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Strain energies and resonance energies can be obtained as the energy changes for appropriate homodesmotic
reactions usingab initio calculated total energies as the energies of the reactants and products involved.
Homodesmotic reactions conserve bond types and preserve valence environments at all atoms, requirements that
favor the cancellation of basis set and electron correlation errors ialihiaitio energies. In this paper we
calculate strain energies and resonance energiessfoddNand N; clusters in a number of chemically significant

but, for nitrogen, hypothetical structural forms. The nitrogen cluster strain energies are generally of the same
order of magnitude as those of isostructural hydrocarbon clusters, and individual differences can be explained by
using the ring strain additivity rule and recognizing the effect of the presence of lone pairs of electrons on nitrogen

clusters but not on the hydrocarbons. Reson

ance energies of the nitrogen clusters are much smaller than those

of the comparable aromatic hydrocarbons. The differences can be rationalized by considering the relative strengths
of CC and NN single and double bonds. Strain and resonance energies of nitrogen clusters are compared with
those previously reported for homoatomic clusters of phosphorus and arsenic. Trends through the series are
remarkably similar, but strain energies for clusters from lower periods are progressively smaller. Strain and

resonance have been important organizing

concepts in organic chemistry for many years. Estimates of

corresponding parameters for inorganic analogs are only now becoming available.

Introduction

of the concepts we use to describe structure and bonding. In

There has been considerable recent interest in the homoatomidliS Paper we report calculations of strain energies gfdius-

nitrogen clusters i Ng, and N;.1713 Reports of the preparation

ters and compare them with similarly calculated quantities for

of Ng gave motivation to theoretical investigations to predict (CH)zn using the familiar chemical concepts of average bond

the structure of the proposed; folecule!41> Because Mis
exceptionally stable, any QN structures that might actually be
realized could be expected to be thermodynamically unstable
with respect to decomposition intoN, fragments. If any
homoatomic nitrogen clusters turned out to be metastabilized

energies, strain energies of individual rings, and resonance
energies.

Consider the structures—11. Glukhovtsev and Schleyer
have reported geometry-optimizeab initio calculations for
nitrogen clusterd—8 at both RHF and MP2 levels of theory

behind reasonably high activation barriers, then those structureswith the 6-31G* basis sét® Independently, Engelke has

might be convenient and useful receptacles for the storage ofperformed identical calculations f@&and5-8.4° Leininger,
energy. But there is a more fundamental reason to Study thesherri", and Schaefer have pUb“Shed calculation®fet 1 with

stabilities of nitrogen clusters. JNNg, and N are isoelectronic
with the hydrocarbons (CH)(CH)s, and (CHy. Many of the

concepts of chemical valence theory are based on the properties,

known or anticipated, of these hydrocarbons. An appreciation
of the similarities and differences among the properties of
otherwise isoelectronic molecules should lead to a better grasp

® Abstract published if\dvance ACS Abstract#pril 15, 1996.
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a slightly different basis sét.In order to make comparisons
among the whole series at the same levels of theory, we have
carried out calculations fo®—11 at the RHF and MP2
approximations using the 6-31G* basis set. We have also
performed calculations for several acyclic reference structures
required for the estimation of strain and resonance energies as

© 1996 American Chemical Society
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Table 1. Total Energies (hartrees) for M, Structures, and in Table 2. Total EnergiesE (hartrees) of Acyclic Reference
parentheses, Relative Energies (kcal/mol) among Isomeric StructuresStructures and Cyclic Fragments, and in Parentheses, Relative
of Equaln Energies (kcal/mol) of Various Rotational Conformers
Structure RHF MP2 Structure RHF MP2
°\ trans,Cop — HN=NH -110.00123 ~110.34033
1: Ty [/ _\=e ~217.53385 (9.0) -218.23543 (0) he.Cr — HANNH 11118352 11154331
auche,! —_ - - . - o
| / g 2—H 2
i it C3 — N(NHp)3 -221.18863 -221.89619
2: Dpp -217.54818 (0) -218.21572 (12.4)
o 0 Cs — HN(NH2); -166.18458 -166.71744
0.
o trans,C; — HyN-N=N-NH, -220.03344 (0) -220.72508 (1.3)
3: Deh | | —326.44896 (0) -327.44209 (2.5)
NS cis,C; — HyN-N=N-NH, -220.03012 (2.1)  -220.72715 (0)
o
/D\ o\ cis,trans,cis,Cop — HN=N-N=NH -218.82802 (1.7) -219.49820 (0)
4: D, o N ° b ~327.44606 (0)
\o 0/ all trans — HN=N-N=NH -218.83079 (0)
°/°\ N=N
5: Cay 32637686 (45.2) 32738894 (35.8) 12: G N4 -163.78221 -164.29350
AN, N=N
o—20 13: C | -218.78826 ~231.46819
/- \ HN-NH
6: Cay o o -326.35456 (59.2 N=N
N’ (92 ¢ I
0F=0 14: C, HN\ /NH —273.80446 -274.65477
0
S NH
7: D3y -326.23076 (136.9)  -327.25768 (118.2) N
o| =0 15: Cpy an” [ ONH -218.70944 ~219.40838
° \N/
0,
8: Cop ﬂ/ \<\L ~326.38095 (42.7) -327.39534 (31.8) 16: C; — HNN(NH), -219.98471 ~220.69545
0 0
/7 . : o .
9 Oy A —434.94916 (226.4) —436.30038 (233.6) this same conformation. One can imagine this structure as having lone
yave pairs of electrons trans to each other at either end of the centrBl N
. ‘Z\ bond. The structure is reminiscent of hydrazingNHNH,, which
104: Dyg o/ a—To\ 43524219 (42.5) —436.58806 (53.0) appears to have avery sh_allow minimum in the tl@gs;qnformation
~/ ~, but a still lower minimum in the gauchg; conformation in which the
/°\°/°\ nitrogen lone pairs are rotated approximately 8fart— an arrange-
112; Dy, o\ | o 43530997 (0) ~436.67258 (0) ment said to be stabilized by the well-knowauche effect® 2! We
o/°\o/ thought bicyclopropenyl might also have a gauche conformation. A

