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Neutral NCN is made in a mass spectrometer by charge stripping of N@Mile neutral dicyanocarbene
NCCCN can be formed by neutralization of either the corresponding anionic and cationic species, NCCCN
and NCCCN. Theoretical calculations at the RCCSD(T)/aug-cc-pVTZ//B3LYP/6-31d) level of theory
indicate that théZ,~ state of NCCCN is 18 kcal mot more stable than th#\; state. While the majority of
neutrals formed from either NCCCNor NCCCN'™ correspond to NCCCN, a proportion of the neutral NCCCN
molecules have sufficient excess energy to effect rearrangement, as evidenced by a loss of atomic carbon in
the neutralization reionization (NR) spectra of either NCCCahd NCCCN-. 13C labeling studies indicate

that loss of carbon occurs statistically following or accompanied by scrambling of all three carbon atoms. A
theoretical study at the B3LYP/6-315(d)//B3LYP/6-3H-G(d) level of theory indicates that C loss is a
consequence of the rearrangement sequence NCETNCCN— CNCNC and that C scrambling occurs
within singlet CNCCN via the intermediacy of a four-membef&g-symmetrical transition structure.

Introduction or cations in mass spectrometric deviée&& In this paper, we
Small d molecul ¢ hi hemi report the formations of (i) NCN by charge stripping of the
mall, unsaturated molecules are of much interest to ¢ emlstsIDrecurSOr NCN-, and (i) NCCCN by neutralization of both

iand astg)pgyssicis(tis. ll\:lohr exak;nple, ;hz_in;erstellgr hettelrlocurgu-NCCCNJr. and NCCCN*. Formation of the two anions has been
enes GO, GS and GN have been studied experimentally an reported previously in the reactions of cyanamide and malono-

theoretically! 3 Diheterocumulenes of the general formula nitrile, respectively, with O* according to reactions 1 anc?.
XCs¥ ha\{e also been StUd'.ed’ but none have, to date, beenThe ionic product of reaction 1 has been shown to be NCN
detect_ed in |nters_tellar or cwcumstellar_ dust clotid3arbon rather than NNC* or cyclo-CN, 24 Further, NCN'* has been
suboxide (OG.’O) IS relatwgly ;tablé_,whne_NCgO ha_s beeq probed by photoelectron spectroscopy which revealed an
observed during a neutralization/reionization experiment in a electron affinity (EA) of 2.484+ 0.006 eV and a triplet ground

mass §pectrometér.‘l’h§ transient .dlcyarjocarbe.ne BIC is state for the neutral speciésthe radical anion NCCCN has
accessible by photolysis or pyrolysis of dicyanodiazometHane, not been studied theoretically

inserts rapidly into aliphatic €H bonds, and adds across=C
C bonds? Electron spin-resonance shows the ground state of

NCs3N to be a triplef Similar trends have been observed for NCNH, +0 " —NCN "+ H,0 @)
the analogue NCN. This species is made photolytically or - -

pyrolytically from cyanogen azide (NGN and it also inserts (NC),CH, + O " — (NC),C "+ H,0 @)
into C—H bonds!%!! The ground state is a linear triplet, as

shown by electron Spin resonance Spectros@opy. This paper reports the formation of NCN and NCCCN by

A number of other studies of NCN and NCCCN have been heutralization of the corresponding radical anions and/or cations,
reported. Infrared absorptions of NCCCN trapped in a low- their behavior at the neutral stage, and an interesting rearrange-
temperature matrix have been measufédBoth laser-induced ~ Ment of neutral NCCCN to NCCNC. While these species with
fluorescence and infrared spectra have been reported foran 0dd number of carbon atoms are likely to exists only as
NCN.14-16 The neutrals NCN and NCCCN have been studied fransients in more dense media, the corresponding even-
theoretically: a nonlineafB; ground state NCCCN structure ~Numbered cumulenes are known to form stable compounds
was calculated in early studies, and found to be some 17 kcalWhich can be isolated as bulk materials, i.e., dicyanogen NCCN
mol~* more stable than the lowest energy singlet State. and dicyano acetylene NCCCCN.

Recent high level calculations for NCN have found a lin&zr
ground state with a €N bond length of 1.233 A in excellent
agreement with the value of 1.231 A determined experimen-  Mass Spectrometric Experiments Most experiments were
tally.20.21 performed with a VG ZAB 2HF two-sector mass spectrometer

We have reported the formation of a variety of neutral of BE configuration (B stands for magnetic and E for electric

cumulenes and heterocumulenes by neutralization of anions andsector), which has been described previod&lin summary,

Experimental Section
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precursor anions NCN and NCCCN* were prepared in the  SCHEME 1
chemical ionization (CI) source of the mass spectrometer by BrCH,CO,H + KGN — NCCH,CO,H + KBr
the reactions of cyanamide and malononitrile with* @rom

