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Abstract: (12/11)CASSCF and (12/11)CASPT2 ab initio electronic structure calculations with both the cc-
pVDZ and cc-pVTZ basis sets find that there is a barrier to the very exothermic hydrogen shift that converts
singlet methylnitrene, C#N, to methyleneimine, bC=NH. These two energy minima are connected by a
transition structure ofCs symmetry, which is computed to lie 3.8 kcal/mol above the reactant at the (12/
11)CASPT2/cc-pVTZ//(12/11)CASSCF/cc-pVTZ level of theory. The (12/11)CASSCF/cc-pVTZ value for the
lowest frequency vibration in the transition structure is 854 mnd CASPT2 calculations concur that this

a' vibration does indeed have a positive force constant. Thus, there is no evidence that this geometry is actually
a mountain top, rather than a transition structure, on the global potential energy surface dCilpatlavay

of lower energy connects the reactant to the product. Therefore, our computational results indicate that the
bands seen for singlet methylnitrene in the negative ion photoelectron spectrungf @k due to singlet
methylnitrene being an energy minimum, rather than a transition state. Our results also lead us to predict that,
at least in principle, singlet methylnitrene should be an observable intermediate in the formation of

methyleneimine.

Nitrenes are reactive intermediates that have found uses in A much simpler nitrene rearrangement is that of singlet meth-

synthesis, photoaffinity labeling, and photoresist technolfogy.

yInitrene to methyleneimine, GH+N — CH,=NH. Although

One of the best studied of these species is phenylnitrene, whichthe triplet €A;) ground state of methylnitrehénas been the
in its lowest singlet state undergoes ring expansion to give subject of several experimental studfesinglet methylnitrene

azacycloheptatetraeAd.he same type of ring-expansion reac-

rearranges so quickly that it has not been chemically trapped;

tion has been observed in a variety of other aromatic nitrénes. and even attempts to detect it by femtosecond flash photolysis
Recent computational studies have led to an understanding ofhave failed’ Nevertheless, the negative ion photoelectron

several puzzling aspects of this reactfon.
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spectrum of CHN™ contains features which were assigned to
the lowest singlet state of methylnitrene, and the singi@plet
splitting was measured to h&Est = 1.3524 0.011 e\?8

On the basis of the results of CISD calculations with a two-
configuration (TC) reference wave function, Schaefer and co-
workers suggested that singlet methylnitrene rearranges to
methyleneimine without a barri@rWere this the case, the
features assigned to this state in the photoelectron spectrum of
CH3N~ would have to be interpreted as belonging to a
resonance, rather than to a true minimum on the singlefNCH
potential energy surface.
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However, the closely related rearrangement of singlet meth- H H
ylcarbene to ethylene is computed to have a small but finite mz\’\ﬂw 1.124\—\100‘71 Hol 1931 0gp
energy barriet and methylcarbends has, in fact, been trapped H(7 g™ T Wy Frg ™ T mee (T K
chemically!! Since the rearrangement of singlet methylcarbene /"' S e e H
to ethylene does have a barrier, it is not obvious why the 'A'MN TSt i
rearrangement of singlet methylnitrene to methyleneimine Figure 1. (12/11)CASSCF/cc-pVTZ geometries (bond lengths in A,
should not2 bond angles in degrees) of the stationary points along the lowest energy

To investigate the possibility that an energy barrier separatesp_athway for the rearrangement pf the lowest singlet state of methyl-
singlet methylnitrene from methyleneimine, we have undertaken Nitrene tA" MN) to methyleneimineNI ).
CASSCF and CASPT2 calculations, the results of which are tape 1. Relative (12/11)CASSCF Zero-Point Energies (ZPEs) and
reported here. The calculations find that singlet methylnitrene (12/11)CASSCF and (12/11)CASPT2 ZPE-Corrected Electronic
is indeed an energy minimum, rather than a transition state. '\E/Int—:rr]giles (kCan&ll))OfA'danfdt;Az_Il}/lethx_/tl_nitresrlreu((\:/ltll:lrgs Connectin

i i inei i e eneimine ,and o e lransiton
g';uasr,] vggspéﬁ/ﬂgtlér}ﬁé?rtnlggfgtg]. principle, methylnitrene should Zé’s%lchtcc))li (TS1) and for Nitrogen Inversion in _Methyleneiminge
. . . , puted with cc-pVDZ and cc-pVTZ Basis Sets