@This work: 9-11; others from Refs 2-5. The D, structure 4 optimizes to Dgp, 3. Upon opti- ﬁXed-geOmetry energy surface scan for rotation frorms(e = 00)
mization, 6 dissociates toward Ny + Ny, to transCx, (18C°) produced a curve with a maximum @t= 0° and

an extremely flat portion fof > 12(°. Subsequent attempts at RHF
energy changes for homodesmotic reactions and for some cyclicoptimization in this region led to the trans structure, but on the MP2
molecules that occur as fragments in several of the nitrogen surface we found a gauche minimum at 1305 only 0.1 kcal/mol

clusters. below the trans minimum reported by Glukhovtsev and Schiegech
) small energy differences between minima, as well as the minute barrier
Calculations separating them, are well below the noise level of zero-point vibrational

Table 1 collects the geometry-optimized total energieslfet 1 at energies, which we have ignored in this study.

PR - : - At this point, it is interesting to compare the relative energies of
both RHF and MP2 approximations with the 6-31G* basis'$ethis .
basis set has a split or douhlevalence shell and includes a set of (CH)zn and Ny isomers. Hess and Schaad found that (3efjahedrane

T)on ANC ; onear
d-type polarization functions on each nitrogen atom. For our calcula- LS Nigher in energy than cyclobutadiebby 23-27 kcal/mok* Using

tions, we used the GAUSSIAN 92 program pack&geSlukhovtsev the same 6-31G* basis set, Glukhovtse_v and Schleyer foyigbihers
and Schleyer and Engelke report that calculated vibrational frequencesl aﬂd Zr\/;[gzb? ml;cg ctl]oTer toget(;1(eDr_, er]maté(l)_vEldbyhlZ.S kce_lllmo]! h
for 1-3 and5—8 are all real for the RHF calculations, indicating that atlt € NP levet fcbu man anc LIsc dpu_és € | ¢ Ie er;ergutefﬁ the
these structures are relative minima at this level of thé&dryThe twist- va enc*e |so_mer530 enzene (GHP and5-8, calculated with the
boat D, ring 4 flattens to theDe, regular hexagon3 on RHF 6]:31? 'ba5|s Se?[: qu bcgh Setﬁ of |some;siG(Ckl-(k)n(|1/ Ns,lthe.rsnge
optimization. But at the MP2 level, structur8sand6 are no longer of relative energies Is about the same, 0 keal/mol, with the
minima3® On the MP2 energy surface, the ring 4 becomes a local hfaxagonal ring3 (or 4) being the Ipwest n e.aCh set. A r_10tab|e order
minimum, 2.5 kcal/mol lower in energy than the planar hexagon difference between the two sets is the position of the bicyclopropenyl

The benzvalene structufedissociates toward Nt N4.  Schaefer and |somer8,b\|/vh|ch is the hlghesLenergy (gglbksorver ?utbth(;secznd
co-workers, using a doubleplus polarization basis set that is somewhat MOSt Stable structure among lomers,~35 kcal/mol aboves or 4.
better than 6-31G*, found that the threg $iructure9—11 are relative Table 2 contains the total energies of the acyclic structures involved
minima at both RHF and MP2 levelsWe assume these structures 1N the homodesmotic reactions to be described in the next section. Also

are also minima for the 6-31G* basis set. in Table 2 are the energies of several cyclic structures that serve as
The bicyclopropeny! hydrocarbon (C&8 is known to have the trans models in the discussion of strain energies of larggrdilusters. For

Can structure!® and indeed, the Nanalog has a minimum energy in these hydrogen-containing reference structures, we used the 6-31G**
basis set, which includes a set of three p-type polarization functions

(16) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.Initio
Molecular Orbital Theory Wiley: New York, 1986. (18) Boese, R.; Blger, D.; Gleiter, R.; Pfeifer, K.-H.; Billups, W. E.; Haley,
(17) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong, M. M. J. Am. Chem. S0d.993 115 743.
M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. (19) Riggs, N. V.; Radom, LAust. J. Chem1986 39, 1917.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; (20) Schlegel, H. B.; Skancke, A. Am. Chem. S0od.993 115 7465.
Binkley, J. S.; Gonzales, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; (21) Wolfe, S.Acc. Chem. Red.972 5, 102.
Baker, J.; Stewart, J. J. P.; Pople, J.@aussian 92Revision C.4; (22) Hess, B. A,; Schaad, L. J. Am. Chem. S0d.985 107, 864.
Gaussian Inc: Pittsburgh, PA, 1992. (23) Schulman, J. M.; Disch, R. L1. Am. Chem. Sod 985 107, 5059.
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for each hydrogen atom as well as the d-type polarization functions on Table 3. Calculated Strain and Resonance Energies (kcal/mol) for
the nitrogens. At both RHF and MP2 levels we find that planar, trans Homoatomic Nitrogen Clusters, Various Structural Reference
HN=NH is more stable than the planar, cis isomer and tha&{-H Fragments, and Their Hydrocarbon Analogs

NH; is most stable in the gauche conformation compared to the trans
or cis form. The situation is more complicated fofHN and NiH,. At

