis
(LFP) study of :CPhj in supercritical CO;. The :CPhj, generated by photolysis from
diphenyldiazomethane forms "most likely" diphenyl a-lactone, though no direct
observation of the product was reported. The state selectivity of the carbene was also
unclear, no differentiation being made between the "spin allowed" concerted addition of
the singlet or the "spin forbidden" formation of the lactone through the triplet manifold,
via a diradical intermediate.

In a theoretical study by Davidson et al. 8 exploring gas phase dissociation of
chloroacetyl anion, three intermediates were suggested as products of anion departure: o.-
lactone (1), acetoxyl diradical (33) and a zwitterionic state of the
dioxatrimethylenemethane structure 3. Calculations found the lactone to be the most
stable,19 with the diradical 35 kcal/mol higher in energy; the zwitterion collapses upon
optimization to o-lactone or separated :CHy and CO3. Davidson's calculations yield a
heat of formation for a-lactone 1 of -51 kcal/mol. This value is in reasonable agreement
with the experimental data of Squires et al. 20 obtained by collision-induced dissociation
measurements on several acetate anions; it differs significantly, however, from a more
recent computational estimate (-45.2 £ 2.5 kcal/mol via two different isodesmic
reactions)?! and from our G2 value (vide infra). In a theoretical study of a-hydroxy-
carboxylic acid decarboxylation,?2 a-lactone is found to fragment to CH,0 + CO with an

E, and TS structure very similar to our own (vide infra). Squires ef al. 23 investigated the
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formation of a-lactone by tandem mass spectrometry and energy-resolved collision-
induced dissociation and determined the its heat of formation to be -47 + 4.7 kcal/mol

To address the question of methylene's spin state in reaction 1, we began our
theoretical investigation by looking at several modes of methylene attack on CO2 on both
the singlet 1:CHj and triplet 3:CH3 potential energy surfaces. We envisioned three
possible paths (Figure 3.3):

a. electrophilic attack at the oxygen lone pair of electrons, leading to an ylide-like
intermediate 12 ; the possibility of direct oxygen transfer via a 12-like TS to yield CO +
H,CO was investigated along with further cyclization of 12 to 1;

b. ambiphilic attack at a C=0O & bond, leading to the formation of a—lactone 1;
fragmentation of 1 generates the final products CO + H2CO;

c. nucleophilic or radical attack at the C atom, leading to acetoxyl diradical 33;

further transformation of 33 to 1 was considered, it being difficult to envision a direct

path from 33 to CO + H,CO.
O o)
HG . c?
° 1 120r%2 .
oS- V
|<|3 0 "
CHp s C -——omnb %—& ----------- + CO + H,C=0
g o 3
\‘!3?1/,0 '

Figure 3.1 Possible reaction paths

In the course of this work other questions were addressed: is there a direct path, concerted
or stepwise, via an open ylide-like structure 12 (transition state or intermediate) to CO +

H;CO? Is a-lactone 1 the observed intermediate in the early matrix studies? If so, is it

formed in one step (path b), or via cyclization of other species, such as 12 or 33? If attack
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occurs at carbon (path c), are there stable acetoxyl-like intermediates 337 If so, would
they close to a-lactone 1 or rearrange to diradicals 32? If 3:CHj reacts with CO5 to any
significant degree, at what point does intersystem crossing occur en route to closed—shell

products 1 or CO + H,CO?

3.3 Methods and procedures

All calculations were performed using the Gaussian 94 package24 run on a cluster
of Silicon Graphics computers. All stationary points (NImag=0), were optimized and
characterized by vibrational analysis at the HF/6-31G* and MP2/6-31G* level. Single
point calculations were run at MP4/6-31G* using HF/6-31G* and MP2/6-31G*
geometries, respectively. Transition structures (TS, NImag=1) were characterized by one
single imaginary vibrational frequency.25

The connections on the PES among the stationary points and TSs found were
verified by running intrinsic reaction coordinate (IRC) calculations, 26 starting from each
TS at the HF/6-31G*//HF/6-31G* and MP2/6-31G*//MP2/6-31G* levels. Selected IRC
points were analyzed as single points at MP2/6-31G*//HF/6-31G* and MP4/6-
31G*//HF/6-31G* levels. To better understand the presence or absence of stationary
points on the reaction path from singlet :CHj approaching CO2, B3LYP/6-31G* and
QCISD/6-31G* optimizations were also carried out for this reagion of the singlet PES.

Although well-defined economical methods are available for accurate
calculations of carbene S-T gaps,27 their general extrapolation to reaction potential
energy surfaces is nontrivial. In an effort to obtain experimentally relevant energetics, we
computed G2 energies for all stationary points. The G228 error between experimental and
calculated values?? for the singlet—triplet (S-T) gap in methylene is only 2.4 kcal/mol,
much closer than with the other above mentioned methods. Also, because of significant
differences in the results obtained at different levels (vide infra), key points on the

reaction paths were reevaluated using the G2 method.
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3.4 Discussion
3.4.1 Overall thermochemistry

The experimental heat of reaction 1, AH; = -61 kcal/mol, 30 is compared in Table
1 to data from our ab initio calculations. The overall energy profiles, as calculated here at
the three different levels indicated above, may be followed in Figures 3.4a, 3.4b and,
3.4c. Interestingly, G2 and RHF, the most and least sophisticated of the methods used,
approximate the experimental heat of reaction most closely. The overall thermochemistry

suggests also that the reaction should end on the singlet PES.

----- Paths on Singlet PES
Paths on Triplet PES

AE (kcal/mol)
G2

-
-

H2C=0+CO
| S

-54

Figure 3.4a Overall energy profiles at G2 (AE in kcal/mol)

79



4 AE (kcal/mol)

MP2/6-31G*//MP2/6-31G*
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17.6 7./31.2 197 198
/ N TS2
0 ﬂ
3.CH,+CO,
a1 1
— 'y 'H2C=0+CO
‘34.1 ‘h

-47.2
Figure 3.4b Overall energy profiles at MP2/6-31G*(AE in kcal/mol)

AE (kcal/mol)
HF/6-31G*

\ 'H,C=0+CO

-51.5
Figure 3.4c Overall energy profiles at HF/6-31G* (AE in kcal/mol)

Though singlet carbene is generally thought to be the initial product formed from all
methylene precursors used,3! collision-induced equilibration to the triplet ground state

occurs readily, raising the possibility of intersystem crossing (ISC) before the CHz-CO»

collision or somewhere along the reaction path.32
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Table 3.1: Overall Thermochemistry

Method AH;xn AHrxn
singlet PES triplet PES

HF/6-31G* -58.7 15.2
MP2/6-31G*//HF/6-31G*  -69.8 32.7
MP4/6-31G*//HF/6-31G*  -69.3 24.5
MP2/6-31G*//MP2/6-31G* -64.82 51.32
G2 -60.5 22.5

Experimental -61 23.8b

4 Corrected with zero point energy, ZPE. b Calculated from experimental
heat of formation of triplet methylene (ref 30) and triplet formaldehyde
(from G. Hertzberg, “Electronic Spectra of Polyatomic Molecules™ van

Nostrand, Princeton, 1967).

3.4.2 Methylene approach

The possible existence of stable van der Waals complexes was investigated for
reactants 1Cq (Figure 3.5b), 1Cay (Figure 3.9b) and products, 1Cp (Figure 3.75b). In the
singlet methylene case, a minimum was found at the HF level, 3.2 kcal/mol lower in
energy than separated species. In structure 1Cy, (Figure 3.5b) the methylene is complexed
through the empty m orbital to a lone pair of one of the CO, oxygen atoms. IRC
calculations at the HF level find 1Cj to be the starting point for a one-step oxygen atom
"pluck” pathway, which occurs via a substantial barrier, TS3. As expected, this finding
suggests that direct oxygen transfer should begin via electrophilic attack on an oxygen
atom lone pair. Despite extensive searching, no conventional CH7-CO» ylide minimum
was located, casting doubt on a recent report from the group of Oku et al.33 This result is
unsurprising; CO7 is a weak Lewis base, as evidenced by its low proton and methyl
cation affinities, compared to CH20 (129.2 and 49.4 vs. 170.4 and 78.5 kcal/mol,34
respectively), so its affinity toward methylene would be expected to be substantially

lower than formaldehyde affinity toward methylene. A second minimum (NImag=0) also
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found only at the HF level corresponds to perpendicular nucleophilic methylene attack on
the CO; carbon (1C3y in Figure 3.9, path b). The HF/6-31G* IRC calculations connect
this minimum with a-lactone 1 via TS1, over a barrier of 3.5 kcal/mol (i.e. 0.2 kcal/mol
above separated 1:CHj; + CO»). The 1Cyy structure orients the methylene hydrogens
perpendicular relative to the CO, moiety, the C-C distance is 3.131 A, 0.7 A longer than
in 1Cy, and its energy is 3.3 kcal/mol below 1:CHj + COj, similar to the 3.2 kcal/mol
value for !Cy.