S NCCH,COH + CoHsOH — NCCH,CO,CoHs + HoO
N»0).24 NCCCN was also generated by dissociative electron COH,GOH + CoHOH Peells ¥ T

ionization (El) of tetracyanoethylene oxide which generally NCCH,COzCoHs + NHz — NCCHaCONH, + CpHsOH
resulted in higher ion currents than the*@eaction. The repeller

voltage was ca. 0 V, and the electron energy-%00 eV. The POCl;

ions were accelerated to 7 keV translational energy and mass NCCH,CONH; ~ —»  NCCH.CN

selected by means of the magnet. For collisional activation
experimentg/ the ions were collided in the field free regions Synthesis of Precursor MoleculesCyanamide, malononi-
between B and E with helium at 80% transmission (T) of the trile, and tetracyanoethylene oxide are commercially available
incident beam; these conditions approximate single-collision samples and were used without further purification. The
conditions2® synthetic sequence used to prepare the two labeled malononi-
In neutralization-reionization experiments from anions to iles has been reportéfi.The four steps of the synthesis are
cations (NR*),2 the radical anions were neutralized by high- Summarized in Scheme 1. When'B2H,COOH is used in the
energy collisions with molecular oxygen (80% T) in the first first step of this sequence, the product is RCH,CN. When
of the two collision cells located in the field-free region between K*°CN is used in the first step, the product iS®CH,CN.
B and E. Unreacted ions were deflected away from the beam TN€ incorporation of*C into both precursors is 99% and is
of neutral species by applying a voltage of 300 V on a deflector pompletely retained in the labeled products as shown by positive
electrode located between the two collision chambers. Reion-'0" Mass spectrometry.
ization of the neutrals to cations occurred in the second cell by ~Computational Methods. Geometry optimizations were
collision with oxygen (80% T). The resulting mass spectra were carried out with the Becke3LYP methd’ using the 6-33+G-
recorded by scanning E. Charge reversal mass spectra of thdd) basis within the GAUSSIAN 94 suite of prografs.
anions to cations"(CR")2%-3L were obtained by colliding the ~ Stationary points were characterized as either minima (no
ion beam with oxygen (80% T) in the field free region preceding imaginary frequencies) or transition structures (one imaginary
E. Under these conditions, th€R" process can be treated as  frequency) by calculation of the frequencies using analytical
a vertical, two-electron oxidation occurring in a single step at 9gradient procedures. The minima connected by a given transition
a time scale of a few femtoseconds, although some species maytructure were confirmed by intrinsic reaction coordinate (IRC)
undergo multiple collisions. For direct comparison with the Ccalculations. The calculated frequencies were scaled by G:9804
~NR* spectra, the CR* spectra were also recorded undbiR* and used for zero-point correction for the electronic energies
conditions (i.e., @O, each 80% T). Experiments with positive calcul_ated at this and higher Iev_els of theory. M_ore accurate
ions were conducted as follows. The NCCE€Nadical cation energies for the B3LYP geometries were determined with the
was formed by EI of tetracyanoethylene oxid&lR* experi- ~ RCCSD(T) method?™*> using the Dunning aug-cc-pvVDZ and
ments were carried out in the field-free region between B and aug-cc-pVTZ basis sefs*’within the MOLPRO 97.4 packadé.
E utilizing benzene (80% T) and,@80% T) as the respective Calculatlo_ns |nvoIV|r]g GAUSSIAN 94 geometry optimization
neutralization and reionization reagents. The spectra wereWere carried out using the Power Challenge Super Computer

recorded a minimum of three times in order to establish their at the South Australian Super Computing Centre (Adelaide).
reproducibility. The single point energy calculations with MOLPRO 97.4 were

carried out with the Power Challenge Super Computer at the
Australian National University Super Computing Facility (Can-
berra).

~“NIDD* spectra were obtained by subtracting the normalized
peak heights of the CR spectra from those of the corresponding
“NR™ spectra as described earlféf? Positive differences in
the difference spectra indicate products whose formation involve
either decomposition or rearrangement of the intermediate
neutral species, while decompositions attributed to the ions  Theoretical studies of NCN Neutral, Anion, and Cation.
appear as negative signals. Thermochemical and geometrical parameters of neutral NCN

The spectra of thé*C labeled derivatives of NCCCN calculated at different levels of theory are given in Table 1.
(recorded and described in Table 5), and the’}ye experi- The hybrid density functional Becke3LYP method using the
ments reported in this paper were carried out using a modified modest 6-33G(d) basis set predicts a ground-state triplEg ()
VG ZAB/HF/AMD four-sector mass spectrometer of BEBE for NCN with a C—N bond length of 1.234 A and an electron
configuration which has been described in detail previodsly. affinity of 2.50 eV compared with experimental values of 1.233
For the *NR*/CA experiments, (i) ions were accelerated to 8 A2021.49and 2.484 e\ respectively. Although the B3LYP
keV translational energy and mass selected by means of B(1)/method gives excellent agreement with experiment for the NCN
E(1) at mass resolutions @fVAm = 2000-5000, (ii) *"NR* geometries and electron affinities, there have been some
was carried out in the field-free region between E(1) and B(2) concerns raised in the literature about using density functional
utilizing Xe (90% T) and @ (80% T) as the respective theory to describe the energetics of carbenes and biradftals.
neutralization and reionization reagents, (iii) the survivor ion The B3LYP energies calculated for triplet and singlet NCN
was mass selected by B(2), (iv) collisionally activated (CA) with shown in Table 2 substantially overestimate the experimentally
He (50% T) between B(2) and E(2), and (V) the ionic fragments measured tripletsinglet state splitting of 1.0% 0.01 eV (Table
were monitored by scanning E(2). A multiple collision (CA/ 1)5! Thus, single-point energy calculations on the B3LYP
CA) spectrum of the cation was recorded for comparison under geometries were performed using the partially restricted open-
the same experimental conditions, save for earthing of the shell coupled cluster approach, RCCSD(T), and the larger basis
deflector electrode. The spectra were accumulated and processesets aug-cc-pVDZ and aug-cc-pVTZ. These data better repro-
with the AMD-Intectra data system; usually-160 scans were duce the experimental energy (Table 1) giving values of 1.35
averaged to improve the signal-to-noise ratio. and 1.25 eV, respectively. Larger basis sets may further refine