Strain or Resonance Energy

; ' Structure Nitrogen (RHF/MP2) Hydrocarbon
the RHF level, HN—N=N—NH is more stable in the transC 129ab
conformation than in the cis @y 2.1 kcal/mol, while at the MP2 level / \ b
the cis conformation is more stable than trans by 1.3 kcal/mol. With ¥ Td I v 75.0/56.1 137
the RHF approximation, H&N—N=NH in the planar, all-trans ° 140¢
arrangement is more stable than the cis,trans,cis chain by 1.4 kcal/ mol, o—o a1

but with MP2, the planar, cis,trans,cis chain is more stable than the ,, Dap

95.2/95.4
corresponding gauche conformation by 0.4 kcal/mol. Structbrés ! "
and8 contain fragments resemblii®@—15. Since the strain energies O
3: Dgn | | 24.9/19.8 _24.7¢
N N—N N—NZN o XL
/\ VAN NN o 0
N—N_ N/—N\ H N//_N/H : N\//\\N ‘b / / AN /
\ : D2 °, ° —/173 —
H H 4 s NN\
12 13 14 15 o— "o
5: Cay 93.9/88.6 63.6/
of these fragments are useful in rationalizing the strain energies of the o O
larger homoatomic clusters, we have perfornagdnitio calculations /°=°\
for them in the specific conformations illustrated and with restricted  6: Cay 0\\//" 933/— 81.3f
symmetries: Cs for 12—14 and C,, for 15. Total energies appear in 0“0
Table 2. 1~ .
_ _ _ 7: Dan 156.5 / 144.1 145.3
Strain Energies and Resonance Energies IJ=e 148.9/
. . . S~ 0
quatlon 1 converts tetra}hedrah_lll into th_e pyramidal but 8 Cap % \/“ 014,846 1072/
acyclic product N(NH)s. This reaction is said to beomodes- ° ~a
motic in that it conserves numbers of-NN and N-H bonds /| /‘l’
9: Op . 224.4/219.4 158.64
AN Y
NZ|—N + 6H,;N-NH, — 4 H,N—N—NH 1 =13
\,L/ ? ‘ ) ‘ @ 10: Dyg /== 98.8/92.8 2.1k
NH, NN
NN\
and preserves the valence environment around each nitrogent!: Dan \Ql )/° ~23.8/-20.1 —43i
atom?Z* Since bond types are conserved, the bond additivity o
model _predlcts an energy change of zero _for eq 1 But we . c, \/ 4327405 sasi
recognize that the 80bond angles at each nitrogen in Bre . A
severely displaced from the 109.8ngles preferred by $p 13: C, [ ] 40.0/40.1 306
hybridized nitrogen, making tetrahedra} Nghly strained. The o v
resulting product N(Nk)s, with NNN angles of 110.9109.2 “: C, /\ \ 2057323 6.8
(RHF/MP2), is presumably unstrained. Therefore, we anticipate 7 6.9/
that the reaction will actually be exothermic by an amount that SN, ,
we can attribute to thetrain energyof tetrahedral 4 We 15: Cav \L/ 7491642 66.5
calculate the energy change for eq 1 usatginitio calculated ARef 3. bRef 35. CRef 33. GRef 34, €Ref 31. fRef 23. ERef 38. *Ref 36, calculated from

total energies of reactants and products from Tables 1 and 2. experimental heats of formation given therein. ‘Ref 45, but see text. JRef 40.
As expected, the reaction is exothermic. The negative energy
change is reported as a positive strain energy in Table 3.
Comparable homodesmotic reactions can be written to include

Equation 2 is a homodesmotic reaction that converts the
Dewar benzene structugeinto acyclic products. We include

7 and9 it here to demonstrate the disposition of the double bonds and
Because eq 1 preserves atomic valence environments as well N
as bond types, we can hope that basis set and electron correlation N l N +  5H.N-NH 2 H2N_:‘—N_NH2 @
energy errors inherent in the calculations may largely cancel h“‘/N\IN z 2 2 H,N—N—NH,
when we take differences amoal initio calculated energi€s. nIJ M
2

Experience with a number of related systems indicates that this

assumption is a good orf€. sp>-hybridized nitrogens fron® to the product EN—N=N—

NH,. Analogous reactions involvg, 6, 8, and 10.

(24) George, P.; Trachtman, M.; Brett, A. M.; Bock, C. W.Chem. Soc.,

Perkin Trans. 21977 1036. George, P.: Trachtman, M.; Bock, C. Exothermic energy changes are reported as positive strain
W.; Brett, A. M. Ibid. 1976 1222. George, P.; Trachtman, M.; Bock, energies in Table 3. In calculating strain energies with eq 2,
C. W.; Brett, A. M. Tetrahedron197§ 32, 317. we used the lowest energy conformer of theN\HN=N—NH
(25) 1D6‘3},°2554.L" Schulman, J. M.; Sabio, M. L.Am. Chem. S0a.985 product, which is different under RHF and MP2 approximations.
(26) Zhao, M; Gimarc, B. MJ. Phys. Chem1993 97, 4023. Because of the chemical significance of the benzvalene structure
(%) \(/;Vi?r::ig' g- I\S/I %ngngiJBbr'\]mé Pg%zhggge%%ﬁggé 4031. 6, we include its strain energy from RHF calculations in Table
Ezgg Zhao, M. Gimarc. B. M. Phys. Chem1994 98, 7491, 3. No corresponding MP2 resuit is possible becaiienot a
(30) Gimarc, B. M.;. Zhao, MPhosphorus, Sulfur, Silicoh994 9394, minimum on this surface, even under constraints @f

231. symmetry.
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Homodesmotic reactions that give strain energies of hydro- used a reaction similar to eq 2 f@r rather than one related to
genated reference structurg®d—15 involve the product bN- eq 4, to give the cyclobutadiene strain energy shown in
(NH)NH,, the structure and energies of which we have reported Table 3.
previously?® For convenience, we recall those energies in  We propose eq 5 as a homodesmotic reaction involtihg

Table 2. Equation 3, including the bicyclobutane buttetfy the Ns analog of the pentalene dianion. It is not possible to
is typical of the homodesmotic reactions for this set of
fragments. /N\N/N
2 H,;N—-N—NH, N ” N + 5HN=NH — 3HN=N—N=NH (5
N ' \ N / + + 2 NH
71N\ NH, N N
HN | ONH + 5 HN-NH, —= N ©) HoN=NH, I
N 2 HN-N—NH, HN SNH
H

Equation 4 is the homodesmotic reaction involving the planar draw a classical structure f@d. The illustration included here
quati : : lon involving P has 5 bonds around each of the two nitrogens that form the

hexagonal structurg drawn here as one of its KeKud&uctures : .
with alternate single and double bonds to emphasize the transfer o o edge of the two fused pentagons. One can imagine

