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Abstract

The structural properties and inversion barriers of the pnictogens (N=C-XY,; X =NorP,Y = H, F, Cl or Br)
were obtained through ab initio SCF and CI techniques using several basis sets. The geometries of the ground- and
transition-state structures were fully optimized at the SCF level, and ‘CISD calculations were performed on the
SCF optimum geometries. All molecules have a pyramidal ground state of symmetry 'A’ (C), and have a bent
molecular spine, the angle NCX deviating from linearity by about 5°. For the phosphorous halocyanamides
(N=C-PX,;) two transition structures were detected, the traditional trigonal planar structure and a T-shaped
one, both of C,, symmetry. An attempt was made to rationalize our findings by employing the state characteristics

of the C=N and XY, fragments.

Introduction

We have recently reported [1] on the geometrical
structural properties and energy inversion barrier
(IB) of cyanamide (N=C-NH,) obtained using
Hartree—Fock (HF) and configuration interaction
(CISD) ab initio techniques. Cyanamide exhibits
an unusual geometrical structure and a very small
(1.46 kcalmol™") barrier to inversion [1,2]. As a
continuation of this work we report here on the
structural characteristics of a number of isova-
lent, closely related molecules of the general mole-
cular type N=C-XY,, where X = N or P (group
VA or 15 of the Periodic Table) and Y = H,F, Cl
or Br. The inclusion of the cyanamide system is
simply for completeness. (The Greek-derived term
“pnictogen” in the title refers to the group-15 ele-
ments nitrogen, phosphorus, arsenic, antimony
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and bismuth; its etymology is analysed in detail
in Ref. 3.)

The two most important structural characteris-
tics of these systems are (a) the energy barrier to
nitrogen or phosphorus inversion (IB), and (b) the
deviation from linearity of the N=C-X molecular
spine. Experimental microwave (MW) results for
cyanamide [2], difluorocyanamide (N=C-NF,) [4]
and cyanodifluorophosphine (N=C-PF,) [5], indi-
cate a deviation from linearity of the NCX angle of
about 5° (angle v ~ 175°) (Fig. 1). For the three
systems mentioned above our calculations clearly
confirm the slight bend of the molecular skeleton;
in addition, the same phenomenon is predicted for
the other molecules examined here.

The systems N=C-XY, are prochiral in the
I'A"Y state of C, pyramidal symmetry, which
turns out to be the ground state. This means that
replacement of a Y substituent by Y’ # Y destroys
the symmetry plane (plane xz in Fig. 1) with the
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Fig. 1. Definition of the geometrical parameters and coordi-
nate frame of the N=C-XY, system.

concomitant creation of a chiral system. The ques-
tion of the (practical) separation of the enantio-
morphs hinges of course on the particular IB
value, which dictates the rate of racemization.
In the cyanamide system we have found that the
—C=N group lowers significantly the IB value with
respect to the parent molecule, ammonia (about 1.5
versus about 6 kcalmol™!) [1]. We have observed
an analogous cyano-lowering effect in the difluoro
and dichlorocyanamides, vis-da-vis the trifluoro-
ammonia and trichloroammonia, respectively.
However, the presence of the cyano group in the
cyanophosphines (N=C-PY,) does not seem to
strongly influence their IBs uniformly, as com-
pared with the corresponding parent compounds
(see below). It is pertinent to mention at this
point that, with the exception of the cyanamide
system [1], there are no experimental theoretical
results available for the IBs of these systems.

Relatively recently, Dixon and co-workers [3,6,7]
reported a novel energy-inversion path for the
group-15 elements phosphorus, arsenic and anti-
mony, but not for nitrogen. Interestingly, it was
found that the inversion path depends on the
electronegativity of the substituents for pyramidal
phosphorous species. For instance [7] the molecules
HPF, and PF; invert through an approximate T-
shape transition structure (Fig. 2(b)) rather than
the traditional trigonal-planar transition (Fig.
2(a)).

Note that when all the Y substituents are the

V.A. Glezakou et al.|J. Mol. Struct. (Theochem) 305 (1994) 225-239

Rpc N
Rex (o}
\ RXY
M
AN A
. Q/Q v

z

Cav
(a)

z

T
C2v
(b)

Fig. 2. (a) Trigonal—planar transition state of symmetry C,,
of the N=C-XY, system. (b) T-shaped transition state of
symmetry C3, of the N=C-XY, system.

same, Y =Y (as in PF; for instance), the two
structures shown in Fig. 2 belong to different
point-group symmetries: D3, (2a) and C,, (2b).
However, if Y # Y’, both structures have C,, sym-
metry, which is the case in the N=C-XY, systems.
The fact that the T channel is energetically pre-
ferred has been rationalized in terms of it minimiz-
ing the energy repulsion (Coulombic and/or Pauli)
between the lone pair on the central atom and the
ligands. Recently, Edgecombe [8] corroborated
Dixon’s results regarding the inversion process on
tricoordinated phosphorus systems by means of a
topological electron-density analysis.

