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A theoretical study of the complexes formed by thg-Nation (fluorodiazonium ion) and a series of small
molecules containing nitrogen atoms have been carried out at the MP2 computational level. In addition,
fluorine transfer has been studied. The electron density, NMR shielding and indirect coupling constants of
the complexes have been evaluated. The covalent or halogen bonding characteristics ofthedYactions
observed in 'tgfje complexes are defined by the interatomic distance. It has been determined that the limiting
value is 1.6 A.

Introduction TABLE 1: Comparison of the Interatomic Distances (A) in
_ o the N,F* Cation
The study of the structural and electronic characteristics of experimenta? MP2/6-311+G(2d,2p) MP2/aug-cc-pVTZ

pre-reactive complexes is now possible, considering the last
advances in spectroscopic techniques. These complexes, defineﬁiﬂ
by the IUPAC as “weakly bound complexes with a potential
minimum that precedes the activation barrier along the reaction SCHEME 1: Configurations of the Complexes
path”, present in many cases interaction properties that are absenConsidered:

1.099 1.125 1.125
F 1.217 1.243 1.236

in other more common complexes. A very illustrative example NR

corresponds to experimental and theoretical studies of complexes i

formed by halogen fluorides (FF, FCI, and FBr) that show in _® o _®

their complexes characteristics similar to those of the corre- RN~ Nt==Ni—"F N=N—""F N=N—"F-"""""" NR
sponding hydrogen fluoride:” This kind of interaction has been 1 5 3

named “halogen bond” by analogy to the hydrogen bond. ) ) )
. aThe labels Nt and Ni have been used along the text to differentiate
More recent studies have shown the presence of halogenya terminal and inner nitrogen atoms offN.
bonds in a number of cases, as in molecular organization in
crystal structure8, ' gas-phase complex formatiéh;®as well  analyzed. All these data will provide insight in the intermolecular
as molecular folding and ligand bindiAg8In most cases, the  N—F interactions.
halogens involved in the interaction are the two largest ones,
bromine and iodine. Methods

L .
ar;-rllqilzbtlzo IZta::nafl]l'?g/St[?ergevr\:?ﬁre;hrzgte ecl)(;(_:tt_r(;nsﬁg'ruvg ?;[on;ss The geometry of the monomers and complexes have been
9 whrie p ng positiv 9€. L WaS calculated at the MP2/ 6-33H-G(2d,2p§8-2° computational

described_ forotzrlle first time in 1965and spei:troscE)picaIIy level within the Gaussian-03 packatyelhe complexes has been
gpi\rlvagﬁgfga; thi rﬁ:ﬁ:;?::éﬁ_g }ohoenfjﬂ:kr?osvsz (iazltle confirmed to be energetic minima by frequency calculations at
) P 3 : the same computational level. A further optimization has been
A).22 It has been used as a precursor gf alt$3 and as an :
i~ o . . . carried out at the MP2/aug-cc-pVTZ leVAl.
electrophilic fluorinating ageri The theoretical studies of this The inherent basis set superposition error (BSSE) in the
cation have been "m'f[ed to the gharacterlzatlon of its borHrig. evaluation of the interaction energy has been corrected with
In the present article, we will study the complexes formed he Boys and Bernardi counterpoise metR&d.
by the NF" cation and several systems that present a nitrogen  The aromic nuclear shieldings have been obtained with the
atom that can act as electron donor (Lewis bases). The fluoride ;a0 methodd334at the MP2/6-314+G(2d,2p) computational
transfer process, transition state and final products, have beeneaye| within the Gaussian-03 program.
characterized. The geometry, electron density, harmonic fre-  \ye have also calculated the four Raniayontributions to
quencies, NMR shieldings, and indirect coupling constants of he indirect coupling constant, orbital diamagnetic (DSO), orbital
the different species obtained in the present work have bee”paramagnetic (PSO), spin-dipolar (SD), and Fermi contact (FC).
The former two account for the interaction between the nuclear
* Author to who correspondence should be addressed. E-mail: ibon@ spins and the orbital angular momentum of the electrons,

iqr?-éssilcées- Fax: 34-91 564 48 53. whereas the latter two account respectively for the interaction
* Arak University. between the_ nuc_lear_ and electronic spi_ns and the presence of
8 Northeastern University. the electronic spins in the nuclear positions.
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TABLE 2: Intermolecular (A, deg) Characteristic of the Complexes Studied