No G2 calculations were carried out for !Cy, TS1, or !C3y because no
corresponding minima could be located on the MP2/6-31G* PES. In all three cases,
reoptimization at the MP2 level simply falls onto the monotonically exothermic trajectory
of a concerted barrierless attack by 1:CH; on the Tt system of CO3 to form a-lactone 1.
Similar behavior was found on the B3LYP/6-31G* PES, but at the QCISD/6-31G* level,
true stationary points for !Cy and TS1 were found, 4.3 and 3.6 kcal/mol below the energy
of 1:CHj + CO;. Interestingly, for the 1C; geometry, the triplet single point energy is 19
kcal/mol higher than the reactants on the triplet surface. Considering that methylene's
QCISD/6-31G* S-T gap (optimized geometries) is 16 kcal/mol and assuming two
monotonically parallel channels for singlet and triplet approach toward CO,, with the
triplet complex 19 kcal/mol higher in energy (same geometry) we may consider that even
though the reaction starts on the triplet PES it may have crossed to the singlet PES before
the methylene gets close enough to the reaction partner, CO».

For the triplet case, calculations at HF, MP2, B3LYP and QCISD/6-31G* levels
yield structures for complex 3C; with C-C distances ranging from 3.5 to 3.2 A, and
energies 0.6 to 1.1 kcal/mol below 3:CHj + CO». G2 calculations starting from the MP2
optimized geometry find an energy only 0.8 kcal/mol lower than the separated species.
IRC data connect this species via TS4 (Figure 3.4a) over a 40 kcal/mol barrier to

diradical 32.
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Table 3.2: Calculated energies for CO; + :CH> complexes

AE (kcal/mol)2 HF MP2 QCISD B3LYP
Singlet 1Cpy 3.1 -3.3

Singlet 1C 3.3 -4.3

Triplet 3C, -0.6 -1.1 -1.1 -1.1

4 Calculated at the same level of theory, in respect with CO2 + l:CH2 or 3:CH2.

According to our calculations, the nature of the attack depends on the electronic state of
carbene as expected from the findings of Wagner et al. and seemingly at odds with the
philicity—-dominated suggestion of Sander et al. However, since philicity is defined in
terms of a carbene's substrate selectivities rather than the absolute reactivity (i.e. rate
constants) of the carbene's more reactive singlet state, this may be a less significant
discrepancy than it appears at first. The singlet prefers electrophilic attack on the &
system of CO7 with the formation of a-lactone 1 in a barrierless process, whereas the
triplet prefers to attack at the carbon atom as a radical and follows the lowest energy path

toward the acetoxyl diradical 33.

3.4.3 Possible intermediates

Among potential intermediates in this reaction, we have examined o.-lactone 1,
ylide 12, diradical 32 and acetoxyl diradical 33 (Figure 3.1). The singlet zwitterionic state
of structure 3 was not considered. Although early experimental studies in solution
invoked such a dipolar species formed by ring opening of substituted o.-lactones to
explain formation of polyester products,35 previous calculations of Davidson et al. (see
ref 18) found the corresponding structure for the parent a-lactone to be higher in energy
than the corresponding diradicals, and to collapse without barrier to 1.36 Table 3.3 lists
energies in kcal/mol relative to 3:CH, + CO; for each intermediate. Vibrational frequency
data are presented in Table 3.5 and a complete list of the total energies and cartesian

coordinates for each species considered here are available in the Appendix 3.
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3.4.3.1 Ylide 12 (=TS3)

No minimum was found for singlet 12, the hypothetical ylide. Only a TS is found
in this region of the PES, at all level of calculations used here. If the attack of singlet
methylene is directed toward oxygen, the reaction path goes through this species (named
here TS3 or 12) and effects an one step oxygen "pluck”. The barrier found in our
calculation for direct one-step oxygen abstraction via TS3 is 62.5 kcal/mol at the HF
level but significantly lower at MP2 or G2 (see Figure 4.3) with respect to 1:CH; + CO3.

The geometry of 12 changes dramatically when calcualted at the HF and MP2
levels (Figure 3.7). The geometry at HF/6-31G* looks like a late TS, with the
formaldehyde part almost formed, with an HCH angle close to 120° (124°). The MP2/6-
31G* structure suggests an early TS with the methylene part almost unmodified from its
starting geometry. At the same time, the C2-03-C4 distances are located in the bonding
range, indicating strong interactions. IRC calculations, both at HF and MP2 levels,
confirm the connectivity between the reagents and the products in one single step, via
TS3 on the singlet PES of the reaction.

A single point energy calculation for vertical excitation of the 32 diradical from
the triplet to singlet electronic structure finds the singlet with the exact same geometry as
32, 15.2 kcal/mol higher in energy than 12 at the HF level but only 6.6 kcal/mol higher at
MP4/6-31G*. Considering that the initial S-T gap in methylene at HF is ~30 kcal/mol,
the difference between the two calculated structures, 32 diradical and ylide-like 12 is
much smaller.

In our endeavor to find a minimum with an ylide-like structure we calculated the
open shell version of an ylide starting from both the singlet transition state 12 and the
triplet minimum 32 geometries. In both cases, using UHF/6-31G* and UMP2/6-31G*
wavefunctions, the calculations found the same minimum with an open shell singlet

structure.37 The minimum is lower in energy than the singlet TS3 and its geometry is
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essentially that of the triplet 32 geometry. The extent of spin contamination in these
calculations supports this idea, being so great that we believe the result simply

corresponds to the triplet diradical.

Table 3.3 Energy (kcal/mol)?2 of stationary points

Ab initio method LCH, 1 31 12 32a 32sb 33p 33s
CO,

NImage 0 1 0 o0 0 1

HF/6-31G* 30.8 -69 534 898 220 199 12 10.0

HF/6-31G* with zpe corr.  30.5 0.1 587 930 252 242 8.1 13.3
MP2/6-31G*//HF/6-31G* 21.0 -40.6 554 312 52 47 143 221
MP4/6-31G*//HF/6-31G* 17.2 -40.0 50.0 27.7 36 34 84 165

MP2/6-31G*//MP2/6-31G* 209  -40.3 40.1 158 155 170 240
MP2/6-31G* with zpe corr.  17.6  -34.1 434 197 166 212 270
MP4/6-31G*//MP2/6-31G* 17.1  -39.7 362 142 142 117 188
MP2(full)/6-31G* 190 -409 39.8 158 155 169 24.1
QCISD(T,4ET)/6-311G(dp) 12.5 -36.7 368 133 133 92 181
G2 (0K) 6.6 -39.9 31,1 125 132 915 179

2 Energies are reported as difference value in respect with 3.CH; + CO3. at each corresponding level of
theory, as follows: HF/6-31G*, -226.55568; with zpe correction, -226.52450; MP2/6-31G*//MP2/6-31G*,
-227.11114 with zpe correcton -227.08165; MP4/6-31G*//MP2/6-31G* -227.152407; MP2(full)/6-31G*,
-227.1258165; QCISD(T, 4ET)/6-311G(d.p), -227.269984; G2, -227.43031. b Acetoxyl staggered structure
optimized at HF/6-31G* level goes to alpha-lactone (see text). ¢ NImag = the number of imaginary
frequencies obtained by vibrational analysis at bot HF and MP?2 levels; structures with Nimg = O represent

stationary points on PESs, whereas NImag =1 indicates a transition state.

3.4.3.2 a-lactone 1
Most often mentioned as a possible intermediate, a-lactone 1 is characterized here

by geometry optimization and vibrational analysis (see Tables 3.3 and 3.4 and Figure

3.9).38 The first estimated value available in the literature for the heat of formation of o—

lactone,39 based on bond additivity, is -31 kcal/mol. Davidson's ab initio data!8 suggest
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AHg (1) = -51 kcal/mol. This value was successfully used by Squires to interpret
collisional induced dissociation (CID) measurements on acetyl anion.20 More recently
Rodriguez et al. combined QCISD(T) calculations with known heats of formation of
other species in two different isodesmic reactions and estimated a heat of formation for
o-lactone of 45.4 * 2.4 kcal/mol. Recent measurements of Squires et al.23 found AHs (1)
= -47.3 £ 4.7 kcal/mol. Our own estimates, calculated using G2 reaction energies and
experimental4? heats of formation for known species, are shown in Table 3.4.