Results and Discussion
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TABLE 1: Physical Properties Calculated for Neutral NCN at Various Levels of Theory and Theoretical and Experimental

Data Available in the Literature

Blanksby et al.

level of theory C—N bond electron ionization singlet-triplet

or experiment type length (A) affinity (eV) energy (eV) splitting (eV}
B3LYP/6-31+G(d) 1.2341 2.50 12.81 1.46
RCCSD(T)/aug-cc-pvDZ// 2.23 12.36 1.35
B3LYP/6-31+G(d)
RCCSD(T)/aug-cc-pVTZ// 2.42 12.52 1.25
B3LYP/6-31+G(d)
other levels 1.2334 25Z
experiment 1.2309 2.484+ 0.006 1.0F¢

aThe energy separation between the triplet ground state and the excited singlet electromcCE&B(T)/TZ2P calculations, ref 49CBS-

QCI/APNO calculations, ref 25.References 20 and 24 Reference 25¢ Reference 51.

TABLE 2: Results of Theoretical Calculations for Anionic, Neutral, and Cationic NCN

NCN electronic C—N electronic energy zero-point energy relative energy
species state bond length (A) (hartrees) (hartrees) (kcal molt)e
NCN- g 1.2404 —147.59103 0.00922 0.¢?

—147.22972 0.00
—147.34793 0.C¢
NCN DY 1.234F —147.49851 0.00842 57.6
—147.14696 51.4
—147.25819 55.8
NCN Ay~ 1.2312 —147.44571 0.009153 91.2
—147.09828 82.9
—147.21279 84.8§
NCN* Tl 1.2377 —147.02683 0.00844 353.F
—146.69248 336.6
—146.79796 344.6

a Calculated using B3LYP/6-32G(d)//B3LYP/6-3H-G(d) ° Calculated using RCCSD(T)/aug-cc-pVDZ//B3LYP/643&(d) © Calculated using

RCCSD(T)/aug-cc-pVTZ//B3LYP/6-3tG(d) No scaling used: Relative energy includes ZPE corrected by 0.9804, ref 39.

this value, but these are too expensive of computing time to be
used for the larger N4\ species described later in this paper.
On the basis of these data, the B3LYP/6+&(d) level of theory

has been employed for geometry optimizations and calculation
of relative energies within a given spin state throughout the
paper. However in instances where the energies of different spin

states are to be compared, single-point energy calculations have

been performed at the RCCSD(T)/aug-cc-pVDZ and RCCSD-
(T)/aug-cc-pVTZ levels.

The results of calculations for neutral NCN, together with
those for the anion and cation, are listed in Table 2. The B3LYP/
6-31+G(d) method predictB.., geometry for the neutral, anion
and, cation. The2Hg anion and cation ground states are
calculated to have CN bond distances of 1.240 and 1.238 A,
respectively. In valence bond terms, the theoretical data sugges
the bonding mnemonics shown in Scheme 2 for ground-state
neutral, anion, and cation. The linear geometries and short CN
bonds indicate resonance hybrids of cyano-nitrene and allenic
contributing structures.

The similar geometries of neutral, anionic, and cationic NCN
suggest favorable FraneiCondon factors for vertical electronic
transitions between (i) anion and catiorCR™"), (ii) anion and
neutral as well as neutral and cationNR™) potential sur-
faces??53 These calculations indicate that collisional electron
detachment from NCN should yield stable NCN and that the
structure of this neutral may be probed by its positive ion
spectrum in"NR™ experiments.

Theoretical Studies of NCCCN Neutral, Anion, and
Cation. The B3LYP calculations predict a line&t,~ ground
state for neutral NCCCN (Figure 1) with CC and CN bond
distances of 1.318 and 1.194 A, respectively (Table 3), in
agreement with available experimental datajt in contrast to
an earlier theoretical study which suggete@asymmetrical
structurel” However, a ben€,, structure is found for the excited
singlet!A; electronic state for NCCCN. The-&C bonds in the
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Figure 1. Calculated B3LYP/6-3+G(d) structures of NCCCN for
(a) 3=y~ ground-state neutral, (b)A; excited-state neutral, (B:
ground-state anion, and (@)1, ground-state cation.

triplet ground state of NCCCN are between triple and double
bonds in character and suggest that in terms of valence bond
this species can be considered as a hybrid of a cumulenic nitrene
and a cyano-acetylene nitrene. By contrast, the excited singlet
state of NCCCN s that of a pure disubstituted carbene. These
representations are shown in Scheme 3.