MP2/6-31H+G(2d,2p) MP2/aug-cc-pVTZ
1 2 3 1 2 3
N---Nt N-+-Ni N, Ni,Nt FeeeN N---Nt N-+-Ni N,Ni,Nt FeeeN
N2 3.075 2.769 98.8 2.667 3.072 2.730 99.0 2.641
NCH 2.838 2.495 102.8 2.449 2.824 2.473 102.9 2.434
NCF 2.827 2.502 102.2 2.452 2.816 2.483 102.1 2.437
NCLi 2.675 1.913 127.2 2.265 2.660 1.915 126.5 2.266
NNO 2.881 2.620 98.7 2.543 2.876 2.588 99.1 2.518
NNS 2.824 2.549 99.5 2.492 2.822 2.524 99.8 2.479
NNCH, 2.801 2.528 101.0 2.483 2.782 2.493 101.4 2.458

SCHEME 2: Fluorine Transfer Reaction

® ® t ®
Nt=—=Ni——F-------| NR —> [ N=N------ F----- NR | —> N=N------- F—NR
3 3-TS 4

TABLE 3: Rotational Constants (MHz) of the Complexes
Obtained at the MP2/aug-cc-pVTZ Computational Level

config.2 config.3
H complex with A B C A B C
P 11246 2554 2082 1351 1351

0
NCH 11305 2851 2277 0 1458 1458
‘, NCF 11277 1307 1171 0 798 798
) ) . ) ) NCLi 11916 1949 1675 0 1060 1060
Figure 1. Geometry of the BF":NCLi complex in configuration2 NNO 11229 1368 1220 0 828 828
obtained at the MP2/aug-cc-pVTZ computational level. NNS 11254 912 844 0 591 591

NNCH, 10828 1433 1265 272462 856 853

All coupling constants were calculated with the second-order
polarization propagator approximation (SOPP&)2 which is
based on second-order Mgller-Plesset (MP2) perturbation theory which represents a 1.5% of the value of the corresponding
The cc-pVTZIR940 hasis set was used. This basis set permits parameter, and less thaft in the N,Ni,Nt angle of config-
an adequate treatment of the cusp of the wave function at theuration2.
nucleus and therefore gives a very good description of the FC  The NoF* geometrical variations are minimal upon complex
term. The SOPPA calculations were performed with the Dalton formation, with the exception of the complex with NCLi in
2 program packag®. configuration2, where an elongation of the NNt and Ni—F

The electron density of the systems has been characterizeds observed (0.008 and 0.067 A, respectively) and theNit-F
with the atoms-in-molecules (AIM) methodoldtfyand the angle becomes 14QqFigure 1).
AIMPAC“3 programs. The integration within the atomic basins In each series of complexes, the longest interatomic distance
has been carried out trying to obtain a small value of the corresponds to complexes withNand the shortest is the
integrated Laplacian. Previous studies have shown that integrated®n€ with NCLi, an indication that these two systems are the
Laplacian smaller values thanxl 102 in all the atoms of a weakest and strongest Lewis basis of the systems chosen in this
system lead to small energy and charge ertbhs.the present ~ study. Considering the van der Waals radius proposed by
article, the largest error in the sum of the atomic energies, whenPauling for N and F (1.55 and 1.35 A),it should be
compared to that obtained at the MP2 level, for the whole system noted that all the complexes present an intermolecular distance

is 0.64 kJ/ mol. shorter than the sum of the van der Waals radius of the atoms
involved.
Results and Discussion In microwave spectroscopy, one of the parameters that can