(12/11)CASSCF calculations were performed in which all
12 valence electrons and all 11 valence orbitals were included ZPE EC(C(EQ\?SZC)F/ EC(C(EpA\ngT)Z/ Ec(g'ngSZC)F/ EC(CC_Q\?TPZT)Z/
in the active space. Geometry optimizations and vibrational

analyses were performed at this level of theory. To include the §A2 ,\'\m 2 8 _42 1 _33 9 _387 _320

effects of electron correlation that involve excitations of the 157 0.1 0.4 28 05 38
valence electrons into orbitals outside the active space, weTs2 1.3 —59.4 —51.6 —62.2 —54.9
applied second-order Mer—Plesset perturbation theory to the Ml 32 —-91.7 —83.1 —92.0 —82.9
(12/11)CASSCF wave functions, using the CASPT2 metiod.

The CASSCF wave function had a reference weight of 93 In Cs, methylnitrene two electrons must be distributed
95% in each of the CASPT2 calculations. between a degenerate pair of e MOs, which are largely

The (12/11)CASSCF geometry optimizations and the CASPT2 comprised of the two 2p orbitals on N. The lowest-energy states
single-point calculations were carried out with Dunning’s cc- that result are a tripleQ\,) and a degenerate pair of singlets
pVDZ and cc-pVTZ correlation-consistent basis sét3he (*E). According to the JahnTeller theoreni? the latter should
former was used for vibrational analyses, performed at (12/11)- undergo JahnTeller distortions, giving rise téA’ and A"
CASSCF/cc-pVDZ optimized geometries. The latter is a valence states inCs symmetry.
triple-C basis set with two sets of d and one set of f polarization ~ As shown in Figure 1, théA’ state has one short and two
functions on C and N and two sets of p and one set of d Jong C—H bonds. ThéA"” state distorts fronCs, Ssymmetry in
polarization functions on H. It is equivalent to the largest basis the opposite sense. However, the distortions f@ysymmetry
set used by Schaefer and co-workemll calculations were of both components ofE are quite small; and at theiEs
performed with the MOLCAS-4 suite of electronic structure optimized geometries, thé\' and A" states differ in energy
programsts by less than 0.01 kcal/mol at the (12/11)CASSCF level of theory

The (12/11)CASSCF/cc-pVTZ optimized geometries for the with both basis sets. As found by Schaefer and co-workErs,
lowest singlet state of methylnitrene, methyleneimine, and the the C-N bond lengths in the two singlets are nearly the same,
transition state that connects these two energy minima are showrand both are slightly shorter than the-® bond length in the
in Figure 1. Their (12/11)CASSCF and CASPT2 energies are |owest triplet state.
given in Table 1. Optimized geometries for all other species It is in the 1A’ state that migration of the unique hydrogen
whose energies are given in Table 1 are available as Supportingcan most easily occdrin fact, the lowest frequency vibrational
Information, as are the unscaled (12/11)CASSCEF vibrational mode of 564 cm! in this state of methylInitrene corresponds to

frequencies that were computed at these geometries. an & motion that moves this hydrogen toward the nitrogen.
914(1%30)(1g?)MEV?glsekaﬁ J.fD.;HHc';ukin.A N /érr? Chgmdgzzdfl%%g% The zeroth-order wave function féA’ has the formtA’ =
. a, b.; Schaeter, R. ., IJ. Am. em. S0 . cee 2 — ces 2 i I
(11) (a) Kramer, K. A.; Wright, A. NTetrahedron Lett1962 1095. (b) Ca*+7d*L=Cp| .Zd Ll T.he a MO !S Iargely ComPnSEd O.f
Frey, H. M.J. Chem. Socl962 2293. (c) Seburg, R. A.: McMahon, R. J. th_e 2y AO on nitrogen, interacting in an annbondlng fashion
J. Am. Chem. Sod.992 114, 7183. (d) Modarelli, D. A.; Platz, M. SI. with the unique hydrogen; and 2 largely the 2porbital on
Am. Chem. Socl993 115, 470. nitrogen, interacting with the remaining two hydrogens, also in

(12) Phenylnitrene does have a significantly lower barrier to ring . . . ~
expansion than phenylcarbetehut this difference is now understood to an antibonding fashion. In the reactant~ c; so that the 7a

be caused by the difference between the nature of the lowest singlet stateand 2& nonbonding (NB)MOs are each occupied by an average
of the nitrene (open-shell, with oreand oner electron) and the carbene  of about one electron.