The ketene + oxirane isodesmic reaction we used (see the fourth reaction in Table
3.4) suggests, from calculated heats of reaction at the G2 level, combined with the
experimental AH¢ of ethene, oxirane and ketene, AH¢ (1) = -41.5 kcal/mol. Heats of
formation directly calculated for ketene and oxirane from G2 atomization energies yield
values higher than those experimentally measured. In contrast, for ethene the calculated
value is 0.3 kcal/mol lower. This observation suggests that heat of formation for o-
lactone 1 may be slightly higher than the value calculated here, -43.7 kcal/mol, and

certainly within the error limits suggested by Rodriquez et al. (45 t 2.4 kcal/mol).
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Of the three intermediates considered here, 1 is the most stable and is formed
through attack of singlet methylene on a C=0 7 bond of CO3 in a barrierless process.
Ring fragmentation, 1 --> CO + H,CO, is calculated (G2) to occur via TS2 with AH¥ =
28.4 kcal/mol and AHxp, = -14.1 kcal/mol, similar to the 32.2 and -12.2 kcal/mol MP2/6-
31G** values obtained by Domingos et al.22 in their theoretical study of gas-phase .-
hydroxyacid decarboxylation. These AH;x, values differ from Liebman’s -23.4 kcal/mol
estimated exothermicity3? as expected, given the above adjustments in the estimated AHg
of the a-lactone. Ring-opening (path b) to zwitterionic intermediates has been proposed
to explain polyester products in solution studies of a-lactone-forming reactions (ref. 35
and references therein). However, as noted above, all singlet biradical structures we
examined fragmented or collapsed to 1 upon optimization. Thus, 1 represents a fairly
deep potential energy well, and should be easily observed at sufficiently low
temperatures. The IR data attributed by Milligan and Jacox to 1 show 12C=0 and 13C=0
carbonyl stretches at 1967 and 1933 cm-!, respectively, and as shown in Table 3.5, scaled
HF/6-31G* and MP2/6-31G* IR frequencies match experiment rather well both for 1 and
for CH0 and CO.

The triplet o.-lactone excited state, 31, was examined as part of our exploration of
the triplet PES and ISC possibilities. The HF/6-31G* structure lies 60 kcal/mol higher in
energy than the corresponding singlet and shows substantial pyramidalization at the
carbonyl carbon; the MP4/6-31G*//HF/6-31G* energy difference is even larger, at 90
kcal/mol. Upon reoptimization at MP2/6-31G*, the ring opens via C-C cleavage to form
diradical 32 (anti isomer), 52.4 kcal/mol higher in energy than !1 at the G2 level. These
results indicate that 31 is energetically out of reach and therefore unlikely to play any role

in the title reaction.
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3.4.3.3 Diradical 32

Infrared studies of the reaction of HOe radicals with CO 4! indicate the existence
of linear H-O—CO in two conformations, syn and anti. As expected, our calculations find
two analogous conformations for the triplet ®tHyC-O—-COe diradical 32 (Figure 3.5). The
energy differences between the two conformers are small at all levels (from 1.2 kcal/mol
at HF/6-31G* to 0.6 kcal/mol at G2). On the conformational potential energy surface; for
32s, (Figure 3.5), barriers of 7 and 9 kcal/mol were found for anti-->syn conversion and

for rotation of the CH group of 32s, respectively.

@ Carbon

O Oxygen
¢ Hydrogen

AE (kcal/mol)
HF/6-31G*
MP2/6-31G*//MP2/6-31G" Y

Figure 3.5 32a - 32s interconversion path

IRC calculations connect 32a with separate 3CHj + CO3 via TS4. Thus, the 12.5 kcal/mol
endothermic addition to form 32a would occur with a barrier of 59 kcal/mol; subsequent
cleavage to triplet formaldehyde and CO, via TSS (Figure 3.7) is again endothermic by
10 kcal/mol, over a 17 kcal/mol barrier (Figure 3.8).

The matrix experiments of Milligan and Jacox located the carbony! stretches for

anti and syn HO—COe species at 1883 cm! and 1793 cm-! respectively. Our calculations
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(Table 3.5) found the corresponding vibrations for 32a at 1811 cm-! (corrected, MP2 see
footnote to Table 3.5) and for 32s at 1781 cmr! (corrected, MP2) at the MP2/6-31G*
level. These frequencies are substantially lower than those for a-lactone and reflect the
acyclic connectivity in 32. Similarly, our values of 126.3° and 129.9° for the O-C-O
angles in 32a and 32s compare well with the 126.7° and 130.1° for HOCOe calculated by
Rauk et al.42 As shown in Table 3.6, AHf(32a) was calculated to be 9.6 kcal/mol at the
G2 level, 3.8 kcal/mol lower than the value obtained by summing the separate enthalpy
changes for loss of hydrogen atoms from methyl formate to make a "noninteracting"
diradical. This energy lowering can be understood as the stabilization due to interaction

between the two unpaired electrons in 32a.

Table 3.6 Estimated heats of formation for the diradical intermediates

AHf (kcal/mol)  Experimental2  Calculated  Calculatede

H;C-CO-OH -103.2 103.2¢
H3C-CO-O° -45.4¢
*H,C-CO-OH -58.1¢

33 «H,C-CO-Oe -0.34 5.8
H-CO-OCH3 -85.0 -88.7b
«CO-OCHj3 -35.3b
H-CO-OCHye -40.0b

32 «CO-OCHye 13.4d 9.6

4AHf from Lias er al. in Reference a, Table 3.4. bAHf of diradicals calculated from their heat of
atomization using G2 enthalpy (see same ref as in Table 3.4) and experimental AHf atoms corrected with
zpe and heat capacity, CODATA, J. Chem. Thermodynamics 1978, 10, 903. €AHf from Yu, D.; Rauk, A;
Armstrong, D. A. J. Chem. Soc. Perkin Trans. 2 1994, 2207-2215; the value calculated with our data for
acetic acid is 1.6 kcal/mol higher than our value. dAHf calculated considering the loss of hydrogen atom
enthalpy as an additive property. €AHf of diradicals calculated from their heat of atomization (*CH2-O-
COe --> 2C + 2H + 20, AHf = 9.6 kcal/mol and *CH2-CO-Os --> 2C + 2H + 20, AHf = 5.8 kcal/mol)
using G2 enthalpy and experimental AHf atoms corrected with zpe and heat capacity 435f elements, at 298
K. Note: The difference between the AHr of the two radicals, 32 and 33 is 3.4 kcal/mol calculated with G2
total energy vs. 3.8 kcal/mol with G2 enthalpy.
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3.4.3.4 Acetoxyl diradical 33

Addition of 3CHj to the carbon of CO> leads to 33, the acetoxyl diradical, which
has been computationally analyzed (ref. 18) in a somewhat different context. Using the 6-
31G* basis set (compared with 6-31+G* from ref 18), we also found two structures,
planar 33p and staggered 33s. At the MP2 and HF levels, only the planar diradical is a
minimum (NImag = 0). The planar and staggered structures of 33 are higher in energy
than 3:CHj + CO3, by 9.2 kcal/mol and 17.9 kcal/mol (G2), respectively. Geometrical
data compare well with reported MP2/6-31G* structures of monoradicals *CH>-COOH
and CH3—CO-Os; energies from the same source (see Rauk et al. in ref 42) were used in
Table 3.6 to calculate the AHs of diradical 33. Unlike the case of 32a, the value predicted
assuming additivity, -0.3 kcal/mol, is substantially lower than the 5.8 kcal/mol calculated
from G2 heats of atomization, suggesting that the two unpaired electrons interact to raise
the energy of the entire entity.

Of the two possible 3CHj + CO3 adducts, 33p and 32a, the former is both lower in
energy (by 3.3 kcal/mol) and accessible via a lower barrier (20.1 vs. 58.9 kcal/mol via
TS6 vs. TS4, respectively, Fig 3.4a). However, completion of the oxygen transfer to form
3CH;0 and CO would require isomerization over a high barrier (via TS7 found only at
HF level) to 32a, before the cleavage (via TSS) which itself has a barrier of 17.9 kcal/mol
(G2). The above connectivities on the reaction PES were all confirmed through IRC
calculations. According to these results, 3:CHj + CO; could react at thermal energies to
form acetoxyl diradical 33, but this intermediate's principal choice would be to
redissociate or undergo ISC to the singlet surface, followed by barrierless closure to 1. As
expected, optimization on the singlet surface starting from the geometry of 33s (C;
symmetry) led directly to a-lactone 1, as found by Davidson.!8 Singlet optimization (Cg

symmetry) from the analogous planar geometry 33p leads to a transition structure for
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*H,C—CO>* bond rotation (NImag=1), 17.9 kcal/mol (G2) higher in energy than 3:CH; +
COa».