. T each of these nitrogens as having a pair of electrorzsp AO
of those bond_s o the conjugated product N=NH and perpendicular to the molecular plane, while each of the other 6
the conservation of bond typés.

nitrogens has only a single electron in its perpendicular p AO

N for a total of 10 electrons in the electron system of1l. The
Ny product HNN(NH); is isoelectronic with the trimethylenemethyl
l | + BHN=NH —— 3HN=N—N=NH 4 dianion C(CH)s?~, a planar structure with a system of76
\N/N electrons. C(CkH)s3?~ has been variously described as being

stabilized by cross conjugation, Y-delocalization, and even

} icity32,33 N i .
Of course, geometry-optimized calculations show that the Y aromaticity: h_Orl]Jrr:ow energy con_formatlop f?r N h
planar hexagon prefers a regular structure of 6 equivalent NN (NH)z is 16, in which the —NH_ group is pyramidal and the

bonds of length intermediate between normal NN single and

double bonds, not the arrangement in the Kékbénzene I N
structure in eq 4. The conjugated productHN—N=NH is SN TN
included to allow the possibility for the transfer of the effects rL

of & electron delocalization from the rir§jto product. If we PN

can assume §Ncyclooctatetraenel0 to be the model of a
structure with nonconjugated single and double bonds (MP2:
1.429 and 1.267 A, respectively), then NN single and double foyr nitrogens are slightly noncoplanar. Calculated single- and
bonds in HN=N—N=NH (1.522 and 1.242 A, respectively)  gouple-bond distances 6 (MP2: 1.421, 1.294, 1.295 A) show
show little conjugation. Compare these values with the jiye evidence of delocalization compared to those of cyclooc-

N=::N “aromatic” bond in3, 1.337 A. Thus, the homodes-  tatetraend 0. In contrast, our calculated-NN bond distances
motic requirement of conservation of bond types does not strictly j 11, ranging from 1.334 to 1.368 A, indicate extensive

hold for eq 4. The 120interior angles ir8 are exactly those  gelocalization. The energy change for eq 5 is endothermic,

required by sphybridized nitrogen, making completely free indicating resonance stabilization &f.. The corresponding
of strain. Furthermore, from our experience v_\/|th benzene (esonance energy given in Table 3 is negative. We know of
(CH)g, the 6 electrons delocalized around theridg in z MOs no examples in which resonance energies of polycyclic aromatic

are expected to confer an added stability normally described aspyqrocarbons have been calculated usibgnitio energies and
aromatic or resonance stabilization. Equation 4 should be homodesmotic reactions.
endothermic by an amount called ttesonance energyindeed, If RHF and MP2 estimates of strain energies and resonance
for the reaction that parallels eq 4 but involves (6Hgnzene  energies are similar, then we can assume that correlation
and appropriate hydrocarbon reactants and products, Hess andnergies are effectively canceling in the energy differences for
Schaad found the energy change to be endothermic by 24.7 kcalhomodesmotic reactions. Except for the tetrahedydor which
mol 3t But with nitrogen compounds, Glukhovtsev and Schleyer Ry and MP2 strain energies differ by 19 kcal/mol, and the
found eq 4 to be exothermic by 20 kcal/mol, indicating that N triangular prism, where the difference is 12 kcal/mol, differences
3is less stable than expectedSince we report (destabilizing)  petween estimates at the two levels of theory are 7 kcal/mol or
strain energies as positive quantities, Table 3 lists the destabiliz-jogs.  |n the following discussion, we use MP2-calculated
ing resonance energy 8fas positive also, Whlle the stablllzmg energies throughout, except for the case of benzvaterier
resonance energy of (Cklhenzene is negative. In calculating \yhich only RHF results are available.
energy changes for eq 4, we used the lowest energy conformer Tapje 3 displays estimates of (Gi)cluster strain energies
of Hllt\‘:N_N:NH? these are different for RHF and MP2  from a variety of sourcéd31:3440 for comparison with results
results.

The cyclobutadiene analogsN deserves special consider- (32) Klein, J.; Medlik, A.J. Chem. Soc., Chem. Commu®73 275.
ation. Glukhovtsev and Schleyer found tifahas a planar,  (33) Gund, P.J. Chem. Educl972 49, 100.

; (34) Maier, G.Angew. Chem., Int. Ed. Engl98§ 27, 309.
rectangular structure of alternate single and double bonds(35) Wiberg, K. B.Angew. Chem.. Int. Ed. Engl986 25, 312.

(MP.ZI 1.542 and .1.287 A, respectively), not a system of four (36) Nagase, SAngew. Chem., Int. Ed. Engl989 28, 329. Nagase, S.
equivalent aromatic NN bondsThe 90 angles in2 are much Polyhedron1991, 10, 1299.

smaller than the preferred 12Gangles for sphybridized @37 f%‘;'manv J. M. Venanzi, T. d. Am. Chem. S0c1974 96,
nitrogen, suggesting destabilization by strain. Therefore, we (38) Eaton, P. E.: Castaldi, G. Am. Chem. Sod985 107, 724.

(39) Cox, J. D.; Pilcher, GThermochemistry of Organic and Organome-
(31) Hess, B. A,; Schaad, L. J. Am. Chem. S0d.983 105, 7500. tallic CompoundsAcademic Press: New York, 1970.
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’ 3-membered ring less strained than 4-, but the values are much
larger than those we estimated above by decomposing strain
‘A 0 Ql’ energies of polyhedral clusters using the ring strain additivity
/ rule: 14 kcal/mol for 3- and 37 kcal/mol for 4-. The smaller

strain energies for the polyhedral cluster rings must be due to
‘ the averaging of nearest neighbor lone p#ine pair repulsions

over several adjacent faces. In the tetrahedron, 6 pairs of

nearest neighbor lone paitone pair repulsions, one pair along

° each bond, are averaged over 4 rings or faces, or 1.5 pairs per
‘ “9\ ‘ 3-membered ring. In the f\cube, 12 nearest neighbor sets of
- ' lone pair-lone pair repulsions are averaged over 6 rings, or
¥ : 2.0 sets per 4-membered ring. Lone pair repulsions in gNH)
C‘/ - and (NH}), are confined to the individual rings.