(closed-shell, with both nonbonding electrons largely localized incthe ; ; ;
orbital at the carbenic cente¥d.However, the reactive singlet states of However, as hydrogen migration from carbon to nitrogen

methylnitrene and methylcarbene have wave functions that are much moreOCCUrS, the eleCtronS that form the. unique i€ bond i'n the
similar, especially after hydrogen migration begins ins8Hso that the reactant are delocalized toward nitrogen. Concomitardjy,

occupation number of the 2aMO becomes much greater than that of the  jacreases anty increases, so that the pair of electrons that are
7d MO. '

(13) Andersson, K.; Malmgyist, P.-A.; Roos, B. .Chem. Phys1992 ir!itia”y diStribUted_ nearIY eQua”y .betwfaen >2|and 2.9 on
96, 1218. nitrogen become increasingly localized inc22@ompletion of
. (A14)E§a) Dun@gf_‘T-JH., er. _Chem.RF’gyélr?SQ 98’#2{’;95%?%”7"9&3" the formation of methyleneimine can be thought of as requiring
. A.; Dunning, T. H., Jr.; Harrison, R. J. Chem. Phy: ) . . . . :
() Woon, D. E.. Dunning, T. H., Jd. Chem. Phy4.993 98, 1358. (d) rotation _about the EN bono!, so that this pair of electrons in
Peterson, K. A.; Woon, D. E.; Dunning, T. H., &. Chem. Phys1994 ZQ( on nltrogen can delocalize into the now Iargely empty 2p
100, 7410. (e) Wilson, A.; van Mourik, T.; Dunning, T. H., JIHEOCHEM orbital on carbon, thus forming the-Q\ sz bond.
1997 388 339.
(15) MOLCAS version 4. K. Andersson, M. R.A. Blomberg, M. P. (16) Jahn, H. A.; Teller, EProc. R. Soc. London, Ser. 2037, 161,
Fiischer, G. Karlstim, R. Lindh, P.-A. Malmqvist, P. Neogg, J. Olsen, 220.
B. O. Roos, A. J. Sadlej, M. S¢tyy L. Seijo, L. Serrano-Andse P. E. M. (17) Xie, Y.; Scuseria, G. E.; Yates, B. F.; Yamaguchi, Y.; Schaefer, H.

Siegbahn, and P.-O. Widmark, Lund University, Sweden 1997. F., lll. J. Am. Chem. S0d.989 111, 5181.
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Product formation requires loss of the plane of symmetry that exothermicity of the rearrangement of singlet methylnitrene to
exists in the reactant. Therefore, to establish the existence ofmethyleneimine, amounting to 83 kcal/mol at CASPT2, results

an energy barrier to product formation, it is insufficient simply
to find an energy maximum along a reaction pathway that
preserves this symmetry plane. FoCaenergy maximum to

in the Cs energy maximum occurring very early along the
reaction coordinate, before much migration of the hydrogen from
carbon to nitrogen has occurred. As shown in Figure 1, in this

be a true transition structure, rather than a mountain top, on theCs transition structure TS1) the unique GH bond has

potential energy surface for rearrangement of singlet methylni-

lengthened by only 0.01 A, and the-®l distance has decreased

trene to singlet methyleneimine, the force constant for rotation from that in the reactant by only 0.016 A. Nevertheless, the

about the G-N bond at theCs energy maximum must also be
positive.