In the present study, in addition to the tradi-



V.A. Glezakou et al.|J. Mol. Struct. (Theochem) 305 (1994) 225-239 227

Table 1
Basis sets used
Molecule Basis set®
A B C
1 N=C-NF, C,N,F: (9s5p) — [4s2p] C, N. F: (10s6p2d) — [5s4p1d] As in (1B), plus a 4f set on the

¢a(C) = 0.75, C4(N) = 0.80,
¢{F) =0.90

2 N=C-NCl, C,N:asin (1A)
Cl: (11s7p) — [6s4p)],
¢4(Cl) = 0.66

3 N=C-NBr, C, N: (9s5p2d) — [4s2pld]
Br: 3-21G*, (4(Br) = 0.389
as(C,N) =22

0g(C,N) = 2.2, a4(F) = 2.4

C,N: (10s6p2d) — [5s3pl1d]
H: (5s2p) — [3s2p], (2p) = 0.80/0.20
ad(C7N7 P) = 2.0, QS(H) =14

C, N, F: (10s6p2d) — [5s3p1d]
P: (12s9p2d) — [6s5p2d],

central N, {{N) = 0.80

C, N: (10s6p) — [5s3p]

Cl: (12s9p2d) — [6s5p1d]
Ga(C) =0.75, {4(N) = 0.80,
ay(P)=2.0

C, N, H: as in (4B)
P: (12s9p2dif) — [6s5p2d1f]
(2d)p = 1.90/0.45, ¢(P) = 0.45

As in (5B), plus a 4f
polarization set on P as in (4C)

(2d) = 1.90/0.45, a4(C, N, P) = 2.0

4 N=C-PH, C,N:asin(1A)
P: (11s7p) — [6s4p], (u(P) = 0.60 P: (12s9p2d) — [6s4p1d],
H: (4s) — [2s], a(H) = 1.2,
¢p(H) = 0.40

5 N=C-PCl, C,N,F:asin(1A)
P: as in (4A)

6 N=C-PF, C, N: (9s5p2d) — [4s2pld]
P, Cl: (11s7p2d) — [6sdp1d]

‘ Qd(C, N) = 2.3, Old(P, Cl) =20
7 N=C-PBr, C, N, P:asin (6A)

Br: as in (3A)

C, N: (10s6p2d) — [Ss3p1d]
P, Cl: (1289p2d) — [6s5p1d]
o4(C,N) as in (6A).

ag(C,N) = 2.2, (2p) = 1.90/0.45

As in (6B), plus a 4f
polarization set on P as in (4C)

* Everywhere, (, ¢ denotes the polarization exponents for the relevant sets, while o, 4 are the scaling factors for the s and
d functions, respectively. The scaling factor a4 in the (2d) — [1d] contraction is after Stewart [16]. All polarization exponents
(except for cases 1A and 3A, where values from the literature were used [12,13]) were semioptimized in the molecular

environment.

tional trigonal planar transition states we also
found T-shaped transition structures for the phos-
phorus species N=C-PX,, where X = F, Cl or Br.
An analysis of this problem and a rationalization of
the particular inversion barriers as a function of the
substituents and/or the central atom(s), is offered
in a later section of this paper (Analysis of the
Problem).

Computational outline
Table 1 summarizes in some detail the basis sets

used for each molecular system examined in this
work. Basis-set A is of approximately DZ quality

plus polarization. For the first-row elements (car-
bon, nitrogen and fluorine), Huzinaga’s (9s5p) set
[9], contracted to [4s2p] according to Dunning [10],
was used. For the second-row elements (chlorine
and phosphorus), the (11s7p) set of Huzinaga
{11] was used contracted to [6sd4p] according to
Dunning and Hay [12]. For hydrogen, Huzinaga’s
(4s) set contracted (and scaled) to [2s], as recom-
mended by Dunning and Hay [12], was employed.
For bromine, a minimal, split valence plus polariz-
ation 3-21G* basis was the only one employed [13].