The acetoxyl diradical was recently studied?3 by tandem mass spectrometry and
by energy resolved collisional induced dissociation. From the appearance energy
measurements, a gap of 2 kcal/mol was estimated between the triplet and its lowest
singlet state. The triplet lowest energy path is decomposition to 3:CHy + CO; while the
open shell singlet is thought to easily evolve to "hot" o-lactone which, in its turn,
decomposes to CO + H7CO, species detected in the NRMS experiments; their presence is
explained only by ring opening of a-lactone.

Comparing the available singlet and triplet data, the region of the PES
surrounding 3 appears well suited for ISC. Single point energy calculations for possible
singlets with 3p and 3s geometries show the singlet !13s much lower in energy than the

corresponding triplet and even lower than the energy of starting compounds on the singlet

PES (Figure 3.6).
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Figure 3.6 T-S direct excitation results for 33p and 33s
Note: At QCISD/6-31G* the singlet spin calculations indicate 335 lower in energy than both 33p and 33s
and even lower than CO7 + l:CH2 on the singlet PES.
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Rotation from the planar acetoxyl diradical 33p to the staggered 33s, described as a TS
by the calculation, offers a possible channel for ISC to the singlet 13s which may "roll"

downhill into a-lactone, on the singlet PES.

3.4.4 Vibrational analysis from IR calculated data

IR vibrational frequency calculations contain known systematic errors, due to the
neglect of electron correlation and anharmonicity. The results give, generally, an
overestimate of ~10%-12%. The values reported here in Table 3.5 are corrected by a
factor of 0.89 44 and 0.95445 for the HF and MP2 values respectively. The most intense
vibration of the experimental IR spectrum is the band at ~1967 cm-1 for 12C or 1933 cm-
1 for 13C with the isotopes in CO». This band is assigned to the carbonyl stretch in 1 with
the abnormally high frequency attributed to the strain in the a-lactone ring. The deviation
of our computed values from the experimental ones is much smaller than in the case of
formaldehyde.4¢ From all the possible intermediates considered here, only 1 has a very
strong vibration located close to the experimental detected value. The other candidates, 32
and 33, also show carbonyl stretch vibrations, but at lower frequencies (see Table 3.5).
The only other available experimental data are for the diphenyl a-lactone. Three
vibrations attributed to the C=0 stretch were detected!3, with the strongest located at
1890 cm-! and shifting to 1837 cm-! when 13C was used. Our SE/PM3 calculations locate
the carbonyl vibration for diphenyl a.-lactone at 1990 cm-! (uncorrected) for 12C.

These vibrational analyses support the assignment of the observed bands in the

matrix experiments to d-lactone 1.
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Table 3.5 Selected calculated IR frequencies

Compound vc=0 (cm-!) vc-o (cm-1) HF
di-Methyl a-lactone? 1900

di-(Trifluoro) a-lactone? 1975

di-n-Butyl-at-lactone? 1895 1163

1 (a-lactone)b 1974 HF; 1967 MP2 1210

32ab 1879 HF; 1811 MP2 1210

33pb 1667 HF; MP2 1225

H>CO (experimental) 1746

H,CO (calculated) 1804 HF

2 From Chapman, O. L.; Wojtkowski, P. W.; Adam, W.; Rodriquez, O.; Rucktaschel, R. J. Am. Chem. Soc.
1972, 94, 1365-1367. b Values corrected with 0.89 and 0.954 for HF and MP2, respectively.

3.4.5 Possible reaction paths

The connectivities among the found intermediates were established through the
various transition structures found, and are presented in Schemes 5 to 8 below.4? For the
geometry data and the active vibrations see Appendix 3. Their energies with respect to
the triplet methylene and CO; are presented in Table 3.7. The energy profiles reflect the
tremendous differences among the calculated paths at HF/6-31G*, MP2/6-31G*//MP2/6-
31G*, and G2 levels, and are presented separately in Fig 3.4.

path a, singlet PES: This is the direct one—step path for an oxygen atom "pluck”
(Figure 3.7). It takes place via TS3, a structure proposed for ylide 12 (for which no
minimum was found). The energy barrier is 62.5 kcal/mol at HF/6-31G*//HF/6-31G* but
drops dramatically to 24.5 kcal/mol at the G2 level. IRC calculations confirm the
connection from TS3 to separated reactants and to products CO + CH;0 on both HF and

MP2 PESs.

94



@ Carbon
© Oxygen
e Hydrogen

AE (kcal/mol)
MP2//6-31G*

1:CHCOp.-*

0
(17.6)

B
ey

29.6
(42.2)

Figure 3.7a Path a on singlet PES at MP2/6-31G*//MP2/6-31G*
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Figure 3.7b

Path a on singlet PES at HF/6-31G*
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path a, triplet PES: This is a two-step process via diradical 32 (Figure 3.8).
Attack of triplet methylene on an oxygen atom of CO3 leads to 32 via TS4; subsequent
cleavage via TSS5 leads to CO + 3CH;0. The high barrier and substantial endothermicity
of the initial attack (58.9 and 12.5 kcal/mol, respectively) are expected, reflecting the
difficulty of breaking a C=0 double bond. Two rotation isomers (anti and syn) of 32 were
found, which interconvert via TSrot (Figure 3.5) with a lower barrier than either of the
fragmentation channels. With high barriers and an excited state product (3CH320), this
overall path, as described, is endothermic and unlikely to play any significant role in the
CH> + CO3 reaction.

@ Carbon

O Oxygen
e Hydrogen

AE (kcal/mol)
G2

’:cnncof"

Figure 3.8 Path a on triplet PES

path b, singlet PES: This is the two-step oxygen transfer via o-lactone 1 (Figure
3.9). At the HF/6-31G* level, the computed reaction path begins in the shallow CHj +

CO> van der Waals complex 1C; and surmounts the 3.5 kcal/mol barrier of TS1 to arrive

at o-lactone 1, the most stable CoH20O; intermediate found by our calculations. At the

MP2/6-31G*//MP2/6-31G* level, 1Cq and TS1 are no longer stationary points, allowing
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separate CHy + CO; to collapse without barrier to a-lactone 1. Fragmentation of 1 via
TS2 then yields CO + CH,0 with a G2 barrier of 36.1 kcal/mol (MP2) or 27.3 kcal/mol
(G2). Because of the difference in the results at different levels of theory we further
examined the two structures, !Cj and TS1, using DFT and QCI methods.48 At the
B3LYP/6-31G* level, both structures collapsed directly to ai—lactone 1, but the QCISD/6-
3 1G* model found !Cj to be a minimum 4.3 kcal/mol lower in energy than !CHjy and
CO>; TS1 was then a transition state only 1.3 kcal higher than 1Cg but 3 kcal/mol lower
than the starting species. The S-T methylene gap at QCISD is 16 kcal/mol. Because of

these contradictory results, the region around TS1 on the singlet PES appears to be a

possible site for ISC (vide infra).

AE (kcal/mol)
G2 .
1:CH,+CO, & & Q.
66 J
TS2
l—!
< 128
"_
544
1 o-lactone 1H,C=0+CO

Figure 3.9a Path b on singlet PES at G2
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AE (kcal/mol)
HF/6-31G*

Figure 3.9b Path b on singlet PES at HF/6-31G*
path c, triplet PES: This is a three-step process via acetoxyl diradical 33 (Figure 3.10).
We calculate it to be the lowest energy path for 3:CH> attack on CO3. At the G2 level,
3 CHj, attacks CO3 at carbon via TS6 with a 20.1 kcal/mol barrier to form planar acetoxyl
diradical 33p. However, 33p can not complete the oxygen transfer of interest here, unless
it isomerizes to 32 or closes to a-lactone 1. An isomerization path from 33p to the
diradical 32 was found only at the HF/6-31G* level and involves passage over a barrier,
TS7, of 86.1 kcal/mol. Despite substantial effort, no TS7-like structure was found at
higher levels, suggesting that TS7 may be an artifact due to the limitations of the HF
theory used. Even if such a path could be followed, completion of the oxygen transfer

would require passage over the additional barrier, TSS already presented in the context of

path a on the triplet PES.
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Figure 3.10b Path c on triplet PES at HF/6-31G*