Figure 1. Disposition of lone pairs around tetrahedraj &d cubic Another effect might also make the cluster component ring

Ng and their corresponding (Nkland (NH), rings. The monocycles ~ Strain energies smaller than those of the cyclic azines. Ho-
are not in their lowest energy conformations. modesmotic reactions for polyhedral clusters and individual

monocycles involve different unstrained reference structures.
for Nop. For the tetrahedror, the Ny cluster is much less  The monocycles are converted into unbranched chains, but the
strained than (CH)in the same form. The Nand (CH} polyhedral clusters become branched chains which may them-
triangular prisms7 have comparable strain energies, and the selves be somewhat strained. Although NNN angles in these
Ng cube9 is much more strained than (CHgubane. These branched structures turn out to be very close to those required
differences can be rationalized with the help of they strain for sp? hybridization, the spatial disposition of nearest neighbor
additivity rule, which has been applied to hydrocarbdfis'® and next nearest neighbor lone pairs may not be in the opti-
The rule notes that the strain energy of a polycyclic system is mum arrangements that are available in the unbranched
approximately equal to the sum of the strain energies of the chain. This effect would give polyhedral clusters smaller
individual component rings. The ring strain additivity rule can apparent strain energies, which would then make the cluster
be applied in reverse to the nitrogen clusters. For example, component ring strain energies smaller than values obtained for
tetrahedral Iy 1 is composed of four 3-membered rings. the monocycles.
Therefore, the strain energy of each 3-membered ring must For the cycloalkanes (Cht and (CH)s, strain energies
be 56.1/4= 14.0 kcal/mol. Similarly, the cub®@ consists of derived from thermodynamic data are 28.3 and 27.4 kcal/mol,
six 4-membered rings, each of which must have a strain respectively?® These values are bracketed above and below
energy of 219.4/6= 36.6 kcal/mol. With these cluster by the cluster-derived strain energies of the 3- and 4-membered
component ring strain energies, we can use the additivity rule nitrogen cluster rings. Following the ring strain additivity rule,
again to calculate the strain energy of thgtNangular prism the cycloalkane ring strain energies give the following polyhe-
7 as composed of two 3-membered and three 4-membereddral cluster strain energies: (CH), 113.2 kcal/mol; (CHp,
rings. The strain energy af should be 2x 14.0+ 3 x 36.6 7, 138.8 kcal/mol; (CHy, 8 164.45 kcal/mol— results which
= 137.8 kcal/mol, compared with 144.1 kcal/mol férfrom are acceptable approximations to other estimates for the
Table 3. polyhedral hydrocarbons given in Table 3.

The strain energies of 3- and 4-membered rings derived above Now we are equipped to compare strain energies of polyhe-
are not what one might have expected. Although its ring angles dral hydrocarbon and nitrogen clusters. For the tetrahedral
have expanded, the 4-membered ring has a larger strain energyptructurel, N4 has considerably less strain energy than (£H)
than the 3-membered ring. However, this observation is Pecause of the smaller ring strain energy of the nitrogen
consistent with our result for calculations of strain energies of 3-membered cluster ring compared to that of the hydrocarbon.
(NH), rings2® We have attributed the larger strain energy for The larger strain energy of the nitrogen 4-membered cluster ring
the 4-membered nitrogen ring to larger numbers of nearestdives the N cube9 higher strain energy than (Ckiubane. In
neighbor and next nearest neighbor lone pline pair repul-  the N triangular prisn, the larger strain energy of the nitrogen
sions. The 3-membered ring has three sets of nearest neighbof-membered ring offsets the smaller strain energy of the nitrogen
lone pair-lone pair repulsions, while the 4-membered ring has 3-membered ring to give approximately equal strain energies
four sets of nearest neighbor repulsions plus two sets of nextfor Ne and (CH} prisms.
nearest neighbor repulsions. The cycloalkanesyjChave no For the hydrocarbons (CHl)8, 5, and 6, the ring strain
lone pairs at all, and the 4-membered ring is less strained thanadditivity rule produces remarkably accurate estimates of strain
the 3-membered ring- although only slightly so. Figure 1  energies expressed as combinations of strain energies of
illustrates the arrangement of lone pairs in thetdtrahedron ~ appropriate cycloalkene fragmers Estimated values (in kcal/

1, the Ns cube 7, and the corresponding (Nk)and (NH) mol) are in essentially quantitative agreement with those from
cycloazines. The monocycles shown in Figure 1 are not the other sources (shown in brackets):

lowest energy conformers of these rings, but their strain energies

can be calculated from the data in ref 28: 42.0 kcal/mol for the g. 5, 7 - D\ 2% 54.5 = 109 [107.2]

Cs, conformation of (NH} and 57.8 kcal/mol for theCy, 4]

conformation of (NH). These quantities have the right order,
5: 24 lil . m 2 x (30.6; 34.0) = 61.2; 68.0 [63.6]

(40) Greenberg, A.; Liebman, J. Strained Organic Moleculeg\cademic
Press: New York, 1978. = _ 6: 2x + w - 2x 6.8 +66.5 = 80.1 [81.3]
(41) Benson, S. Wrhermochemical Kinetic&nd ed.; Wiley: New York,

1976.
42) Kybett, B. D.; Carroll, S.; Natalis, P.; Bonnell, D. W.; Margrave, J. . . .
(42) ,_y Franklin, J. L.J. Am. Chem. Sod.966 88, 626. 9 Additivity rule estimates for the corresponding dlusters show

(43) Gasteiger, J.; Dammer, @etrahedron1978 34, 2939. larger deviations from values (shown below in brackets)
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calculated directly as energy changes for homodesmotic reac-Table 4. Average Bond EnergieB(X—X) (kcal/molp

tions (Table 3): D(C—C) 83 D(N—N) 38
D(C=C) 146 D(N=N) 100
8: 2x40.5=81.0[84.6] D(C=C) 200 D(N=N) 226

S5: 2x40.1=280.2[88.6]
6: 2x323+64.2=12881[93.3]

aReference 44.