Basis-set B is of approximately TZ quality plus
polarization. The sp space for the first-row atoms is
Huzinaga’s (10s6p) set [9] contracted to [5sdp], as
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Table 2
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Optimized geometries, dipole moments () and net Mulliken charges (g) in basis sets A, B and C for the |'A’) ground state of
N=C-NY, (Y =F, Cl or Br) at the SCF level of approximation®

Property A B C Exp.°

F Cl Br F Cl F* F
r(N-Y) (A) 1.345 1.720 1.859 1.341 1.716 1.398 + 0.005
r(C-N) (A) 1.392 1.362 1.349 1.384 1.345 1.386 + 0.009
r(N=C) (A) 1.134 1.138 1.139 1.123 1.131 1.158 + 0.004
# (deg) 104.0 112.6 114.3 104.3 1129 102.8 £ 0.5
¢ (deg) 106.7 112.4 111.9 106.8 112.5 107.0 105.4 £ 0.7
7 (deg) 62.2 46.6 46.6 61.9 46.3 61.5 64.8¢
v (deg) 175.7 177.1 177.3 175.5 177.4 173.9 £ 22
© (D) 1.29 2.96 3.80 1.41 2.89 1.40 1.10 +£0.02
GNeentral +0.33 -0.38 ~0.40 +0.30 -0.15
av -0.19 +0.15 +0.23 —0.20 +0.01
qc +0.21 +0.26 +0.11 +0.35 +0.34
N -0.15 -0.18 +0.16 -0.25 —-0.21

2 Pyramidal C,.

® Optimization of the out-of-plane = angle only, the rest as in B.

€ Microwave experimental resuits (Kr structure) [4].
4 Calculated from the experimental values.

recommended by Dunning [14], while for the sec-
ond-row atoms the McLean—Chandler (12s9p) set
contracted to (6s5p) [15] was used. For hydrogen,
Huzinaga’s (5s) contracted set, scaled to (3s), was
used.

Basis-set C is essentially the same as B, the dif-
ference being the addition of higher angular
momentum polarization functions, namely 4f.

For the seven molecular systems studied, SCF-
RHF calculations were performed. Full geometry
optimizations were carried out for all molecules
and in virtually all bases within the HF approxima-
tion. With the exception of the N=C—-NBr, and
N=C-PBr, molecules, CISD calculations were
performed for the rest of the systems, always
employing the smallest basis set (A) while keeping
the atomic-like cores frozen at the SCF level. Apart
from the N=C-PH, molecule, no geometry opti-
mizations were done at the correlated level of cal-
culation, the corresponding SCF geometries simply
being applied instead. The geometry of N=C-PH,
was fully CISD optimized in basis-set A. In all the
CISD calculations the CI space was kept under

computational control by using appropriate per-
turbation selection schemes, and then correcting
to the full CISD space by adding the estimated
energy loss. This approach was tested and found
to work reliably on the N=C-PH, system. Our
CISD results were extrapolated to “FULL-CI”
by using the Davidson correction [17,18] (see foot-
notes a and b to Table 9). The terms “transition
state’ or “transition structure’” mean that only one
imaginary frequency was detected after the diago-
nalization of the Hessian matrix.

The computations were performed mainly using
the MELDF program [19], and often some results
were double-checked using the GAMESs program
[20]. All calculations were carried out on the
micro-VAX 3300 computer of the Physical Chem-
istry Laboratory.

Analysis of the problem
The main theme of the present paper is the inver-

sion barriers through the central atom X of the
cyanamide systems N=C-XY,. Tables 2-9 give a
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Table 4
Optimized geometries, dipole moments (1) and net Mulliken charges (g) in basis sets A, B and C for the |'A; ) transition state of
N=C-NY, (Y =F, Cl or Br) at the SCF level of approximation®

Property A B C

F Cl Br F Cl F
r(N-Y) (1:\) 1.318 1.688 1.828 1.314 ' 1.685
r(C-N) (A) 1.283 1.331 1.325 1.295 1.324
r(N=C) (A) 1.147 1.145 1.143 1.135 1.134
9 (deg) 111.5 119.0 121.1 111.7 118.8 111.6
T (deg) 0.0 0.0 0.0 0.0 0.0 0.0
+° (deg) 180.0 180.0 180.0 180.0 180.0 180.0
u (D) 220 3.55 4.32 2.30 3.40 2.29
GNeentral +0.30 —0.46 -0.37 +0.23 —0.20 -
gy —0.15 +0.19 +0.24 —0.17 +0.03 -
qc +0.22 +0.30 +0.10 +0.40 +0.37 -
gN —0.21 —0.21 -0.21 —0.30 —0.23 -

? Transition state, C,, symmetry (Fig. 1).
® Fixed by symmetry.

condensed version of all our structural results,
while Table 10 contains all the calculated IBs at
the CISD and “FULL-CI” levels. A quick look
at Tables 7 and 8 raises the question of what may
be the cause of such a wide range of IB values, i.e.
from about 1 to 100kcalmol™'. Although it can
provide an obvious answer to the previously
posed question, the observation that the IB
increases with increasing electronegativity of the
Y substituent can hardly be considered as an
obvious reason for this new observation. In
addition, there is a dichotomy in the IB values
between the nitrogen and phosphorus cyan-
amides, the latter being much larger than the for-
mer (Table 10).