easily be compared with the theoretical calculations are the
Geometry and Energy.The isolated ¥ cation presents a  rotational constants. We have reported in Table 3 the rotational
linear disposition of its three atoms. The calculated value of constants of the minimum complexésand 3.
the geometrical parameters of theMN cation resembles those Energetically, all the complexes in configuratidmnd3 are
obtained by X-ray diffraction (Table %},especially considering  minima, while in configuratiori, only the complex with Nis
the different environment of the theoretical calculations and the 3 minimum, and in the rest of the cases, they present two
experiment. degenerate imaginary frequencies as an indication that they
The present study has been limited to three different disposi- correspond to the TS between the interconversior2 efith
tions between the HF cation and the electron donor systems another identical structure. The corrected values of the interac-
(Scheme 1). Configuratiorisand 3 presentC.., symmetry for tion energy have been gathered in Table 4.

all the complexes, except for those with diazomethan&Hy, The comparison of the results obtained with the two methods
where they areC,. The symmetry of2 is Cs for all the considered here shows that the MP2/aug-cc-pVTZ values are
complexes studied. The key of the geometrical features of thesealways more negative than the corresponding MP2/6+34G-

complexes are gathered in Table 2. (2d,2p) ones, with a relative average difference of about 4.5%.

The results with the two basis sets are very similar, exhibiting In any case, both methods provide the same qualitative picture
the maximum difference in the interatomic distances 0.04 A, of the interactions.
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TABLE 4: BSSE Corrected Interaction Energies (kJ/mol) of 43
the Complexes at the MP2/6-311+G(2d,2p) and MP2/ 1 L] [
aug-cc-pVTZ Computational Levels 421 . .
MP2/6-311+G(2d,2p) MP2/aug-cc-pVTZ 411
1 2 3 1 2 3 07
N —79 —212 -126 -83 -233 -136 %97
NCH —418 —835 565 —427 874 587 N 3.8
NCF -36.7 -753 -50.1 -37.8 -79.6 —525 + 37]
NCLi —95.2 —-203.8 —-1239 -96.6 —208.9 -—-127.0 s ]
NNO  —164 —385 —231 -17.1 —414 —246 361
NNS —-224 —-509 —-304 -—227 535 316 3.5
NNCH, -28.0 —-60.0 -376 —-29.1 —-64.0 —39.8 34
TABLE 5: Free-Wilson Coefficients (kJ/mol) of the 33
Interaction Energy vs the Configuration and Molecular 32
Parameters — 7
config.1 3.9 20 15 10 05 00 05 1.0 1.5 2.0
config.2 -39.5 r1-r2
config.3 -95 Figure 2. Geometrical relationship of the minima and TS structures
N2 0.0 involved in the fluorine transfer3, 3-TS, and4. The fitted equation
NCH —-47.9 corresponds to eq 3 with an adjustgd= 1.226,b = 0.58,R> = 0.92,
NCF —41.6 and the total number of points included 39.
NCLi —129.1
NNO —-12.6 250
NNS —20.9
NNCH; —29.2 200 y = 0.3409x" %% Qo
= R? = 0.9918
TABLE 6: Relative Energy (kJ/mol) of 3-TS and 4 with £ 150
Respect to the Corresponding Structure 3 -
z
NR 3-TS 4 % 100
N2 127.63 0.00 <
NCH 47.34 —180.03 50
NCF 57.46 —140.66
NCLi 3.72 —356.94 0
NNO 90.97 —38.17 ‘ ‘ ‘ ‘ ' ‘ ‘
NNS 1297 14018 0 10 20 30 40 50 60 70 80
NNCH; a —342.56 Abs (N-F shift)
aThis TS has not been located Figure 3. Absolute value of the stretching shift in theft molecule
of complexes3.
TABLE 7: Selected Geometrical Parameters of 3-TS and 4 5, with anR? of 0.97. Theg; is the group contribution of the
EalcmlJlated at the MP2/6-311+G(2d,2p) Computational structural feature X in positiopin moleculei andu is the value
eve of a reference or parent compound. The descripfphas a
3-TS 4 value of 1 if the feature is present in positipin molecule i
NR symm. Ni--F Fe-N symm. Ni--F and 0 in the absence of that feature. The presence and absence
N, Dn 1656 1656 C 2667 of struqtura! elements is indicated by the values 1 and 0,
NCH C, 1.480 1.850 C, 2.767 respectively:
NCF C, 1.504 1.811 C, 2.757
NCLi C, 1.348 2.045 C, 2.758 Y=3SaX; +u (1)
NNO Cs 1.526 1.835 Cs 2.721 I
NNS Cs 1.412 2.026 Cs 2.841 o _ ) ) _
NNCH, Cs 2.894 The coefficients obtained for the configurations are in order