The data for anionic and cationic NCCCN are shown in
Figure 1 and Table 4. In valence bond terms, the charged species
may be represented by either addition or removal of an electron
from the neutral structures shown in Scheme 3. Since we wish
to make neutral NCCCN from anionic and/or cationic precur-
sors, it is of interest to compare the structures of all species
shown in Figure 1. Indeed, there exist close structural similarities
between (i) NCCCN cation and the neutral triplet as well as
(i) NCCCN™ anion and the neutral singlet. The efficiency of
vertical oxidation (or reduction) of an incident anion (or cation)
can be estimated by calculating the minimum excess energy
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SCHEME 2 TABLE 4: Results of Theoretical Calculations for Anionic,
Neutral, and Cationic NCCCN

electronic  zero-point relative

(ON=C-ND «— (OON=C=ND NCCCN electronic  energy energy energy
species state (hartrees)  (hartrees) (kcal mol)e
NCCCN™ By —223.79962 0.01912 0.
—223.23528 0.0
—223.41429 0.0°
- - NCCCN DY —223.68708 0.01934 70.8
—223.12098 71.8
=C- -— =C= —223.29674 73.9
ConzC N (D& C=ND NCCCN A1 —223.65783 0.018853 88.8
@ —223.10339 82.2
—223.2789Y 84.8
NCCCN' 11, —223.28532 0.02016 323.3
—222.72938 318.®
+ + —222.89994 323.4
@NE C—N@ . , @ N:C:N@ aCalculated using B3LYP/6-31G(d)//B3LYP/6-3H-G(d) P Cal-

culated using RCCSD(T)/aug-cc-pVDZ//B3LYP/6-8G(d) ¢ Calcu-
lated using RCCSD(T)/aug-cc-pVTZ//B3LYP/6-86G(d) ¢ No scaling
used.® The relative energy includes ZPE corrected by 0.9804, ref 39.
TABLE 3: Physical Properties Calculated for Neutral
NCCCN at Various Levels of Theory (a) 40

electron  ionization singlet-triplet
level of theory affinity (eV) energy (eV) splitting (eVy

B3LYP/6-31+G(d) 3.07 10.95 0.78

RCCSD(T)/aug-cc-pvDzZ//  3.11 10.69 0.46

B3LYP/6-31+G(d)

RCCSD(T)/aug-cc-pVTZ//  3.20 10.82 0.47 26

B3LYP/6-31:+G(d)

@ The energy separation between the triplet ground state and the }/\)L
excited singlet electronic state. x5 -

T

SCHEME 3
A
@ (b) 40

CON=C-C=C-N) =—— (ON=C=0=0=NTD 26

3 -

I

@ 28
oo
N~ N
12

A4 14

imparted to the product during the vertical Franckondon iz

transition between the two species. For example, the single point
energy of the optimized anion geometry on the singlet neutral
surface may be calculated and compared with the energy of the
optimized minimum on that surface. At the B3LYP/6-8G- the vertical oxidation of neutral NCCCN to the cation and it is
(d)//B3LYP/6-31G(d) level of theory, vertical oxidation of  therefore worthwhile to consider the efficiency or otherwise of
NCCCN™ to the singlet neutral imparts only 0.2 kcal mbl this electron detachment. Oxidation of the triplet ground state
excess energy to the nascent neutral, while oxidation to the of NCCCN to the doublet cation imparts 2 kcal mbkexcess
triplet ground-state imparts at least 9.4 kcal mMolConversely, energy to the nascent cation while the corresponding oxidation
vertical reduction of NCCCRr to the singlet neutral imparts  of the singlet neutral imparts 11.4 kcal mal

5.4 kcal mot! while reduction to the ground-state triplet imparts The Formation of NCN. The NCN™ radical anion is formed
almost no excess energy. This suggests that fofN&R™ from cyanamide and © according to reaction 1. The structural
experiment with NCCCNr, vertical neutralization of the cation  assignment of this anion is confirmed by th€R" spectrum
radical is likely to preferentially form the triplet ground state (Figure 2a) which shows loss of atomic nitrogen concomitant
of the neutral rather than the singlet. Conversely, inNR™ with formation of the cyanide cation as the major fragmentation.
experiment, the excited singlet state should be the predominantA peak corresponding to N* does appear in the spectrum, but
neutral product upon vertical electron detachment from the it is of substantially lower abundance than the Cdignal. The
anion. However, since neither of the precursor ions formed in "NR* spectrum of NCN* shows a strong signal due to the
the source is energetically cold, mixtures of singlet and triplet reionized parent (Figure 2b) suggesting that neutral NCN is
NCCCN neutrals are expected to be formed in the NR stable for the duration of the NR experiment (ca6). The
experiments. The second step in both NR experiments involves"CR"™ and "NR™ spectra are similar, (i) confirming that there