In our quest for rationalization of rather than an
“explanation” for our results, we now take up a
different approach. All the molecules examined
here may be thought of as being composed of
two parts: the N=C- and the —-XY, fragment(s).
The cyano group has a ground state of 2S* sym-
metry [21] and can be clearly considered as a ¢
radical (Scheme 1(a)). In addition, for all the
-XY, fragments involved in this study we can
claim that they have a bent ground state of *B,

symmetry, which can be classified as a 7 radical,
with a (bent) first excited state of 2A; symmetry
having o-like character (Schemes 1(b) and 1(c)).
A word of explanation is pertinent at this point
concerning the structural features of the —-XY,
radicals. NH, and PH, are well-characterized sys-
tems [22]. For NF, the experimental results are not
so transparent [22,23], but fairly accurate ab initio
calculations are now available [24,25] which con-
firm our previous claims. For NCl,, PCl, and PBr,
the structural experimental results are inadequate
[26,27], and thus SCF (basis-set B) calculations
were done on PCl, in order to establish its elec-
tronic and geometrical structure. For PF, also,
the lack of experimental results forced us to carry
out SCF calculations (basis-set B). Finally, there is
nothing in the literature on the system NBr,, but

kg
a O\y a @\Y *
L ®) C)i\” C)i\y .
y
3" X%B;-1 2p-0
(a) (b) (¢)

Schemes 1(a)-1(c).
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Table 6

Optimized geometries, dipole moments (1) and net Mulliken charges (g¢) in basis sets A, Band C for the |'AT) transition state of
N=C-PY, (Y =F, Cl or Br) at the SCF level of approximation®

Property A B C
F cl Br F cl F° CF
r(P-Y) (A) 1.633 2.187 2.327 1.620 2.193
r(C-P) (A) 1.803 1.776 1.777 1.815 1.776
F(N=C) (A) 1.140 1.141 1.141 1.129 1.131
8 (deg) 190.8 185.6 185.6 190.4 185.6
7 (deg) 0.0 0.0 0.0 0.0 0.0
AP (deg) 180.0 180.0 180.0 180.0 180.0
u (D) 2.36 2.09 2.31 2.41 2.03 2.45 2.04
gp +1.37 +1.03 +0.82 +1.18 +0.96
ay —0.50 ~0.42 -0.30 —0.46 —0.38
qc -0.31 ~0.15 -0.17 —-0.05 —0.04
an —0.06 ~0.05 —0.05 -0.21 -0.16

® Transition state, C,, symmetry (Fig. 1).
Y Fixed by symmetry.
° The geometry of basis set B was used.

we chose not to do any calculations on it as its
structural features were assumed by analogy.
Table 11 illustrates quantitatively the previous
discussion. Note that for the systems NF,, PF,
and PCl, a second excited state of symmetry 2A,
(marked as 22A,) is predicted. A pictorial represen-
tation of this state is presented in Scheme 1(d) [25].

fore, different geometry. Here, the in situ XY,
entity would be in the 2' A, excited state.

It thus becomes clear that the ground-state sym-
metry of the N=C-XY, systems will be mainly
dictated by two competing factors: the energy split-

Consider now the formation of the N=C-XY, (;Il)
molecules by allowing the N=C- group to C
approach the —XY, radical(s), either in a o—n @\‘Y
fashion, that is perpendicular to the YXY, orin a NS €IBE
o—o fashion, that is parallel to the YXY plane. @,(-"“Y . Y
Schemes 1(e) and 1(f) are the corresponding pic- >y
tures of the proposed paths. The o—7 path, Scheme s (o) 1a(0-0)
1(e), leads to a pyramidal geometry of 'A’(C;) (o) (£)
symmetry with the in situ XY, moiety in its
ground 2B1 state, while the o—o path, Scheme
1(f) leads to a planar geometry of 'A; (C,,) sym- 6}’1' B NP Q'
metry, with the in situ XY, moiety in its excited 2A, ¥ e ‘\y
state. If the second excited state of XY, (2'A1) is ‘\y
involved in the molecular formation, the resulting g lay(6-0)
system can be represented as in Scheme 1(g); this is 2 (; ) ! (@)

obviously of the same symmetry as in Scheme 1(f)
but with a different electronic structure and, there-