. . . of nitrogen clusters. Ignoring the effects of strain and resonance,
0,
The estimates foB and5 are within 10% of direct values, but the bond additivity model assumes that we can estimate relative

that for 6 is unacceptably_largg. The failure of the additivit.y stabilities of molecules from the differences in the numbers of
rule here must result from its failure to account for the averaging different kinds of bonds. Table 4 contains average bond

of lone pair-lone pair repulsions over the several adjacent faces energies of CC and NN single, double, and triple bofds.

of the benzvalene structure. If we replace the strain energy of : . .
the NyH; bicycloputane fragment by tvl?/ice the strajn energg{)f ;:gns(:ﬁﬁ?ngﬁ,ngiﬁgggz with bond order for carbon and nitrogen
a 3-membered ring from Netrahedrane, we obtain: CC multiple bonds are weaker than the product of bond order

6: 2x322+2x14.0=92.6(93.3) kcal/mol and single-bond energyD(C=C) = 1.76D(C—C); D(C=C)

= 2.41D(C—C). For nitrogen, the trend is reversed; multiple

in excellent agreement with the directly calculated value. This bonds are much stronger than the product of bond order and
result is consistent with the following analysis of the strain Single-bond energy:D(N=N) = 2.6(N—N); D(N=N) =
energy of the MH. bicyclobutane butterfiyi5. As illustrated 5.9D(N—N). The (CH)} and N isomersl and2 each have

by 15 the butterfly structure has five sets of nearest neighbor Six cluster bonds. For (Cli)average bond energies favor the
tetrahedrori, with six single bonds, over the planar rectangle

T T 2, containing two double bonds and two single bonds, by 6
N N 83 — 2(83+ 146)= 40 kcal/mol. Butab initio results of Hess
\\_/N/ and Schaad for (CH)place2 more stable thad by 23 kcal/
d‘ 5 O mol at the MP2 levet? Therefore, the difference between strain

energies ofl and2 must be 23+ 40 = 63 kcal/mol. If the

lone pair-lone pair repulsions averaged over only two 3-mem- Strain energy ofl is 141 kcal/mol (Table 3, from ref 34), then
bered rings, or 2.5 repulsions per ring compared with 3.0 the strain energy o is 141 — 63 = 78 kcal/mol. These
repulsions per face for (NH)and 1.5 repulsions per face for ~duantities and relative stabilities are displayed in Figure 2. The
N, tetrahedrand (see Figure 1). The directly calculated strain relative stabilities of the corresponding omers at the bond
energy of15 (64.2 kcal/mol) is less than twice the strain energy additivity level should be just the reverse of those for (¢€H)
of (NH)s (2 x 42 = 84 kcal/mol) but much larger than twice FOr N structures2 should be more stable thanby 2(38 +
the 3-membered cluster ring strain energy derived from tetra- 100) — 6 x 38 = 48 kcal/mol. Theab initio results of
hedrane (2« 14 = 28 kcal/mol). Glukhovtsev and Schley&(Table 1; MP2 results) show that

The strain energy of Ncyclooctatetraen&0 (92.8 kcal/mol) is mdee_d more stable thdn but by only 12.4 kcal/mol. Thus,
is much larger than that of the corresponding hydrocarbon (2.1 the strain energy a must be larger than that dfby 48— 12
kcal/mol; from the energy change of a homodesmotic reaction = 36 kcal/mol. Calculated individual strain energies (Table 3)

using experimental heats of format#n Angle strain in N give a difference very close to that amount: 9556 = 39
10is probably relatively low because NNN bond angles (135.7  kcal/mol. Relative energies and strain energies pfsimers
are not far from optimal angles of 12@referred by sp appear in Figure 2.

hybridized nitrogen. Torsional displacements are significant. ~_ The bond additivity model suggests that the larger the number
The cyclooctatetraeng0 exhibits two types of torsional or ~ ©Of N=N double bonds a structure has, the more stable that
conformational displacements delineated by the envelopes inStructure should be. The exercise above farddmonstrated

10 and10’, each of which involves a sequence of four nitrogen that the rule worked because the difference in strain energies
of the two structures was smaller than their bond energy

— =0 differences. Indeed, the orders of relative stabilities @f N
/ S isomers established b initio calculations and displayed in
‘\. * / ‘Q\ Table 1 at least qualitatively follow the double-bond rule.
Among the N isomers, most stable i3, with three double
bonds—at least in its Kekulestructure. Next com& and 8,
each with only two double bonds, followed IBy(RHF level
only), with one double bond. Highest of allsNsomers is7,
ayvith all N—N single bonds. It turns out that strain energies (or
destabilizing resonance energy in the cas8) ébllow the same
order: least foi3; higher but nearly equal values f&r 6, and
8; and greatest for. Among Nsisomers,11is the most stable.
Although a classical Lewis structure is not feasible fdr a
compromise structure has as many as fivgeNNdouble bonds.
Higher in energy id0, with four N=N double bonds. Highest
is 9, with all N—N single bonds.
Finally, consider N 3, with a destabilizing resonance energy
of 20 kcal/mol, and N 11, which has a stabilizing resonance
Average Bond Energies energy of—20 kcal/mol. For these two nitrogen clusters, the

10 10"

atoms. We can model these sequences with chain-type struc
tures: HN=N—N=NH for 10 and HN—N=N—NH, for 10".
Energies of the most stable conformations of these chains appe
in Table 2. Single-point calculations for these model chain
structures assuming the cyclooctatetraene dihedral?)7€héw
that the conformation representedliéi is 8.1 kcal/mol higher
than plana,,, while that of 10" is 6.5 kcal/mol above ci€,.
Each conformational displacement occurs four times@nfor

a total of 58.4 kcal/mol, accounting for roughly two-thirds of
the strain energy df0. NNN angle strain provides an additional
component to the total strain energy.

We have Useq de_ViationS. from the bond additivity rule aS (44) Reger, D. L.; Goode, S. R.; Mercer, E.@hemistry: Principles and
the basis for estimating strain energies and resonance energies ~ Practice Saunders: New York, 1993.