Direct closure of acetoxyl diradical to a-lactone 1 may occur only if ISC connects the

triplet 33p with the corresponding singlet structure. Optimization of a singlet starting at
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the geometry of 33p evolves directly into a-lactone 1. In this respect our results parallel

those of Davidson er al.18

3.4.6 Intersystem crossing.

Selected IRC points describing all the above reaction paths were subjected to
direct excitation calculations.4 Single point energies were calculated at the MP2 and
MP4 levels using the HF optimized structures from the IRC calculations both from
singlet and triplet PESs. We switched each structure's spin state and looked for energy
variations along the paths. No crossing regions were found, with the exception of the
region around TS1 on the singlet PES and TS6 on the triplet PES. A plot (Figure 3.11) of
the energy differences between selected points from both the singlet and the
corresponding triplet IRC trajectories of TS1 and TS6 show possible ISC in the region of
the two described transition states. Our way of approaching intersystem crossing is

probably verifiable with nontrivial procedures.
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Figure 3.11 Energy differences on IRC trajectories from TSI and TS2
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The direct excitation calculations mentioned above along with the monotonically down-
hill process on the singlet PES are analogous to the well known case of non-equilibrium
intersystem crossing for the :CPhjy reaction with methanol.50 If the singlet PES is
described as having a low or no barrier, as in the case of path b, the crossing with the
triplet PES which is going monotonically up-hill, as it is in the case of path ¢, may occur
before TS6 on the triplet path is reached. The reaction starts on the triplet PES and may
““roll“ down toward the products on the singlet PES (Figure 3.12) in a so called

nonequilibrium surface crossing.

CH30H + 'CPh, CH3OH + 'CPh, CO, + 3CH,
Path c triplet
3 CO, + 3CHa
CH3OH +“Ph CH3OH + 3Ph, Path c triplét
H H
PhaocH;, Pha&ocH; (ﬁ
A B c

A: Traditional surface crossing; B: Non-equilibrium surface crossing in the reaction of diphenyl carbene
with methanol, adapted from Platz, M. S. in ref. 48, Fig 21, page 327. C: Possible non-equilibrium surface

crossing for the case of methylene reaction with CO»3.

Figure 3.12 Traditional and non-equilibrium surface crossing

We propose here a possible intersystem crossing in the intersection region of path ¢ with

path b before the state described as TS1 at HF/6-31G* level, on path b, is reached.
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3.5 Conclusions

Abstraction of oxygen by 1:CH; from CO; appears to occur via stepwise
processes. Singlet methylene attack on the ©t bond of CO; to form a-lactone was found to
be the most favorable process on the singlet potential energy surface, much like the
familiar barrierless concerted cycloaddition of methylene to alkenes. The net O-transfer is
completed by the lactone's fragmentation into CO from CH7O. A one-step oxygen atom
““pluck” pathway was also found, but with its 24 kcal/mol G2 activation barrier, this
process is unlikely to play a significant role at common reaction temperatures. The lowest
energy triplet attack is directed toward the carbon atom of CO; in a nucleophilic manner.
If the reaction remains on the triplet PES, the acetoxyl diradical 33 is formed but there is
a substantial barrier for this process and two further steps (via 32) are required to
complete the overall endothermic oxygen transfer on the triplet PES.

Experimental thermochemical data show reaction 1 (Table 1) on the singlet PES
to be 60 kcal/mol exothermic. The a-lactone intermediate, with its high frequency (~1900
cm-1) carbonyl stretch, has also been experimentally observed in matrix isolation
experiments. These facts are in excellent agreement with our calculations. But the
correspondence between experiment and theory is less satisfactory for the available
Kinetic data. Singlet methylene is the primary photolysis product from all the precursors
studied to date, but with CO3, it is collisionally deactivated to the triplet state twice as fast
as it reacts.10. Il The reaction of triplet methylene with CO3 is slow, in agreement with
our calculated path c. Considering these experimental findings together with our
calculated results we propose here three possible parallel channels for the reaction of
methylene with CO, all starting from the initially generated singlet methylene.

On one of the channels, part of the initially generated 1:CH; forms, in a barrierless
Process, the most stable intermediate, a-lactone 1, with its excess vibrational energy (the
Teaction is 46.6 kcal/mol exothermic), more than enough to allow fragmentation to

Products under low pressure conditions. In a parallel channel, part of 1:CH, may be
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energetically “hot” enough to overcome the barrier of one-step oxygen "pluck" process.5!
However, most of the 1:CHj will equilibrate by collisional deactivation with CO; to
3:CHy. In the third of channel, the reaction starts from the 3:CHj by nucleophilic attack of
3:CHj; at the carbon atom of CO7 (path c¢) to form acetoxyl diradical 33. On the triplet
PES, the lowest energy path available to 33 is to fragment back to CO; and 3:CHj, but
ISC from path c to path b is a reasonable candidate for completion of the oxygen transfer

reaction. Once on the singlet PES, barrierless ring closure makes a—lactone 1.

Supporting information available in Appendix. It contains a complete summary with
cartesian coordinates, calculated total energies and frequencies for all the species

discussed
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1 Introduction

In the early '60s the idea that a carbene substituted with O, N, S or other electron-
donor groups would be more stable than the elusive carbene species known at that time
gained substantial attention. Wanzlich tried to synthesize such compounds by
deprotonation of the corresponding imidazolium ions, but only the formal products from
reaction of the desired carbenes with alcohols and aldehydes or the carbene dimers of the
carbenes were identified (Figure 1).! It was almost thirty years later when a stable
carbene itself was first synthesized, isolated 2 and structurally characterized by X-ray

diffraction (Figure 2).3

Ph Ph

E>=°]

Ph P
NN 1500 Ph Ph
( /cH—CCI3 (
N -CHCl3 / CX |Ph
Ph ph N
( >H —OCH,4
N

1960 Wanzlick

Ph

Figure 1 First synthesis of nucleophilic carbene dimers.

Ad 1991 Arduengo

Figure 2 1, 3-diadamantyl-imidazolin-ylidene.
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Since 1991 several different groups around the world4 have contributed to the area of
stable, isolable carbene chemistry. The successful synthetic routes described so far
(Figure 3) for synthesis of stable carbenes involve either deprotonation of imidazolium or
thioimidazolium salts by strong bases,> or desulfurization of imidazolthiones with
potassium.® The former procedure proved effective even for synthesis of such species as
the first acyclic stable carbene derived from the N, N, N', N'-tetraisopropyl-

formamidinium ion by deprotonation.’

i )
R N
N 1991
( +>CH x. Na;l; ?(hg?é)ucat. RI N>C= Arduengo
N:
| |
3 R
y i
R N\ K, THF, A R | N . 1993
I /Dﬁ N Kuhn &Kratz
N R
R l |
R R

Figure 3 General synthetic methods for preparation of nucleophilic carbene

In addition, special procedures were employed (Figure 4.4) for gas-phase and matrix

isolation.8

R' R'
| I 00
- N 1997
( N\C —<O hv | Ne. Maier
s/ 0 Ar matrix s/ Terlow & Schwartz

Figure 4.4 Special cases for synthesis of nucleophilic carbenes in matrix

Dithiacarbenes, with two sulfur atoms stabilizing the carbenic center, were also thought

to be responsible for the formation of tetrathiafulvalenes, the corresponding dimers of the
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1,3-dithiacarbenes.? The path to the 1,3-dithiacarbene dimers generally involves the
reaction of carbon disulfide with an electron-deficient substituted acetylene (Figure 4.5).
Usually, most reactions of CS, proceed from an initial nucleophilic attack at the carbon.
In contrast, the chemistry leading to 1,3-dithiacarbenes involves either electrophilic attack

of an electron deficient species on the sulfur atom of the CS or a concerted

cycloaddition.
CF,4
ﬂ F IFs
” + C — GQIS>=-C/S \
l I FaC~” S N\g—"~CF;
CF3 S

Figure 4.5 Synthesis of dithiacarbene dimers.

The role of the triple bond may be extended to other highly reactive species.
Benzyne reacts in gas phase with CS; and the corresponding dimer of 1,3-dithiacarbene,
was identified by mass spectrometry.!0 Nakayama generated benzyne from different
precursors in the presence of carbon disulfide and methanol.!! The product of the liquid
phase reaction, dithiacarbene, inserts into the H-O bond of methanol, leading to 2-
methoxy-1,3-benzodithiole as the main product. Nakayama's experiments demonstrated

the higher reactivity of benzyne toward CS; than methanol (Figure 4.6).