Figure 2. (a) CR" (O, 80% T; @, 80% T) and (b) NR* (O, 80%
T; Oz 80% T) spectra of NCN.
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SCHEME 4 @ 38
NC_ O CN +e Nc (O~ oN o | 64
>A< _— >L< — NCCCN ™ + (NC),C= 3)
NG cN ne” O : 26 o
'\e& . 24
o}

NC>LA<CN NCCCN * + (NC),C=0 (4, <5 _J\z

NC oN A 36 52 L
is favorable vertical FranckCondon overlap between anion, miz ———

neutral, and cation surfaces as suggested by the theoretical
calculations described above, and (ii) indicating that there is
no major decomposition or rearrangement that can be ascribed
to the transient NCN neutral. The only notable difference 64
between Figures 2a and 2b concerns the ratio of thie ahd
CNT signals which increases from ca. 0.2 in teR" spectrum
to about 0.4 in the NRT experiment. In terms of the NIDD 50 52
scheme (NIDD= neutral and ion decomposition differenéé§?
this difference indicates some dissociation of the transient NCN 04
neutral into C+ N,. However, we refrain from drawing further 12 36 L\
conclusions as far as the reactivity of the neutral is concerned
because formation of molecular nitrogen is by far the lowest-
lying fragmentation pathway, i.e5AH%(C + N,) = 170 kcal ©
mol~1 compared taSAH%(CN + N) = 217 kcal mot! and
SAH%C + N + N) = 395 kcal mof1.55

The Formation and Rearrangement of NCCCN. Two oN
methods were used for forming the NCCCNnion radical in c Cz |
the mass spectrometer, viz (i) the reaction of malononitrile with X I
O™ (eq 2)%* and (ii) the dissociative resonance capture of 1T/Z i CCN
tetracyanoethylene oxide to yield NCCCNmz = 64)54 The NCCCN
latter process is shown in eq 3 of Scheme 4 and is directly
analogous to the photolytic decomposition of cyanoethylene
oxides to yield cyanocarben&sThe two anion radicals atvz CCCN
= 64 formed via reactions 2 and 3 give identic&lR" and Figure 3. (a) “CR* (O, 80% T: O, 80% T), (b)-NR* (Oy, 80% T:
“NR* spectra, and are thus assumed to possess the samey go, T), and () NIDD* spectra of NCCCN:. ’ ’
structure. As the intensity ofYz = 64 is significantly stronger

in the tetracyanoethylene oxide spectrum, we have employedne nossibility that metastable dissociative states of some cations
reaction 3 in the experiments described further below. The 51 involved cannot be excluded on available evidence.

NCCCN"™ cation radipal is forr_ned following ignization of Comparison of (i) the CR* and-NR* spectra of NCCCN®
tetracyanoethlyene ox_lde accordmgﬁto eg 4. TAR* spectrum (Figure 3a,b) and (ii) the CA antNR* spectra of NCCCN
of the NCCC’N. cation anq the"NR™ spectrum of the (Figure 4a,b) reveals the same important difference in both cases.
NCCCW' anion are essentially the same (see later), thus 0 \g spectra show significant peaks corresponding to loss
suggesting that the same neutral transients are formed froMqs .arhon: the corresponding peaks are less abundant in the
cationic and anionic precursors. analogous CR" and CA spectra. Subtraction of the normalized
The “CR* spectrum of NCCCN (Figure 3a) shows major ~ -CR* spectrum of NCCCN from the “NR* spectrum gives
losses of N and NC consistent with-®l and C-C bond  the NIDD* spectrur@33shown in Figure 3c. The major feature
cleavages of an NCCCN backbone. Similarly, the collisional of the"NIDD* spectrum is the positive signal for loss of atomic
activation mass spectrum of NCCCNrom tetracyano ethylene  carbon, indicating fragmentation of a rearranged parent neutral
oxide (Figure 4a) shows major losses of N and CN, also upon reionization: the negative signal for the ion is consistent
consistent with structure NCCCNfor the parent cation radical.  with the occurrence of a rearrangement at the neutral $%ige.
With the connectivity of the anion and cation radicals of Nevertheless, the intense recovery signals in both NR experi-
NCCCN established, it remains for us to investigate the stability ments imply the formation of neutral NCCCN, while the NIDD
of the corresponding neutrals on the time scale of the NR results imply that a proportion of initially formed neutrals have
experiment. The NR* spectrum of NCCCN* (Figure 3b) and sufficient energy to rearrange (perhaps to NCCNC or, less likely,
the "NR™ spectrum of NCCCNr (Figure 4b) are very similar ~ to CNCNC) during the lifetime of the neutral transient in the
as far as the fragment ions are concerned. Both show intenseéNR experimen#?23 Either of these rearranged neutrals could
peaks corresponding to the parent cation radical formed by theaccount for the observed loss of C in the NR spectra.
reionization processes; these observations imply the survival If the rearrangement occurring during neutralizatioeion-
of “C3Ny” neutrals for the period between neutralization and ization does involve a nitriteisonitrile rearrangement, then the
reionization (ca 10° s). The fact that the relative intensity of  determination of which carbon is lost in this process may assist
the recovery signal is about two times larger in thedR™ with the elucidation of such a mechanism. To this end, we
compared to theNR* experiment is likely to be a consequence prepared the two malononitriles shown in Scheme 5 in order to
of Franck-Condon effects which are operative in collisional selectively generate the correspondiig-labeled anions ac-
electron transfer in the femtosecond time séaf.However, cording to egs 5 and 6. If the rearranged neutrals generated in