of decreasing stabilit® < 3 < 1, and the basicity of the electron

For a given electron donor molecule, the complex in donors decrease in the following order: N&NCH < NCF
configuration2 is always stronger than that in configuratin < NNCH; < NNS < NNO < Na.
and those in configuratiof, the weakest ones. Leaving aside Fluorine Transfer Process.The lability of the N-F bond
the values of configuratiod, which are not minima for most  in the NbF* cation corresponds to its use as fluorinating agént.
of the cases, the interaction energy at the MP2/aug-cc-pVTZ In the present article, we have studied the barrier of the fluorine
computational level ranges betweer13.6 to—208.9 kJ/mol. transfer between nitrogen atoms starting from the complexes
The stronger complex is the,R":NCLi in configuration 2, in configuration3 (Scheme 2).
which corresponds to the case where the largest distortion of In all the cases considered, the fluorine transfer is an
the NbFt molecule happens (Figure 1). The energetic results exothermic process, except for the symmetdENN, complex,
obtained for the three configurations considered are highly with TS barriers that range between 127.6 and 3.7 kJ/mol (Table
correlated, which indicates that the interaction energy can be6). It should be noted that attempts to obtain the complgx‘N
divided as the sum of two contributions, one that corresponds NH3 in configuration 3, not included in the present work,
to the configuration itself and the one to the electron donor produce a barrierless F transfer formaAN to NHs.
system. Thus, a Free-Wilson modéf>° represented by the Considering the configurations studied in the present article,
general eq 1, can be build up using the values obtained at the4 is the most stable in all cases, except for theddmplex.
MP2/aug-cc-pVTZ (Table 4), leading to the coefficients of Table The difference reaches a maximun value of 321 kJ/mol for the
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Figure 4. Exponential relationship between the interaction energy (kJ/ 2 ' A ' 0 ' 1' ' 2
mol) at the MP2/6-31++G(2d,2p) and the NN and N-F frequency rer
shifts of the complexes in configuratich v
Figure 5. LJ(N—F) (Hz) vs the {1 — r,) parameter (&) in the complexes
TABLE 8: Calculated Harmonic Frequencies (cnm?) of the 3, 3-TS, and4. The fitted curve is the one described in ref 63 and
Minima Complexes in Configuration 2 and 3 presents a square correlation coefficient of 0.96.
N2FT:NR NN N—F NR

. . ) . . . TABLE 10: Experimental and Calculated J(**N—F) Indirect
complexes stretching shift stretching shift stretching shift Coupling Constants (Hz) Evaluated with the SOPPA/

2 cc-pVTZ-J Computational Level
NoF+++N2 2165 5 1081 1 2176 5 SOPPA/
NE-NCH o Zled 9 Lo7e -2 2088 43 systen experimental  copVTZ)
NzF-+-NCLi 2227 67 929 -—151 2059 13 NFs* 3238 344.14
N2F---NNO 2169 9 1082 2 2280 101 NFs 2179 227.97
NoF--*NNS 2170 10 1082 2 1820 48 NoF* 1) = 459 1) =553.32
NoF---NNCH, 2170 10 1081 1 2279 —49 2J=170.61

3 FNNF (trans) ;J = -|-172é5$§9a ;J = 196.56

J=—62. J= —54.63

N2F-++N3 2149 11 1066 —-14 2175 4 . _ _
NJF-+NCH 2134 -26 1033 —47 2046 31 FNNF (cis) gt S Be3
N2F---NCF 2136 —24 1039 —41 2290 41 - : - ’
N2F-+-NCLi 2090 -—70 873 —207 2069 23 aThe “+” in the experimental data indicates that the sign of the
NzF--*NNO 2146 —14 1062  —18 2249 70 coupling constant has been determined.
N2F---NNS 2141 -19 1054 —26 1792 20