@l + csz——[ @[;C; @%ce

1 + CH3OH
H
Ne”

s/ "\ 0CHs

Figure 4.6 Benzyne cycloaddition to carbondisulfide.
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Similarly, triple bonds from the highly strained tetramethylcycloheptyne and its sulfur
derivative, react with CS,, at room temperature, to generate dimers of dithiacarbenes

(Figure 4.7).12

Figure 4.7 Cycloheptyne reaction with CS»

The behavior of benzyne and cyclic alkynes, which do not possess electron—withdrawing
substituents, focuses attention on a possible direct cycloaddition reaction mechanism as
an alternative to electrophilic attack at the sulfur atom followed by rearrangement to the
carbene.

Hartzler thoroughly investigated the reaction of hexafluoro-2-butyne and
dimethylacetylenedicarboxylate (DMAD) with CS;. At 100 °C, CS; added to the triple
bond to from three products (Figure 4.8). Tetrathiafulvalene, the dimer of the
dithiacarbene, is formed quantitatively only in the presence of a strong acid such as

trifluoroacetic acid. With no acid present, a 1:3 mixture of acetylene and CS; forms only
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2% of the dimer, while the major product is an interesting adduct containing a 3:2 ratio of
the initial species obtained in 60% yield. A 1:6 ratio of acetylene to CS yields a different
major product, a 4:4 adduct in 60% yield while tetrathiafulvalene is obtained only in 8%
yield. In the presence of acid, the initially formed dithiacarbene probably does not react
further with the acetylene due to protonation of the dithiolium ion. It appears that it is not
the classical reaction between two singlet carbenes, but the reaction between the carbene

and its conjugated acid partner that forms the dimer.

Fa S /S F3
| S>:=C\ ’ 2 : 2 adduct
Fa S CF3

CFs3 /
ﬁ Fj S FaCFa p F3
I cC — | s)?‘—i—iﬂ \ 3 : 2 adduct
| g Fa Ns—~CF,
3 \
Fa st fF /S”S\‘ iFng_s S—CF3
N\ _ /
I/c = / =< Il ;
Fa S S$—S S )

4 : 4 adduct

Figure 4.8 Harzler general reaction with the three adducts.

The 1,3-dithiacarbenes were also intercepted with alcohols to form 2-alkoxy-1,3-
dithioles, phenols aldehydes and ketones. The expected product of carbene insertion into
the O-H bond of the acid was not observed. Propiolate esters also undergo these
reactions, proving that the presence of only one electron withdrawing group is sufficient
to activate the acetylene toward reaction with CS».

Beside CS;, other cumulenes—carbony! sulfide and diisopropylcarbodiimide—
were briefly tested for the ability to undergo the same type of chemistry and generate
nucleophilic carbene. No reaction was observed between COS and hexafluoro-2-butyne;

when methanol was present in the reaction mixture, a slow reaction indicated the
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presence of an initially formed zwitterion which is trapped by methanol. The case of
diisopropylcarbodiimide presents no evidence for chemistry similar to carbon disulfide
(Figure 4.9). Only the product of a [2+2] cycloaddition followed by a tautomerization

was observed.

:

CF3 N

A

Figure 4.9 Reaction of diisopropylcarbodiimide with hexafluoro-2-butyne.
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The brief investigation of carbodiimide by Hartzler has not extended to date. In terms of
simple bond energy calculations, the carbodiimide reaction with acetylenes should be less
energetically demanding than that of CS;. Considering the results obtained by Hartzler
with CS; two decades ago, and in the light of new examples demonstrating the stability
and reactivity of 1,3-diaminocarbenes from the last six years, we tried to extend the
investigation of carbodiimides as possible 41t donors as a pathway to new stable
nucleophilic carbenes. If the reaction proved to be efficient, a completely new route to

stable carbenes, involving reactions of carbodiimides with acetylenes might be found.

2 Results and Discussion
To find a new and effective route to the synthesis of nucleophilic carbenes, and to
better characterize and probe their physical and chemical properties, we investigated here

the reaction of DMAD with 1,3-di-tert-butylcarbodiimide (DBCDI)
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2.1. Reagents

As cumulated double bond systems, we used 1,3-diisopropyl- and 1,3-di-tert-
butylcarbodiimide. Both appear to be reasonable candidates for generating 1,3-
diaminocarbenes. Diaminocarbenes with similar structures are already known!3 as stable
species, in the absence of quenchers such as air, water, and alcohols. The only direct
precedent is the investigation performed by Harzler involving diisopropylcarbodiimide.
The isolated product seems to be the result of a [2+2] cycloaddition followed by
tautomerization made possible by the presence of the an o hydrogen atom from the
isopropyl group linked to the nitrogen atom (Figure 4.9). The 1,3-di-tert-
butylcarbodiimide was chosen for the present investigation because it has no hydrogen
atom in an « position. Thus, the possibility of a hydrogen shift or tautomerization, as in
the diisopropylcarbodiimide case, is eliminated. For economical reasons as much as for
the ease of manipulation, dimethyl-acetylenedicarboxylate, DMAD, was used as the
acetylene partner. In addition, brief investigations involving benzyne, maleic anhydride
(MA) and tetracyanoethylene (TCNE) were performed. However, the double bond
proved to be ineffective in the reaction with cumulenes. Neither maleic anhydride or
tetracyanoethylene reacts efficiently with carbodiimide in the manner under investigation
here. The only products isolated and characterized were obtained from the reaction of

carbodiimide with DMAD.

2.2, Investigation of reaction conditions
2.2.1. Energy requirements

According to the literature, the reaction of CS; with hexafluoro-2-butyne or
dimethylacetylenedicarboxylate substituted acetylenes was slow, requiring heating at
100°C for several days to yield the products of the 1,3-dithiacarbene intermediate. In
contrast, benzyne reactions were fast at room temperature. In the liquid phase; their

dimeric products were formed within 30 minutes of the addition of CS; to a solution of
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benzyne prepared in situ. In the same manner, cycloheptyne reacts rapidly at room
temperature with carbon disulfide affording a 2:2 adduct, the corresponding dimer of the
carbene.

We investigated the energy requirements of the reactions involving CDI with
DMAD by using initiation methods such as light, heat, microwave or ultrasound. The
evolution of the reaction was followed by 'H and !3C NMR. The photochemical path
seems unlikely at best for the expected cycloaddition. Irradiation with UV light from a
500 W high pressure Hg vapor lamp shielded for wavelengths shorter than 350 nm with
an uranium filter or even unshielded proved ineffective. The reaction mixture remained
unchanged, by NMR and GC analysis, after 2 hours of continuos irradiation. Reactions
performed in an ultrasound water bath, were also unchanged after 2 hours. Heating in an
oil bath at 80 to 100 °C for several days led to partial consumption of the reagents, and to
drive the reaction to completion required heating for as long as 11 days. In contrast, a
sample exposed to microwaves in a sealed NMR tube required only half an hour for total
consumption of the reagents but afforded a more complicated mixture of products.

2.2.2 Solvents

The reactions were run in solvents, such as tetrahydrofuran, acetonitrile or ethyl
acetate, the media used in the initial experiments of Hartzler. Experiments with neat
liquid reagents are were also run, but a higher amount of polymeric products were
obtained and separation of the products was more laborious. The three solvents proved
equally effective in homogenizing the reaction mixture and no differences were noticed in
the course of the reaction. The use of deuterated THF or acetonitrile allowed the reaction
to be followed by NMR. Most characterized diaminocarbenes had their 13C NMR spectra
taken in THF, so it should be possible to make reasonable guesses about the expected

resonance position of the carbenic carbon of our expected species in the same solvent.
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2.2 3 Traps for carbenes

To detect the presence of the carbene as a short lived intermediate, we tried to trap
it with some of the commonly known fast reacting species such as water, methanol or
benzaldehyde. Products with the appropriate masses were observed via GC-MS but
further confirmation of their structure was not possible because of the small amounts of
product.
2.3 Products

Reaction of DBCDI with DMAD. 1 to 2 mL of 10-3 M solution of DBCDI and
DMAD in THF-d8, EtOAc or CD3CN in NMR tube were degassed by freeze-pump-thaw
cycles and sealed. After heating for 4 to 11 days in an oil bath at 80-100°C: with the
reagent consumption followed by !H and 13C NMR, the tube was opened. In all cases
pressure developed proving the formation of a gaseous product at RT, which was
identified as isobutylene.!4 The product mixture was separated by flash column
chromatography over silica gel using a set of hexane: CH,Clj solvent mixtures with 5:1
to 1:3 ratios. Besides unreacted starting materials and some di-tert-butylurea byproduct,
Et70 trituration yielded the dimethyl ester of 2-N-tert-butylamino-3-cyano-2(E)-butene-
dioic acid and the tetramethyl ester of s-trans-1-N-tert-butylamino-1,3-butadiene-1,2,3,4-

tetracarboxylic acid (E, E), 1 and 2, respectively, in Figure 10.