(b) 38

26

M2 i

NCCN
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TABLE 5: Fragmentations and Fragment Abundances of the CR, NR, and CA Spectra Recorded for the Two Anion
Isotopomers NSCCCN~ and NC13CCN—2

precursor ion spectrum type fragmentations mass/charge ratio (relative infensity)

N13CCCN “CR* 65(100), 53(2), 52(2), 51(15), 39(40), 38(21), 27(1), 26(1), 25(0), 24(1)
“NR* 65(100), 53(12), 52(7), 51(16), 39(39), 38(21), 27(6), 26(6), 25(3), 24(2).
CA (anion) 51(21), 39(7), 38(6), 27(67), 26(100)

NCCCN™ “CR* 65(100), 53(4), 52(2), 51(12), 39(49), 38(10), 27(1), 26(6), 25(3), 24(1)
“NR* 65(100), 53(9), 52(4), 51(11), 39(44), 38(11), 27(2), 26(7), 25(3), 24(1).
CA (anion) 51(5), 39(14), 38(1), 27(15), 26(100)

aTo avoid possible interferences in MS/MS studies using two sectors only, the CR and NR spectra of these isotopomers were recorded with the
Berlin instrument using B(1)/E(1) mass selected anions by performing the collision experiments in the field free region preceding B(2) while
scanning the positive fragments with B(2)For "CR" and "NR™ intensities are given as percentages of the parent ions, while for CA spectra the
values are given as percentage of the base pé&8ecause of incompleteness of the isotopic labeling (99 atofCpfor both precursors, the
mass-selected RCCCN— and NCG3CCN™ atnmv/z 65 were interfered with by about 10% of the isobaric (BH~ anion stemming from unlabeled
malonitrile. On the basis of the H atom losses observed experimentally, the intensities given are corrected for this isotopic interferenéedy record
the corresponding spectra of (NCH™ as references. The spectra of (MChH~ are as follows: (i) CA (anion), 64 (73), 51(63), 50(31), 39(98),
38(41), 26(100). (i) CR*, 65(100), 64(30), 53(1), 51(11), 50(5), 39(8), 38(20), 27(1), 26(3), 25(2), 24(1) KR+, 65(100), 64(39), 53(1),
51(9), 50(6), 39(9), 38(27), 27(1), 26(2), 25(1), 24(1).

@ 64 complete carbon-atom scrambling takes place, but do not
50 indicate whether this scrambling occurs at the anion, neutral,

or cation stage of theNR* experiment.

38 The CA spectrum of NEECCN (Table 5) shows predomi-

nant loss oft3CCN and formation of CN. The small'3CN~

fragment (14%) can probably be attributed to collisional

activation of the radical anion; the same conclusion can be

o4 > 52 derived from consideration of the;@~ and3CCN- fragments.

12 J\/\ The CA spectrum of RCCCN shows losses of CRECN and
x20 C,N/2CCN in ratios close to 1:1 (see also footnote to Table
% A J 5). In summary, the CA spectra of the labeled radical anions
mz —— therefore indicate that scrambling of carbons in the anion is, at

best, only a minor process.
The "NR* spectra (Table 5) of both isotopomers show a
statistical distribution of?C and!3C in the fragments: this is
2 52 indicative of complete carbon atom scrambling. Therefore, the
64 h neutral process (rearrangement or fragmentation) leading to loss

50

of carbon in the"NRT spectra occurs concomitant with
38 equilibration of the carbon atoms. It seems reasonable to suggest
o4 that a certain population of neutrals which are formed with
x5 12 sufficient internal energy to rearrange may also scramble as part
\ of, or in addition to, rearrangement. A further experiment to

JJ\ 36 substantiate this conclusion would be to compare the results of

m/z a "NRT/CA experiment of NCCCN* with those of a CA
Figure 4. (a) CA (He, 80% T) and (byNR* (benzene, 70% T; experiment of NCCCRr, i.e., where the parent (recovery) ion
80% T) spectra of NCCCN. in the TNR* experiment is collisionally activated in a third

collision, and the loss of carbon in the resulting CA spectrum
SCHEME 5 compared with the loss of carbon in the CA spectrum carried
N'CCH,CN + 0" - N'CCCN™ + H,0 (5) out under the same pressure conditions of tidRT/CA
NG CH,ON + O~ — NGUGCON™ + H,0 (6) exper?ment. The two (_:om.parative spectra useql for this f!nal
13 " 13 experiment are shown in Figure 5. The loss of C is substantially
NTCCCN — "CNCCN and N™CCNC 7 more pronounced in the CA spectrum of theR* recovery
NC™CCN — CN'CCN (8) ion than in the multiple collision CA spectrum run under the

same conditions. This suggests that the loss of C is due to a
reactions 7 and 8 lose carbon only from the two ends of the rearrangement product of neutral NCCCN, which is then
molecules, theC and!3C should be lost in the ratio 1:1 from  reionized, rather than by a fragmentation exclusively occurring
the neutral products of reaction 7, wheré&s should be lost for the neutral species. This result is in line with the available
exclusively from the product of reaction 8. thermochemical data which suggests that the fragmentation,