Schaefer and co-workers did, in fact, find Gy energy
maximum? At the TC—CISD level of theory, with the largest

occupation of the 7aNBMO does fall from 1.07 electrons in

the reactant to 0.35 electrons in the transition structure.
Continuing along theCs coordinate, past this transition

structure for hydrogen transfer, the (12/11)CASSCF energy

basis set that they used and with addition of the Davidson decreased monotonically, and our calculations found no other

correction for quadruple excitations, this maximum was com-

puted to be 0.9 kcal/mol higher in energy than the reactant.

stationary points, until £, geometry was reached. A vibra-
tional analysis showed only one imaginary frequency at this

However, Schaefer and co-workers apparently found that the geometry, corresponding to the contraction of theNH-C angle

energy of thisCs maximum decreases upon an asymmetric

which maintains theC,, symmetry plane that is orthogonal to

distortion of the geometry, because they concluded, “If there is the plane in which hydrogen migration occurs. At t@g,

a A’ transition state at this level of theory, it occurs @
symmetry.”

The (12/11)CASSCF/cc-pVTZ geometry of tiiR energy
maximum that we located is given in Figure 1 and is similar to
the TC-CISD geometry for this species found by Schaefer and
co-workers? Table 1 shows that with both the cc-pVDZ and

transition structureTS2) the force constant for hydrogen motion
that destroys the originaCs symmetry plane is obviously
negative; therefore, somewhere betweerhendC,, transition
structures, the force constant for a symmetry-breakingede,
involving this hydrogen, apparently changes sign.

This C,, geometry is the transition structure for nitrogen

cc-pVTZ basis sets the (12/11)CASSCF energy of this speciesinversion in methyleneimine, for which our calculations predict
is 0.3-0.4 kcal/mol above that of the reactant, and this energy a barrier height of 28.0 kcal/mé?. The C-N and the G-H

difference increases by 0.1 kcal/mol with inclusion of the
correction for differences in zero-point vibrational energies.

bond lengths in this transition structure are beth04 A shorter
than those shown in Figure 1 for methyleneimiféireflecting

However, excitations outside the valence space apparentlythe change in hybridization of nitrogen from 2sjn the

provide more stabilization for the reactant than for the transition
state, because at the CASPT2 level of theory @hesnergy
barrier increases to 2.8 kcal/mol with the smaller of the two
basis sets and to 3.8 kcal/mol with the larger.

Because CASPT2 uses second-order perturbation théory,
it is likely to overestimate the effect of including electron

correlation due to excitations outside the valence space. Without

methyleneimine to sp in the transition structure. Since we were

unable to locate a stationary point 6f symmetry that could

correspond to the transition structure for-8 bond rotation,

our (12/11)CASSCEF calculations find th&tn—anti isomeriza-

tion in methyleneimine takes place via nitrogen inversion, rather

than by rotation, which requires breaking the-i 7 bond?2
Evidence for the reliability of our calculations comes from

correction for differences between the heat CapaCitieS of the Comparison of our calculated value for the S|ng|Eip|et energy
reactant and transition state, the actual height of the barrier todifference in methylnitrene with that obtained from the negative

passage over thgs energy maximum is likely to be lower than
the (12/11)CASPT2/cc-pVTZ//(12/11)CASSCF/cc-pVTZ value
of 3.8 kcal/mol, but closer to it than to the (12/11)CASSCF/
cc-pVTZ value of 0.5 kcal/mol. A barrier height in the range
of 2.5+ 1.0 kcal/mol seems likely.

(12/11)CASSCEF vibrational analyses with both the cc-pvVDZ
and cc-pVTZ basis sets found tkiz energy maximum to be a

ion photoelectron spectrum of GN™.8 As shown in Table 1,
our (12/11)CASPT2/cc-pVTZ value fEst = 32.0 kcal/mol

is in excellent agreement with the experimental valu& Bt

= 31.2 + 0.2 kcal/mol. In addition, even without scaling to
correct for anharmoncity and other effects, the vibrational
frequencies that we calculate for the triplet (available as
Supporting Information) agree well with those measured by

true transition state for rearrangement of singlet methylnitrene Chappell and Engelkingf. Finally, the frequency of 1057 cré

to methyleneimine. Except for the imaginary frequency for the

that we compute for the €N stretch in the singlet is within

a, symmetry-preserving vibration that corresponds to hydrogen experimental error of the dominant progression seen in the bands

migration, all the other frequencies were computed to belfeal.