Schemes 1(d)-1(g).
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Table 7

233

Absolute SCF energies (E) of the ground |'A’) state, and inversion barriers (IB) at the SCF level of approximation of N=C—

NY, (Y =F, Clor Br) in the A, B and C basis sets

Property® A B C
F cl F cl F
E (hartree) —0.52009 —0.59801 —0.22678 —0.56855 —0.69369 —0.57407
(+345) (+1065) (+5267)
IB® (kcalmol™!) 22.8 3.2 2.6 22 3.7 21.0

21 hartree = 627.51 kcal mol~!.
bR —
IB=E;,, — Epary.

ting AE2p, x2p, Of AEx, . x2p, of XY, and the
bond strength o—7 vs. o—o. If Scheme 1(e) domi-
nates, the resulting molecule will be of pyramidal
'A’ (C;) symmetry with a transition structure of
'A| (Cy,) symmetry (Scheme 1(f) or 1(g)). If, how-
ever, Schemes 1(f) or 1(g) dominate, the resulting
molecule will be of trigonal—planar 'A; (Cy,) sym-
metry with a “negative” inversion barrier, under
the proviso that the IB is defined as

IB EEllA) - EIIA!)

The upshot of the previous discussion is that the
IBs of N=C-XY; should be proportional to the
energy gap AE:, . xop, (0r AEp, . x2p,) of XY,
In addition, this line of reasoning can account for
the geometry of the in situ XY, in N=C-XY,: in
the o—m (Scheme 1(e)) mode of interaction we
would expect a 2B;-like geometry of XY, in the
emerging molecule, while the o—c (Schemes 1(f)
and 1(g)) interaction would result in a rather
2A;- (or 22A,-) like geometry of XY,. Assum-
ing further that in the (trigonal planar) 'A, sym-
metry of N=C-XY, the interaction between the
N=C- and -XY, fragments is stronger due to
the more efficient overlap, as well as the possibility
of  back-donation of the 7, electron pair (Scheme
1(f)) of the central X atom into the available (vir-
tual) space of the cyano group, we anticipate a
shorter C—X bond length in the 'A, state (Scheme
1(f)) than in the 'A’ state.

Our numerical results seem to strongly vindicate
the aforementioned considerations.

Results and discussion

Tables 2 and 3 give the calculated SCF proper-
ties of the systems N=C-NY, and N=C-PY,,
respectively, in their ground |'A’) state as a func-
tion of basis-set size. Tables 4—6 present the struc-
tural SCF properties of the same systems, but in
their |'A,) transition state as function of basis-set
size. Note in particular that Table 6 refers to the
second transition structure {3,6,7] of the N=C-PY,
(Y=F, Cl or Br) labelled |'AT), the super-
script “T” being a reminder of the T-shaped
geometry of these transition states. We emphasize
that |'A,) and |'AT) belong to the same point
group, namely C,,. Tables 7 and 8 list the SCF
energies and the SCF energy-inversion barriers of
N=C-NY,; and N=C-PY,, respectively. Table 9
presents correlated results of the N=C-PH,
molecule, while Table 10 collects the IB values of
N=C-XY, X=NorP; Y=H, F or Cl) at the
CISD and CI-FULL levels of computation.

From Tables 2 and 3 and in conjunction with
Tables 7 and 8, it is clear that all N=C-XY, mol-
ecules have a pyramidal 'A’ ground state with a
slightly bent molecular frame. The NCX angle,
(v in Fig. 1) is about 175° for all eight molecules,
with the cyano group being trans with respect to
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Table 9

Absolute energies E, optimized geometrical parameters and
dipole moment (1) of the ground and transition states of
cyanophosphine N=C-PH, within the CISD* and CI-
FULLP ansatz; basis set A was used

Property I'A’) I'Ap)
E (+434) (hartree) —0.5732 -0.5117
(—0.6365) (~0.5756)
r(P-H) (A) 1.416 1.379
] (1.425) (1.385)
r(P-C) (A) 1.799 1.720
] (1.804) (1.725)
r(N=C) (A) 1.164 1.167
(1.177) (1.183)
6 (deg) 94.2 124.1
(93.5) (124.1)
¢ (deg) 94.6
(94.3)
7 (deg) 83.2 0.0
(83.7)
v (deg) 175.5 180.0°
(175.0)
u (D) 3.60 4.11
IB (kcalmol™!) 38.6
(38.2)

? The complete valence CISD space in C; symmetry entails
43 501 spin-adapted configurations (SAC). Via a perturba-
tion selection scheme with an energy threshold of 107%,
23828 SACs were kept with an estimated energy loss of
1.8 mh. The exact loss is 1.48 mh, as obtained directly from
the difference Ecysp(23828) — Ecisp(48 507) at the equili-
brium geometry of basis A.