The CA, “CR', and “NR*' spectra of NSCCCN™ and C3N2— CoN; + C, should be endothermic by 107 kcal mbt®
NCI3CCN are reported in Table 5. The most critical observa-  The Mechanisms of the Rearrangement and Carbon
tion arising from the"NR* spectra of the!3C-labeled anion Scrambling Reactions.What is the mechanism of the rear-
radicals is that the losses &C and*3C occur in an almost ~ rangement of NCCCN which causes complete scrambling of
statistical manner from each, i.e., the peaksvat= 53 and 52 the three carbons? Initial rearrangement of NCCCN to the
appear in ratios close to 2:1. These results are neither in accordsonitrile CNCCN or even to the diisonitrile CNCNC seems
with the expected 1:1 ratio d?C and 1°C losses from the plausible, but this, by itself, does not explain the equilibration
products of reaction 7 nor the exclusive loss'&E from the of the three carbons. If these rearrangements are indeed
rearranged product of reaction 8. Instead, these data show thabperating, there must also be a competitive reaction that is
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38 and 4). Both will be formed during the neutralization process,
(a) and thus rearrangement of both states must be considered. We
have investigated the rearrangements NCCENCNCCN —
CNCNC at the B3LYP/6-3tG(d)//B3LYP/6-3HG(d) level of
theory for both triplet and singlet reactions. These calculations
show that rearrangement of the excited singlet state is energeti-
cally more favorable than that of the ground-state triplet. Results
of the singlet rearrangement are considered first and are
summarized in Figures 6 and 7; electronic and zero-point
26 energies are given in Table 6 while full geometrical data for
the stable species and transition structures are available as
Supporting Information. The rearrangement of singlet NCCCN

50

s 2 (1) to the singlet cyano-isocyano carbene CNCGNig shown

in Figure 6. The isomerization is found to proceed through the
_._é\/;jj ‘_/\/;_ intermediacy of a cyclic species (NCC)CR)(The activation
mz ————= energies for the ring-closing and ring-opening steps of this

reaction sequence are determined to be 57.8 and 37.3 kcal mol
38 respectively. Singled is a stable minimum some 15 kcal mé|
(b) more energetic than singlét Further rearrangement of CNCCN
(3) to CNCNC 6) is also possible. This reaction sequence is
shown in Figure 7 and is very similar to that shown in Figure
6. The overall reaction is endothermic by 11.9 kcal Matith
the barriers of the ring closing and ring opening steps being
59.2 and 40.8 kal mol, respectively?3

Details of the triplet potential surface are summarized in Table
50 7. The triplet isocyano carbenes CNCCN and CNCNC are
26 substantially less stable than triplet NCCCN by 26 and 51 kcal
mol~1, respectively. Accordingly, the nitrile-isonitrile rearrange-
12 24 ments are significantly more endothermic for the triplet com-
pared to the singlet species. In addition, the triplet cyclic
SN AV W intermediates are also unstable. For example, triies5 kcal
) mol~! above the global minimum. Considering that the corre-
Figure S. @) CA(‘)/CA (Xe 98% T.Q 8%% T; He 50% T) and (b)  sponding minima are already quite energy demanding, these
NR/CA (Xe 90% T; Q, 80% T He 50% T) spectra of NCCCN data suggest that isomerism of triplet NCCCN is unlikely on
effecting equilibration of the three carbon atoms. Isonitile ~ €nergetic grounds, and we have therefore not considered this
nitrile rearrangements have been known for more than a 100P0ssibility further.
years2657 Theoretical and experimental studies have been carried We propose that carbon equilibration occurs by the process
out for this rearrangemept>® The free energy difference  shown in Scheme 6. The barrier from singlet CNCCN to the
between an isonitrile and the more stable nitrile is generally Ca,-symmetrical transition structureS3/3is calculated to be
some 15 kcal mof' and the barrier for the rearrangement is 36.7 kcal mot? at the B3LYP/6-3%G(d)//B3LYP/6-31G(d)
typically 45 kcal mot1.80 In contrast, reported examples of the level of theory. This barrier may be surmounted since singlet
less favorable nitrile-isonitrile rearrangement are réfe. CNCCN is formed from singlet NCCCN with an excess energy
The3®%,~ and'A, states of NCCCN are separated by 18 kcal of 57.8 kcal mot? (see Figure 6§4 Carbon scrambling for the
mol~! at the B3LYP level of theofi# although RCCSD(T) analogous di-isocyano carbene, can, in principle, occur by a
single point energy calculations (see earleir discussion) suggesprocess directly analogous to that shown in Scheme 6. The
that this energy splitting is closer to 11 kcal mb(Tables 3 activation barrier for this process is more demanding than that

x5

m/z

TSC”Z TS3/3
13~ 13
B¢ C—y Py

57.8

0.0

-C
13, ™~
N/C1 C—n

Figure 6. Reaction coordinate diagram (in kcal m¥lfor the rearrangement of singlet neutral NCCCINt CNCCN @) and subsequent carbon
scrambling. All energies were calculated at the B3LYP/6-G1d)//B3LYP/6-31G(d) level of theory and are given relative to NCCCN with
exception of activation energies which are indicated by vertical arrows. The geometries and electronic energies of minima and transition states are
given as Supporting Information.