“,

COOMe N Y MeOOC NH
I MeOOC NH I
I cﬁ - I Me0OC COOMe
N NC COOMe l
COOMe )\ H COOMe
4.1 4.2

Figure 10 General reaction CDI + DMAD.
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With no traps present product 1 and 2 were obtained from the reaction of 1,3-di-tert-
butylcarbodiimide with DMAD. With the equimolar ratios of the two reagents or with
slight excess of CDI, 1 is the major one obtained. When an excess of DMAD is used, 2 is
obtained in higher yield, eventually becoming the major product with a large excess of
DMAD.

When water and D0 water was added to the reaction mixture, along with 1 and

2, small amounts of 1:1:1adducts of CDI, DMAD and either H>O or D,0O were detected
by GC-MS spectrometry. Methanol adducts of the same type were detected when MeOH

or MeOD were added as traps for the potentially formed carbene.

Reaction of DBCDI with Benzyne. Freshly prepared benzyne!> was heated in neat CDI
or in a 10-3 M solution of CD3CN. No [2+3] cycloadition products were identified.

Identified in the reaction mixture were of antranilic acid and unreacted CDI.

Reaction of DBCDI with TCNE. Sample (1 mL 10-3M) of DBCDI and TCNE in EtOAc
and CHClj; respectively, were degassed by 4 freeze-pump-thaw cycles and sealed in an
NMR tube. Heating for 4 days in an oil bath at 80-100°C gave a viscous mixture. After
extraction with ether and column separation of the unreacted reagents, GC-MS allowed
identification of traces of a 1:1 adduct (M=282) of CDI and TCNE with a fragmentation
pattern attributable to a [2+3] cycloaddition product. The only other compound identified
in both cases was 1,3-di-tert-butylurea. Attempts to further optimized the yields and

investigate the adduct were unsuccessful.

Reaction of DBCDI with Maleic Anhydride (MA). A 1 mL sample of 10-3M of DBCDI
and maleic anhydride in CH3Cl was degassed by 4 freeze-pump-thaw cycles and sealed
in NMR tube. Heating for 4 days in oil bath at 80°C a polymeric reaction mixture was

generated. Extraction with ether and column chromatography allowed identification of
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the unreacted starting materials and traces of 1:1 adduct of CDI and MA detectable via
GC-MS with a fragmentation pattern which may be explained a [2+3] cycloaddition
product. The only product separated from the unreacted starting materials cases was di-

zert-butylurea. Attempts to further optimized the yields and investigate the adduct were

unsuccessful.

R eaction of DBCDI with di-phenyl-acetylene. After heating for 4 days a sample of CDI

and acetylene in CD3CN, degassed by 4 successive freeze-thawed-pump cycles and

sealed under vacuum, no reaction was noticed. GC-MS analysis of the mixture showed

only starting materials and solvent.

R eaction of DPCDI with DMAD. 1 ml solutions of DPCDI and DMAD in EtOAc, THF-

d& or CD3CN were degassed by 4 freeze-pump-thaw cycles and sealed under vacuum.
S amples were heated for 4-5 days in oil bath. Only the starting materials along with some
di -isopropylurea were separated from the reaction mixture by column chromatography.

IN o 2-azetine-like product from a presumable [2+2] cycloaddition as in the case of
he x afluoro-2-butyne was identified. When CF3COOH was added as catalyst, the main

Product was the di-isopropylurea and some polymeric mass probably due to the self

condensation of DMAD.

Reactjon of DPCDI with TCNE. A 1 mL 10-3M sample of DPCDI and TCNE in EtOAc

Was degassed by 4 successive freeze-pump-thaw cycles, sealed in NMR tube and heated

for 4 days in oil bath at 80-100°C. Extraction of the reaction mixture with ether and
COlurmn separation of the unreacted starting materials, GC-MS allowed identification of
races of 1:1 adduct (M=254) of DPCDI and TCNE with a fragmentation which may

€XPplain a [2+3] cycloaddition product. Attempts to further optimize the yields and

M Vestigate the adduct were unsuccessful.
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2.3. Discussion

2.3.1 Thermodynamic data

S imple bond energy calculations allow us to predict that the reaction of carbodiimide
with an acetylene should be energetically favored over reactions involving carbon
disulfide. From this starting point, semiempirical and ab initio molecular orbital
calculations were performed in order to compare the energetics of the reactions of CS;
and of carbodiimide with acetylene. The computed systems used here are simplified
approximations of the real systems used in the lab, since they include unsubstituted
acetylene, CS; and unsubstituted carbodiimide (Scheme 11). The overall
thermodynamics of the two reactions shows that the reaction of acetylene with CDI is
more exothermic than the one with CS5 and, consequently, more thermodynamically
favored. These simple estimations of the overall reaction energy pointed to a possible

new route to synthesize diaminocarbene.

H H
HC=CH HN=C=NH ——= [B 2 . [>——H

N N
HC=CH §=C=8§ 2. Es>

HC=CH HN=C=NH 4. l
js

e

Figure 11 Processes followed by theoretical means

NH2
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T able 1: Comparative thermodynamic data computed for overall reactions 1 to 6

AH;xn PM3 HF2 MP2b MP4c MP2d
1 -48.1 -40.0 -40.0 -38.7 -38.8
2 -189 -260 -323 -29.7 -326
1+2 -67.0 -63.8 -72.3 -684 -714
3 -11.3 30 -02 -03 -06
4 240 -166 -19.2 -18.8 -18.4

70 -106 -76 -89 -82
6a 208 -319 -334 -31.5 -33.2
6b 209 -30.6 -30.6 -28.3 -31.5
4+5+6a -51.8 -59.1 -60.1 -59.2 -59.7
4+5+6b -51.8 -589 -574 -56.0 -583

aHF/6-31G*//HF/6-31G*; PMP2/6-31G*//HF/6-31G*;
CMP4/631G*//HF/6-31G*; 9MP2/6-31G*//MP2/6-31G*.

The overall thermodynamics show the reaction of CS; with acetylene, (Reaction 3

in Table 1) is almost thermoneutral (-3.0 kcal/mol at HF and only 0.6 kcal/mol at the

MP2/6-31G* level). In contrast, both reactions involving CDI are calculated to be

€ x othermic. The formation of the four-membered ring, (Reaction 4) as in the experiments

of Hartzler, is 16.6 or 18.4 kcal/mol exothermic at HF or MP2, respectively. However,

the [2+3] cyclization to diaminocarbene, (Reaction 1), is by far the most

thermodynamically favored process of the three considered here, with AH;xp = -37.8 or

~3 8.8 kcal/mol at HF or MP2 respectively.

To calibrate the reliability of the thermodynamics calculated here, we compare

them with the available experimental data. Using the experimental heats of formation of

1midazole and acetylene and with our best estimate for the heat of formation of CDI,!6
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we calculated an overall AHxn(142) = -60.8 kcal/mol which may be compared with the

calculated -63.8 or -71.4 at HF or MP2 level, respectively.

We considered subsequent reactions of the carbene, which may account for the
detected products formation. From diaminocarbene, the 1,2-H shift to 1H-imidazole,
(Reaction 2) is strongly exothermic, as expected. The 2-azetine may undergo the typical
e lectrocyclic ring opening to the corresponding imino-ketimine (Reaction 5). In order to
e xplain the formation of a product such as 1, one needs an additional step, (Reaction 6a
oOr 6b) a net 1,5 H shift. If this process is intramolecular, it should initially lead to the cis
product with an overall exothermicity of ~ -60 kcal/mol. Our experimentally obtained
product, 1, has a trans arrangement which may result from a 1,5 shift followed by
i somerization, or an intermolecular process.

The data available indicate the formation of the diaminocarbene as the most
thermodynamically favored product. In contrast, the experiments, both in Hartzler's case
and in ours, yield different products. The explanation must be sought in the actual

mechanism and the heights of the barriers involved in each step of the possible processes.