® CI-FULL is the “full” CI obtained by using the Davidson
extrapolation formula [17,18]:

@) 2

EruLL = Ec1 — Enr E(—z)‘z% + Enr

E kept €0
The numbers in parenthesis correspond to the CI-FULL
approach.
¢ Ground state, pyramidal, C, symmetry.
4 Transition state, planar, C,, symmetry.
€ Fixed by symmetry.

the XY, plane. Experimental results are available
for only three molecules: cyanamide (N=C-NH,)
[2], difluorocyanamide (N=C-NF,;) [4] and
cyanodifluorophosphine (N=C-PF,;) [5]. Com-
parison of the theoretical and experimental results
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for N=C-NH, can be found elsewhere [1]. For
N=C-NF, and N=C-PF, Tables 2 and 3 show
a fair agreement between the experimental and
theoretical properties. Over all the basis sets
employed the bond lengths do not deviate, on aver-
age, by more than 0.02 A and bond angles do not
deviate by more than 0.8° from the experimental
results. The SCF values of dipole moments show
deviation of approximately 20% and 8% from the
experimental values, with no substantial improve-
ment at the CISD correlated level (Table 10). The
emerging picture for all molecules studied is the
usual one for the HF ansatz, i.e. shorter bond
lengths (by 0.01-0.03 A, depending on the size of
the basis sets) as compared with experimental or
correlated values due to an overaccumulation of
charge between the nuclei, and an overestimation
of, say, dipole moments by 10-20%. This can be
clearly seen by comparing the HF and CISD-
derived values for the N=C—PH, system (Tables
3 and 9, respectively). The data presented in
Table 9 should be very close to “reality” because
a CISD-valence wavefunction for a 16-electron
system can capture up to 85-90% of the valence
correlation within the basis set employed.

Finally, with the exception of the Mulliken net
charges, which show large fluctuations as a func-
tion of basis-set size, all the properties are virtually
insensitive to the basis set used. This, of course,
indicates that the quality of the smallest basis set
(A), is adequate for a description of these closed-
shell systems. It should also be mentioned at this
point that our certainty of the fair description of
the N=C-XY, systems within the HF ansatz stems
from the fact that the square of the leading coef-
ficient (C}g) in the CISD expansion is about 0.90
for all molecules.

Using now the available data, whether experi-
mental or theoretical, on XY, radicals (Table 11)
let us compare the geometrical features of XY, in
the 2B1 ground and 2A1 excited states with the
geometry of the in situ XY, moiety in N=C-XY,
states 'A’ and 'A, (Tables 4 and 5), respectively.
The YXY angle in the *B, state of XY, radicals is
approximately 103°, 103°, 92°, 99° and 102° for
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Table 10

Absolute energies (E), energy inversion barrier heights (IB, IB™) and dipole moments (u) of the ground |'A’) state of
N=C-XY, (X=N or P; Y = H, F or Cl) systems as obtained from SDCI calculations in basis set A (for all molecules the
corresponding HF geometry was used)

Molecule SAC® E 1B?* IBTf b
(hartree) (kcalmol ™) (kcal mol ™) (D)

N=C-NH,* ~129 000 —148.43380 1.4 4.56

N=C-NF, ~76 500 —346.1858 27.0 1.27
(—346.3155) (27.6)

N=C-NCl, ~76 000 —1066.2260 6.7 2.88

(—1066.3638) 6.2)

N=C-PH, ~24000 —434.5721 38.6 3.58
(—434.6337) (38.2)

N=C-PF, ~77000 —632.6445 100.1 63.8 2.60
(—632.7653) (95.3) (57.5)

N=C-PCl, ~74000 —1352.6187 67.0 66.2 2.44

(~1352.7618)  (62.7) (59.5)

2 Results taken from Ref. 1.
b With the exception of cyanamide where the complete SDCI space was activated, the number of spin-adapted configurations

(SAC) reported were obtained after applying an energy-threshold criterion. See footnote a in Table 9.
¢ The SDCI energies reported were corrected to the complete SDCI-space energies. See footnote a in Table 9.
9 The numbers in parentheses refer to the CI-FULL approach. See footnote b in Table 9.

¢ Inversion barrier through the C; — C,, — C; symmetry path.
f Inversion barrier through the C; — C 1. — C, symmetry path.