assigned to this state in the negative ion photoelectron spectrum

The lowest of these does correspond to a symmetry-breakingof CH;N—.8

a' vibration, but this mode is computed at (12/11)CASSCF/
cc-pVTZ level to have a frequency of 854 cin
CASPT2 calculations along thi$ &ibrational coordinate also

found its force constant to be positive. Therefore, at both the

(12/11)CASSCF and CASPT2 levels of theory theenergy

maximum does, in fact, appear to be a true transition state on
the potential energy surface for rearrangement of singlet

methylnitrene to methyleneimine.
The finding that rotation about the-IN bond is unfavorable

in the transition structure is not really surprising. The tremendous

(18) (10/8)CASSCF/6-31G* calculations on the rearrangement of meth-
ylnitrene to methyleneimine, which were published after this manuscript
had been submitted, also found tBeenergy maximum to be a transition

As pointed out by Ellison and co-workers, a band in this
spectrum, found at 0.12 eV above the triplet origin, is apparently
absent from the bands assigned to the singlet.This band in the

(19) For a previous study of the GN potential energy surface, see:
Pople, J. A.; Raghavachari, K.; Frisch, M. J.; Binckley, J. S.; Schleyer, P.
v. R.J. Am. Chem. Sod 983 105 6389.

(20) Our calculated geometry agrees well with the microwave structure
reported by Pearson, R.; Lovas, F.JI.Chem. Physl977, 66, 4149.

(21) If a scaling factor of 0.988 for anharmonicity is applied to our (12/
11)CASSCF/cc-VDZ frequencies (listed in the Supporting Information),
the calculated frequencies for methyleneimine deviate by an average of
less than 14 cmt from those measured in the gas phase by (a) Hamada,
Y.; Hashiguchi, K.; Tsuboi, M.; Koga, Y.; Kondo, S. Mol. Spectrosc.
1984 105 70. (b) Halonen, L.; Duxbury, GChem. Phys. Letfl985 118

structure on the global potential energy surface. Arenas, J. F.; Marcos, J.246. (c) Halonen, L.; Duxbury, Gl. Chem. Phys1985 83, 2091.

I.; Otero, J. C.; Sachez-Glvez, A.; Soto, JJ. Chem. Phys1999 111,
551.

(22) Apparently first noted by Lehn, J. M.; Munsch, Bheor. Chim.
Acta1968 12, 91.
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triplet region of the spectrum has been assignedstothe Despite the absence of a well-resolved peak for theHC

degenerate €H rocking motion. It has been observed at 903 rocking mode from the singlet region of the photoelectron
cm~1in the optical spectrum of théA, state of CHN;5¢ and, spectrum, our calculations unequivocally predict that singlet
without scaling, we compute its frequency to be 986 &m methylnitrene is an energy minimum with a barrier to rear-

The absence of this band from the singlet region of the rangement to methylenimine that we estimate to be in the range
negative ion photoelectron spectrum of 48H provides the only ~ of 2.54 1.0 kcal/mol. We hope that this computational finding
experimental evidence that singlet methylnitrene is a transition will stimuate attempts to observe singlet §dDspectroscopically
structure; for one component of the vibration leads toward and/or to trap it chemically.
migration of a hydrogen from carbon to nitrogen. We calculate
the harmonic frequency of this vibration in the Singlet to be Acknow|edgment. The research at the University of Wash-
564 cnt’. However, there is no peak apparent in this energy ington was funded by a generous grant from the National
region above the singlet origin. ~ Science Foundation (CHE-9634576), and the work done at the

Among the many possible reasons for the absence of this ynjversity of Colorado was supported by a grant from the
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level of thevs C—H rocking vibration is above the barrier for  (pE.FG02-87ER13695) We thank Dr. Horst Sulzbach and
the rearrangement that this mode promotes. This would placepyofessor Matthew S. Platz for informing us of the results of
an upper limit on the barrier to rearrangement of 564t preliminary calculations that they performed on the rearrange-

1.6 keal/mol. ) o ment of singlet methylnitrene to methyleneimine.
Alternatively, because this mode is likely to be very anhar-

monic in the singlet, the first excited level of in this state
may actually be at a frequency which is somewhat lower than
that computed under the harmonic approximation. The band for
the first excited level of the €H rocking vibration could easily

Supporting Information Available: Tables of (12/11)-
CASSCF/cc-pVDZ and cc-pVTZ geometries and vibrational
frequencies for singlet and triplet methylnitrene, methylene-
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