Strain Energies in Homoatomic Nitrogen Clusters Inorganic Chemistry, Vol. 35, No. 11, 1998295

(CH), iR @ N,
ek D
12
78 141 56 95
. G
0 T
48
40 J
Expected Strai Ab initio Expected Strai Ab initio
Relative fru.m Relative Relative E run.n Relative
Energies Energies Energies Energies nergies Energies

Figure 2. Comparisons of relative energies (kcal/mol) of tetrahedrane and cyclobutadiene forms pa(@HY.. Expected relative energies are
based on energy differences between single and double bonds (Table ijtio relative energies are results alb initio calculations (Table 1;
from refs 2 and 22). Strain energies are from Table 3.

the hydrocarbons with those of the nitrogen clusters. The figure

Carbon Nitrogen
reveals two significant differences between hydrocarbon and
c nitrogen systems: (i) the hydrocarbons are much more ef-
2 20 - K - fectively stabilized by resonance than are the nitrogen clusters
R / and (ii) the difference between the resonance energies 6f N
v 3 10 [ ] and N; 11 is twice that between hydrocarboB8saand11. We
'% 8 / propose the following arguments to rationalize these differences.
H g // N=N double bonds are preferred to pairs of-N single
& 0 £ - bonds, whereas pairs of€C single bonds are favored compared
3 / to C=C double bonds. In whatever compromise is required in
¢ / the formation of the delocalized structures3find11, loss of
H -10 + N=N double-bond character is destabilizing in nitrogen clusters,
5 / whereas development of-€C single-bond character is stabiliz-
2 .5 / ing. The larger gap (compared to the case of hydrocarbons)
§ =20 ] 7 between resonance energies @f3\and N; 11 may be a result
= — / of differences in numbers of nearest neighbor lone-paine
- -30 o / L pair repulsions. Each structure has six lone pairs as described
" // . | in 3 and 11, but 3' has six sets of nearest neighbor lone pair
/IO
/
-40 /7’ @ @ @
S— N/N\ N\N/N
Figure 3. Resonance energies (kcal/mol) for aromatic hydrocarbon | ‘ ‘
and nitrogen clusters. Resonance stabilization of the hydrocarbons is N N \ N
much greater than that for the hypothetical nitrogen analogs. The energy Q \N/ N \N
gap betweer and11is much larger for nitrogen clusters than for the @ @ @
hydrocarbons. 3 11
obvious hydrocarbons for comparison are benzene {@H)l repulsions whilell' has only four sets. Therefore, we could
the pentalene dianiong8¢2~. Trinajstic and co-workef& have expect a larger splitting between the resonance energieg of N

calculated topological resonance energies for both benzene3 and Ns 11 compared to benzene and the pentalene dianion,
(0.278) and pentalene dianion (046 These quantities are  which have no lone pairs.
reported in units of an unspecified value of the resonance If the bond additivity model gives the relative energies of
integral 3. Equating 25 kcal/mol as the resonance energy for structures but lacking strain or resonance, then we can recon-
benzene (Table 3) and 0,2gives a value off that we can use  struct the average bond energy relative energies by taking the
to convert the topological resonance energy of pentalene dianionab initio calculated relative energies and subtracting out the
into 43 kcal/mol. Figure 3 compares the resonance energies ofstrain or resonance energieas we have done in Table 5, which
contains two sections: an upper one devoted to RHF results
(45) Gutman, I.; Milun, M.; Trinajstic, NJ. Am. Chem. Sod 977, 99, and a lower part for MP2. In each section, the top line (A)
1692. sets out the calculated relative energie¢-68 and5—11 from
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Table 5. Relative Stabilities (kcal/mol) of N Clusters at the Level of the Bond Additivity Model

A OO il o I 5y 4d 700

tructu —o ~ p— oo °N A <o/

Structure oV e g2 %% =7 og[z0 ‘\{’o 12217 o

RHF:

A. Relative energy 9.0 0 0 452 59.2 136.2 42.7 226.4 42.5 0

B. Strain energy 75.0 95.2 249 93.9 93.3 156.5 91.4 224.4 98.8 -238

A-B. Bond additivity -66.0 -95.2 -24.9 —48.7 -34.1 -19.6 -48.7 2.0 -56.3 +23.8

A-B+C. Renormalized 29.2 0 23.8 0 14.6 29.1 0 58.3 0 80.1
bond additivity

MP2:

A. Relative energy 0 12.4 0 333 — 115.7 29.3 233.6 53.0 0

B. Strain energy 56.1 95.4 19.8 88.6 144.1 84.6 219.4 92.8 -20.1

A-B. Bond additivity -56.1 -83.0 -19.8 -55.3 -28.4 -55.3 14.2 -39.8 +20.1

A-B+C. Renormalized 26.9 0 35.5 0 26.9 0 54.0 0 59.9
bond additivity

Table 1. The second line (B) recalls the corresponding strain products P and supplemental reactants Q for isomers R and T.
or resonance energies from homodesmotic reactions from TableAlthough energies of the isomers themselves have disappeared
3. The third line (A— B) presents the relative energies as they from the energy difference, their structural features have
would have been without strain or resonance., the relative established the numbers and kinds of products and supplemen-
energies at the level of the bond additivity model. To make tary reactants that are included in th&\ expression. For
these quantities easier to interpret, we add back in the mostexample, among Nclusters, R= 1, T = 2, andmA is the
negative relative energy-(C) for each cluster sizer2 These energy change for eq 6. This is an isogyric reaction that
renormalized relative energies appear in the third line-(8

+ C) in each section of Table 5. Ignore the delocalized 4HN-NH, + 2HN-N=N—NH, — 4H2N‘T—NH2 (6)
structures3 and 11, which do not contain normal NN double NH,

and single bonds. At the RHF level, all structute<2, and

5—10differ in energy by an amoumbA, wheremis the number converts two =N double bonds into four NN single bonds.