NH,, NF,, PH,, PF, and PCl,, respectively. The
corresponding angle 6 in the ' A’ ground state of the
N=C-XY, systems is approximately 113°, 104°,
96°, 99° and 102° for N=C-NH, [1], N=C-NF,,
N=C-PH,, N=C-PF, and N=C-PCl,, respec-
tively. In the 2A, excited state of XY, the XYX
angle for the above-mentioned systems is (Table
11) approximately 144°, 121°, 123°, 113° and
120°, while the angle 0 in the in situ XY, moiety
in the ' A, transition structure of the corresponding
N=C-XY, molecules is approximately 120° [1],
112°, 124°, 107° and 119° (Table 5). Allowing for
some structural relaxation along the molecular for-
mation, the correlation between the XY, radicals in
the 2B, and 2A; states with the N=C-XY, mole-
cules in the 'A’ and 'A, states is clear.

As far as the bond lengths are concerned, from
the existing data (Table 11) we observe that on
going from the ’B, to the A, state the X-Y

bond length in the XY, radicals either decreases
by as much as 0.025A or remains virtually the
same (NF, and PF,). The same effect is observed
in the XY, moiety of N=C-XY, on going from the
'A’ ground state to the 'A, transition structure
(Tables 2 and 4, and 3 and 5).

Further (geometrical) evidence of the relation-
ship between the ground and excited states of the
XY, radicals and the ground-state and transition
structures of the N=C-XY, molecules can be
found in Tables 6 and 11. Table 6 gives the mol-
ecular properties of N=C-PY, in the 'AT transi-
tion state (Fig. 2(b)). The geometry of the 'AT
state of N=C-PY, systems (Y = F, Cl or Br, but
not H) differs markedly from the corresponding
'A, transition states, as can be seen from Tables
5 and 6. In the former, the YPY angle is approxi-
mately 180-190° as compared with approximately
100° in the former, while the P-Y bond lengths
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Table 11
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Excitation energies (AE) and geometrical parameters of the XY, (X = Nor P; and Y = H, F, Cl or Br) radicals in their ground
(X?B,) and excited (*A,, 2°A,) states (the table is not complete)

Species AE (kcalmol™") X?*B, 2A, 2’A,

A, —XB; 2A, <~ X’B; r(X-Y)(A) 6(/YXY) r(X-Y)(A) 6(/YXY) r(X-Y)(A) B6(/YXY)
NH,* 32 - 1.024 103.4 1.001 144 - -
NF,®> 104 101 1.353 103.3 1.358 120.6 1.494 143.2
NCL®  ~51 - - - - - - -
NBI'2 — - - — - - - -
PH,* 52 - 1.428 91.5 1.403 123.1 - -
PF,¢ 1307 67.1 1.569 98.5 1.572 112.8 1.629 163.8
PCl,* 87.9 60.9 2.06 102.4 2.037 119.7 2.161 154.5
PBr,! ~54 - - - - - - -
® Ref. 22.
b Refs. 22 and 23.
° Ref. 26.

9 Unpublished results of present authors.
€ Unpublished results of present authors, and Ref. 27.
TRef. 27.

increase, on average, by as much as 0.11 A in com-
parison with the ground 'A’ states and as much as
0.16A in comparison with the transition 'A; states.
This is exactly what happens in the PF, and PCl,
species on going from the X?B, or 2A, state to the
22A, state (Table 11). The XYX angle increases by
about 60° as compared with the X?B, state, and by
about 40° as compared with the 2A1 state, with a
synchronous average bond lengthening of about
0.08A.

The obvious conclusion is that the in situ PX,
moiety in the 'AT state of N=C-PX, finds itself in
the 22A1 excited state.

We can now rationalize our range of IB values
and the existence of a second transition, T-shaped,
path for the halogen—phosphorus cyanamides. We
can simply write that:

IB x AE

where AE is the excitation energy of the XY,
radicals (Table 11). It is immediately obvious that:
(a) the IB value, for instance of N=C-NF,, should
be much larger than the IB value of N=C-NH,,
or much smaller than the IB of N=C-PF,; and
(b) the existence of a second, much lower IB, for the
N=C-PF, molecule, is due to the 22A, state of

PF, which is located about 60 kcal mol™! below the
'A, excited state. From Table 10 we can see that
the energy difference between the IB and the IBT of
N=C-PF, is about 40kcalmol~'. In the case of
N=C-PCl, the data in Table 11 on PCl; clearly
predict two transition states, one traditional and
one T-shaped of approximately the same IB; the
data in Table 10 confirm this prediction.