Syntheses of NCN and N

J. Phys. Chem. A, Vol. 104, No. 47, 20001255

TS5/5
13
C
M
TSI NC AN—C
2c g 85.0
N ¢ TS4/5
TS N T S ——
74.6 o,
Se6.7
47.3
59.2 40.8
25.9 R — = 27.3
N
3¢ e -
15.4 cN— &L N7 N—g 135-N" N
130 5 5
N7 “C~, 4
C 3 N

Figure 7. Reaction coordinate diagram (in kcal m¥lfor the rearrangement of singlet neutral CNCG3)tp CNCNC 6) and subsequent carbon
scrambling. All energies were calculated at the B3LYP/6-@1d)//B3LYP/6-31G(d) level of theory and are given relative to NCCCN with

exception of activation energies which are indicated by vertical arrows. The geometries and electronic energies of minima and transition states are

given as Supporting Information.

TABLE 6: Energies and Relative Energies of the Singlet
Neutral C3N, Isomers and Pertinent Transition States Shown
in Figures 6 and 2

electronic  zero-point relative
electronic  energy energy energy
CsN, species  state (hartrees) (hartrees) (kcal mol %)
1[NCCCN] A, —223.65783 0.01885 0.0
TS1/2 singlet  —223.56382 0.01688 57.8
2[(NCC)CN] A’ —223.64491 0.01964 8.6
TS2/3 singlet = —223.58223 0.01638 45.9
3[CNCCN] 2.y —223.63286 0.01842 154
TS3/4 singlet  —223.53633 0.01613 74.6
4[CN(CCN)] A’ —223.61706 0.01930 25.9
TS4/5 singlet = —223.54882 0.01607 66.7
5[CNCNC] A, —223.61338 0.01792 27.3
TS3/3 singlet  —223.57234 0.01634 52.1
TS5/5 singlet  —223.51852 0.01489 85.0
IC+NCCN  singlet —223.44712 0.01652 130.8
1C3+ N, singlet = —223.58567 0.01417 60.5

aThese are calculated at the B3LYP/6+3&(d)//B3LYP/6-3HG(d)

level of theory. The geometries of these structures are given as energetically hot CNCCN undergoes a ring closure followed
Supporting Information. (Table 8).ZPE uncorrected® Relative energy

includes ZPE corrected by 0.9804, ref 39.

TABLE 7: Energies and Relative Energies of Some of the
Triplet Neutral C 3N, Isomers Calculated at the B3LYP/
6-31+G(d)//B3LYP/6-31+G(d) Level of Theory?

electronic  zero-point relative
Cs3N> electronic energy energy energy
specied state (hartrees) (hartrees) (kcal mol %)

1[NCCCN] 3=~ —223.68708 0.01934 0.0
2[(NCC)CN] triplet —223.59678 0.01728 55.4
3[CNCCN]  cA" —223.64415 0.01793 26.0
5[CNCNC]  GA" —223.60491 0.01802 50.7
3C + INCCN triplet —223.51343 0.01652 107.2
3Cs+ N; triplet —223.50526 0.01169 109.4

2The geometries of these structures are given as Supporting
Information (Table 9)° ZPE uncorrected® Relative energy includes
ZPE corrected by 0.9804, ref 39.

calculated for the process shown in Scheme 6. The transition
structure TS5/5 is some 58 kcal moft above that of singlet
CNCNC and 85 kcal moft above the singlet NCCCN global
minimum (Figure 7).

Full geometrical details for transition structur&s and5/5
are available in Supporting Information. Significantly, the cyano-
isocyano rearrangemefit— 3 rearrangement and subsequent
carbon scrambling processes on the singlet potential surface is;345 "kasai, Y.; Sumiyoshi, Y.; Endo, Y.; Kawaguchi, Kstrophys. J.
less energetically demanding than even the lowest energy1997 477, L65.

SCHEME 6
o) e} 130
7N SN Ve
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g N Oy 3¢’ Y
TS3/3

fragmentation channel. We calculate the least endothermic
decomposition to be, NCCCN C3 + Ny, which is endothermic
by 60.5 kcal mot! (Table 6) and notably detection of these
fragments in the various NR spectra is negligible (Figures 3-5).
In conclusion, (i) neutral NCN can be formed by collisional
electron detachment of NCN anion radical, and (ii) neutral
NCCCN is accessible via neutralization of either NCCChNr
NCCCN™ in high-energy collisions. Some of the NCCCN
neutrals are formed with excess energy sufficient to effect
rearrangement of NCCCN and to cause equilibration of the three
C atoms. It is proposed that the rearrangement involves the
singlet rearrangement of NCCCN to CNCCN and that the

by ring opening which effectively scrambles all three carbons.
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