of double bonds and = D(N=N) — 2D(N—N) = 14.6 kcal/ From the bond additivity approximatiomA = 2[D(N=N) —

mol at the RHF level. The same relationship holds at the MP2 2D(N—N)]. If A is the expression within the brackets, then
level, with A = 13.45 kcal/mol. Both values ok are smaller m = 2, the difference in number of double bonds between T
than the result 24 kcal/mol implied by the average bond energiesand R. Therefore, in the paragraph above, our estimate of
in Table 4, but the sense is correP{N=N) > 2D(N—N), and energy differences between a double bond and a pair of single
the differences are remarkably consistent for clusters of different bonds is the energy change for an isogyric reaction. Since
size—Ng4, Ng, and N If we takeD(N=N) = 100 kcal/mol from neither bond types nor atomic valence environments are
Table 4, and\ = 14 kcal/mol, an average of the two quantities conserved, conditions for cancellation of basis set and correla-

derived above, theB(N—N) = (100 — 14)/2= 43 kcal/mot-a tion errors are less favorable than in homodesmotic reac-
single-bond energy only 5 kcal/mol greater than the value in tions. Neverthelessb initio energies have been used to pro-
Table 4. vide reasonable estimates of energy changes for isogyric

The consistency of isomer energy differences at the bond reactions®
additivity level and their relations to bond energy differences  Reactions resulting from comparisons involving the poten-
is not accidental. Line Ain Table 5 is the energy of a particular tially aromatic structure8 (or 4) and11 are more complicated
isomer R relative to that of the lowest energy isomer S at the than eq 6. As an example, eq 7 is the reaction associated with
ab initio level: A= R — S. This is the energy change for an
isomerization reaction that converts S into R. Isomerization is 4HN=N=N—NH, —= 3HN=N—N=NH + 3H,N-NH, (7)
an example of afisogyric reaction that conserves numbers of * *o2 'ﬁ”
electron pairs— in these cases, number of bonds and lone pairs 5 HN=NH N
but not bond types and atomic valence environments. Line B N NH
contains the strain energy (or resonance energy) of isomer R as
the energy Change of a homodesmotic reactiors B(P -Q the energy differencmA for R=11and T= 10. Atthe bond
— R), where P is the sum of total energies of reaction products addlthlty level, this Corresponds to the conversion of twe Nl
and Q is the sum of energies of supplemental reactants as insingle bonds into one#N double bonet-a process that should
egs 5. The minus sign before the parenthesis makes strain be exothermic. Instead, using MP2 energies from Table 2, the
energies positive quantities. Line-/B represents the reduction ~ reaction is endothermichA = 59.9 kcal/mol. We can only
of relative stabilities to those at the bond additivity level by conclude that those comparisons are not appropriate for
subtracting the strain energy out of thle initio relative energy ~ potentially aromatic systems. In particular, the produgtIN-
(or adding back in the resonance energy)—8 =R — S+ (NH), does not have a proper Lewis structure, and therefore
(P—Q—-R)=P-Q—S. The total energy of isomer R its connection with the bond additivity model is tenuous.
cancels out of A~ B. The next step is to compare relative Furthermore, NN bond distance comparisons (MP2) N H
energies of different isomers at the level of the bond additivity N=N—NH> (1.3969, 1.2687 A) and HXN—N=NH (1.5220,
model. Suppose that isomer T has the lowest energy (lowest1.2423 A) indicate significant differences in bonds of the same
value of A — B) at the bond additivity level. Call the isomer type.
energy difference at this levetA = (A — B)r — (A —B)y =
Pr=Qr—S—(Pr—Qr—S)=Pr— Pr—(Qr — Qr). The
energy of isomer S, lowest among thke initio energies, drops The Ny, clusters on the whole have strain energies that are
out and mA depends only on energy differences between comparable in magnitude to those of isostructural (H)

Conclusions
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Figure 4. Strain energies (and resonance energie8)fof some group
15 homoatomic clusters. Strain energies decline with lower position in
the group, but values for the nitrogen clusters are much larger than
those for P and As.
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indeed, in the case of the hypothetical Nanar hexagon, even
destabilizing compared to the corresponding aromatic hydro-
carbons.

Strain and resonance have been important organizing concepts
in organic chemistry for many years. Only recently have
estimates of corresponding parameters for inorganic analogs
become available. In contrast to hydrocarbon and nitrogen
clusters, the homoatomic clusters of lower rows of the periodic
table have much smaller strain energies. In earlier work, we
usedab initio total energies and homodesmotic reactions to
estimate strain energies and resonance energies ahB As,
clusters in the formq, 3, and5—9.46-48 The trends in strain
energies for these homoatomic clusters appear in Figure 4.
Smaller strain energies and weaker bonds are anticipated trends
as we move down a group in the periodic table and encounter
atoms whose valence MOs are made from AOs of larger
principal quantum number. The horizontal trends are remark-
ably similar. Although the resonance energy fog B is
destabilizing (and therefore a positive quantity in our conven-
tion) rather than stabilizing as one might have expected, the
position of N; 3 in Figure 4 appears to be quite in accord with
strain and resonance energies associated with other N, P, and
As heteroatom clusters.

Among the clusters illustrated in Figure 4, only &d As
are known molecules, but elements from the lower periods of
group 15 form many homoatomic but ionic clusteexamples
of which include B2, Ass?™, Ps, Ps*", Ass*™, P27, As/®,

P13, and As;®~. How strain energies and resonance energies
affect the relative stabilities of these and other homoatomic
clusters will be the subject of future studies.

analogs. Differences between hydrocarbons and nitrogen for!C951373H

particular structures can be rationalized in terms of strain

energies of individual component rings and the presence of lone 46) ;’g‘;ge” D. S, Gimarc, B. MJ. Am. Chem. Socl992 114
pairs of electrons on nitrogens but not on carbons. Resonance47y Gimarc, B. M.; Warren, D. Snorg. Chem.1993 32, 1850.
energies of aromatic-like nitrogen clusters are much smaller and, (48) warren, D. S.; 'Gimarc, B. M.; Zhao, Nhorg. Chem1994 33, 710.