2.3.2 Mechanisms suggested in literature
The most common type of reaction mentioned in the literature for cumulated

double bonded systems are the [2+2] cycloadditions.!7 The reactions involving reagents
sSuch as CS;, COS, ketenimines or carbodiimiides are [2+2] cycloadditions followed, in
IMOst cases, by subsequent thermodynamically or kinetically driven chemistry toward the
IMOst stable product or products. Various [2+2] cycloadditions between carbodiimides or
phenylisocyanate and acetylenes are known. However the reactions require a catalyst
Such as iron pentacarbonyl!8 or similar complexes with cobalt!9 or nickel.20

The existing experimental literature regarding possible [2+3] cycloadditions

M Volves only the CS? cases and there are no previous mentions of CDI involvement in a
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cycloaddition of this type. The experimental data available to date about cycloadditions
of a cumulated system with acetylene offer two different points of views on this type of
reaction. On the one side are the fast reactions of benzyne and tetramethylcycloheptyne
with CS,. The assumption of a concerted [2+3] cycloaddition in these cases is supported
by the similar behavior of the two acetylenes, benzyne and strained
tetramethylcycloheptyne, which are neither strong nucleophiles nor electrophiles. In the
benzyne case, CS; reacted even faster than MeOH. Only the product of dithiacarbene
insertion in the O-H bond of MeOH was obtained, which shows that benzyne reacts
mnuch faster with CS; than with MeOH and only afterward does the 1,3-dithiacarbene
insert into the O—H bond of MeOH (Figure 4.6).

On the other side, Hartzler's thorough investigation of the reaction of CS3 with
acyclic acetylenes showed that acetylenes need to have at least one electron-withdrawing
group next to the triple bond in order to react with CS; and generate dithiacarbene.
Unsubstituted acetylene, such as 2-butyne, diphenylacetylene or vinylacetylene are
completely unreactive toward CS; while hexafluoro-2-butyne or DMAD proved to be
effective and led to the expected products. But the reaction needs long times and high
temperatures (at least 100 °C) and goes better if it is acid catalyzed. These facts are
consistent with a step-by-step mechanism, as initially suggested by Hartzler. Such a

mechanism implies a nucleophilic attack on the acetylene to generate initially a

Zwitterion. This ionic species has never been trapped and is thought to cyclize to the

Carbene faster than to accept a proton.

The generally accepted explanation is that the dominance of cyclization vs. proton
abstraction, in the presence of acid is not the result of kinetic control via faster cyclization
but dye to the thermodynamic drive toward the additional stabilization by the formation

OF an aromatic structure, such as the 1,3 dithiacarbene. In the absence of suitable traps,

Hartzler identified the corresponding dimer of dithiacarbene.
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Knowing that dimerization in solution is less probable than any other mode of
carbene reaction, Hartzler explained the dimer formation, rather than through coupling of
t'wo singlet carbene molecules, by initial protonation of the carbene to dithiolium ion and
s ubsequent reaction of the ion with another carbene molecule to form the dimer. The
formation of the dimer is a consequence of a long-lived carbene. For the case of interest
hhere, Hartzler's investigation showed no similarity in the behavior of CS; and

c arbodiimide (see Figure 4.9 and corresponding references from the text).

2.3.3 Possible mechanisms

Given the previously suggested mechanisms and the results of our investigation we

consider here three possible paths for the reaction of the involved species (Figure 11).

a. [2+3] cycloaddition
b. [2+2] cycloaddition

c. Stepwise reaction.

a. [2+3] cycloaddition. For a cumulated a-b-c system free of formal charges, an
electron pair at a and ¢ will create two allyl anion systems perpendicular to each other.
Charge migration during cycloaddition produces a cyclic allyl cation with an additional
anionic charge at b. Among the three resonance structures of the cyclic product formed as
the result of the [2+3] cycloaddition, one is free of formal charges but possesses an

electron sextet on atom b. If the system is CO3, CDI or CS», a carbon atom will play the

role of b and the neutral cyclic species is a carbene.

Q ©
a—b——c ® /b\

e VY S VY A VI

d——e

Figure 12: General [2+3] cycloaddition of cumulenes
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There is no mention of such a process in the published literature involving CO; and only
one investigation involving CDI. Bis[bis(diisopropylamino)phosphino]carbodiimide is
the one case in the literature in which a CDI is involved in [3+2] cycloaddition. But even
11 this case, it is postulated that the bisphosphino substitution is responsible for [2+3]
cycloadduct formation with DMAD in 92% yield, because the three pieces include only
C and one N from the CDI moiety along with one P atom from the phosphino part of the
molecule.?!
By contrast, the experiments with CS; as cumulene are at the starting point of a
w ast literature pool about tetrathiafulvalenes, their synthesis, chemical reactivity and
Practical use. In the CS; case, the available data about its reaction with
tetramethylcycloheptyne or benzyne support the idea of a concerted cycloaddition given
that d-¢ is a triple bond (Figure 12). The reduced reactivity toward open chained
acetylenes, without electron-withdrawing substituents next to the triple bond of the
alkynes along with the requirement of an acid catalyst do not allow one to exclude an
initial electrophilic attack at the heteroatom, S or N, and a step by step mechanism.22
Our calculations for a concerted [2+3] cycloaddition Reaction found a barrier of
63 kcal/mol at HF and much lower at MP2, 24.5 kcal/mol. By contrast the CS» case

shows a barrier of 52.1 kcal/mol at the HF level (Figure 13 and Figure 14).
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Figure 13 Calculated path for [2+3] CDI cycloaddition to acetylene

T he two values for the concerted addition at HF for CS; and CDI, respectively, support
the idea that, CS; should add more readily to to acetylene because its barrier is 12
kcal/mol lower than that for CDI. However, the height of the barrier is still significant

even for CS; case.

TS [2+3]

0.0
CQHZ + 032 @ : -3.0

— HF/6-31G* > °

Figure 14 Calculated path for [2+3] CS; cycloaddition to acetylene
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The easier cycloaddition of CS; may be the result of the difference in the HOMO-LUMO
gap between the two cumulenes,?3 as well as the difference in size between N and S
atoms. With sulfur bigger than nitrogen, access to the central carbon may be encumbered
and interaction with either of the sulfur atoms in a stepwise reaction or with both in a
concerted [2+3] cycloaddition would lead to the experimentally obtained dithiacarbene.
In addition, the C=S bond, being longer than C=N bond may allow easier bending for

C S5 molecule compared with CDI and as a consequence, better overlap of both S atoms

w ith the acetylene. Also the substituents on N atom will complicate the situation

compared with the S atom.

A possible thermal rearrangement of the carbodiimide to the corresponding nitrile
imine followed by a fast reaction of the nitril imine with DMAD may be another
e x planation for the main product obtained.24 Theoretical studies of this type of
rearrangement at different ab initio levels were published.25 The G2(MP2) level shows
iminonitril only 2 kcal/mol more stable than the carbodiimide. The rearrangements is
postulated to take place through a 1 H—diazirine intermediate which is calculated to be,

w hen the same level of computational method is used, 59 kcal/mol higher in energy than

the carbodiimide.26

b. [2+2] cycloaddition is a common reaction among heterocumulenes.2? Since concerted
thermal [2ng+ 27] cycloadditions are not orbital symmetry allowed, the mechanisms
involve an allowed concerted [2ng+ 27,] reaction leading to a four membered ring
l""~°—‘-t€=l'ocycle.23 Usually, the olefin is the 25 component. The reasoning behind the high
Teactivity of heterocumulenes such as ketene in [2+2] cycloadditions is the favorable
S€C ondary interaction between the HOMO of the olefin and the vacant orthogonal C=0
e antibonding orbital of ketene.

One may imagine that all cumulenic systems should undergo concerted cycloadditions

Since they all have an orthogonal vacant n* antibonding orbital. However, this is not true
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for all cumulenes. It is the energy difference between the 7t* orbital of the cumulene and

the HOMO of the olefin which dictates the possibility of a concerted reaction rather than
a stepwise reaction. In the ketene case, there is an usually small gap between its HOMO
and LUMO orbitals, (Figure 16). The calculated difference in the carbodiimide case is

16.7 (SCF, with 3-21G* basis set) or 10.96 eV (MNDO).29 More theoretical analyses of

carbodiimide structure and stability are available in literature.30

Ketene CDlynpo CDlsce

W LUMO(ev) 38 152 570
',8_8__8 HOMO (eV) -12.4 -9.44 -152

Figure 16 HOMO-LUMO gap in ketene and CDI
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Such a mechanism is used to explain the results in the experimentally known CDI
cases. The initial product of [2+2] cycloaddition, 2-azetine, lacks the normal stabilization
of an amidine because of the unfavorable azabutadiene resonance structure in its dipolar
form. It is also known that azetines readily undergo electrocyclic ring opening and
subsequent rearrangements.

c. The stepwise reaction would imply a zwitterionic intermediate, in complete
disagreement with the previously cited rapid room temperature reactions of benzyne and
tetramethylcyclohep<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>