In concluding this section we observe that only
one transition state has been found for the N=C—
NF, system because states 2A] and 22A1 of NF,
are nearly degenerate (Table 11).

Summary and concluding remarks

The description of the systems N=C-XY,
(X=Nor P; Y=H, F, Cl or Br) is adequately
described at the HF level of approximation when
using a large basis set (basis-set B for instance).
Comparison of the ab initio structural results
with existing experimental MW results shows
good to very good overall agreement.

All eight N=C-XY, molecules have a ground-
state pyramidal structure of 'A’ symmetry and a
tilted N=C-Y spine, trans with respect to the
XY, plane (Fig. 1). The NCX angle (v) is virtually
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the same in all molecules, deviating by approxi-
mately 5° from linearity. For N=C-NF, and
N=C-PF, the non-linearity of the N=C-X
skeleton was theoretically confirmed as early as
1976 by Howell et al. [28]. It is remarkable that a
deviation from non-linearity of about 5° in the
N=N-N spine is observed in the aminidiazonium
jon N=N-NH7 [29], which is isoelectronic with
cyanamide, N=C-NH,.

The presence of the cyano group lowers drama-
tically the IBs of N-cyanamides by a factor of 3to 4
in comparison with the parent molecules NY;. The
IB values for NH;, NF; and NCl; are 5.78, 78.3
and 22.9kcalmol_], respectively; the value for
NHj; is the only experimental one {30], the others
being theoretical ab initio SCF results obtained
using the large basis sets of Marynick [31]. The
above values should be compared with those
given in Table 10. The effect of the cyano group
on the P-cyanamides is not uniform, probably
because the C~P bond is longer than the C-N
bond (approximately 1.8 and 1.3 A, respectively).
For instance, the IB values for PH; and the 1B
values for T-shaped PF;, PCl; and PBr; are
approximately 32, 65.5, 65.8 and 61.4 kcal mol ™!,
respectively. Again, the IB value for PHj is the only
experimental one [32], the rest being theoretical ab
initio DZ + P SCF results [33]. It can be seen from
Tables 8 and 10 that the effect of the cyano group is
not uniform: it increases the IB value of N=C-PH,
by about 6kcalmol™', but it has no significant
effect on the T-shaped transition structures of
N=C-PF, and N=C-PCl,. With some reserva-
tions we can claim the same for the T-shaped
transition structure of N=C-PBr,, although our
calculations on this system are not accurate
enough. However, the effect of the cyano group
on the traditional transition states of PF; and
PCl; is very significant and is in keeping with the
corresponding effects on nitrogen cyanamides.
According to Marynick’s SCF calculations [31],
the IBs of PF; and PCl; through the Dy, symmetry
path are 121.5 and 90.8 kcal mol~!, respectively. In
the corresponding cyano compounds these values
are lowered by more than 20 kcal mol~! (Table 10).
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The IB values show a strong dependence on the
electronegativity of the substituents yy, or the
absolute value of the electronegativity differences
A = |xy — xx|- Everything else being equal, we
can write the analogy IB oc A, without implying a
linear relationship.

Like Dixon and coworkers [3,6,7], we found two
transition structures for the halo-phosphorus
cyanamides: the traditional trigonal planar one
and a T-shaped one. Both belong to the same sym-
metry point group, i.e. C,,. When all substituents.
are the same, e.g. PY;, the two transition structures
belong to different point groups, Dy, and C,,. The
effect can be considered as a “symmetry-breaking”
effect (Dj, — C,y), with a concomitant energy
change. The situation is different in the present
case where we are dealing with systems of the
type PY,Y'. Nevertheless, the traditional trigonal
planar transition structure can be considered as
having pseudo-D3;, symmetry.

Notwithstanding the practical value of the relation
IB o A (see above), this is not a rational approach.
Quantum mechanically, either we accept the states of
the supersystem, namely N=C-XY,, or try to
understand the “whole from the parts” by partition-
ing the system into well-defined, albeit arbitrary,
fragments. In the present case we fragmented
N=C-XY, into the obvious “synthons” [34] N=C
and XY,. It turns out that both the geometrical
properties and the IBs can be rationalized according
to the N=C ground state and the XY, ground and
excited states. The relationship IB oc A has been
replaced by the relation IB « AE. Thus a second
transition T-shape state is expected.

Finally, with regard to Table 10, the Davidson
CI-FULL correction [17,18] seems to make a
noticeable correction to the IB wvalues of
N=C-PF, and N=C-PCl, and even more so on
the T-shaped structures, indicating that correlation
is more important for the T-shaped structures.
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