NoF-NNCH, 2142 —18 1057 —23 2292 —28

TABLE 11: Some of the Coupling Constants of the Systems
Studied (Hz)

TABLE 9: Variation of the Chemical Shielding (ppm) upon

Complex Formation Calculated at the MP2/ Ni—Nt F—Ni F—Nt F—N
6-311+G(2d,2p) Level NoF+ —21.64 553.32  70.61

NFNR NN (2)(2) S8 54803 7004 1231
; N2F:NCH —19.4 534. a7 —39.07
complexes ANi ANt AF NoF:NCF @) ~1060 53629 6869 —3849
2 NF:NCLi (2) -14.72 35657 5324 —137.36
NoF+++N; —0.95 —0.28 —9.65 NoF:NNO (2) —20.52 54546  69.34 —21.05
NF-+-NCH —4.04 —1.99 —29.62 NoF:N; (3) 2134  567.84 6940 —59.11
NF---NCF -3.81 —1.69 —27.48 NLF:NCH (3) —-20.64  609.87 67.77 —172.34
N2F---NCLi —78.74 23.02 —203.43 N2F:NCF @) —20.68 602.43 67.57 —174.65
NF---NNO -1.63 -0.35 —13.55 NLF:NCLi (3) —20.92  748.92 75.89 —365.47
N2F-+*NNS —1.85 —0.67 —17.68 N2F:NNO ) —21.23 572.25 68.88 —105.41
NF+--NNCH, —2.83 —0.47 -19.82 NoF:N; (3-TS) -13.63 —362.38 4141 —362.38
3 N2F:NCH (3-TS) —20.57 541.99 64.22 —1001.33
NoFe++N ~1.31 —0.07 ~7.90 NzF:NCF_G-TS) —19.49 403.70 59.33 —1065.74
NoF-+-NCH 129 016 1464 NoF:NCLi (3-TS) —23.91 97414  93.77 —780.70
N,F--NCF ~3.92 0.14 —13.44 N2F:NNO (3-TS) —18.69 644.86 50.52 —757.70
N,F++-NCLi —9.66 —4.40 —32.82 N2:FNCH (4) —6.51 —-37.32 -1.29 447.96
N,F---NNO _2.38 0.32 ~10.82 N2:FNCF_(4) —6.51 —-39.80 -—1.28 478.24
NoF---NNS 306 031 1404 N:FNCLi (4) -6.52  —22.06 —0.95 379.33

N,F+--NNCH, —3.45 0.12 ~11.86 N2:FNNO (4) —6.53 —-4553 —1.16 444.10

complex derived from diazomethane, NNghen compared reaction path. Thus, the total valence of the fluorine atom should
to the energy of configuratioB. be equal to one and can be represented with eq 1, wherel

The geometrical characteristic of the TS structures and r, correspond to the N-F and F--N' distances in the initial,
complexes in configuratiod are reported in Table 7. The TS, and final steps of the reaction angto a reference NF
geometry around the fluorine atom has been analyzed using thedistance in an isolated case. Equation 2 can be rewritten as eq
bond-valence relationship proposed by PaufirRjthat assumes 3. Thus, in linear systemsry(+ r,) represents the distance
a fix valence for the bonds formed by a given atom along the between the nitrogen atoms ard ¢ ry) the relative position
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1=
] 0.4 -
0.2 [ ]
p = 7.64:0.43*xp[-2.31:0.05*(N-N)] o0 o g
R’= 0.9996 '
-0.2 4
-0.4 -
0.1 -06-
. ] & -0.84
> 104
124
-1.4 4
0.014 167
1 184 m
T M T T T T T T T T 1 2.0 T T T T 1
1.0 1.5 2.0 25 3.0 3.5 1.0 1.5 20 25 3.0 35
N-- N distance N---N distance
0.4 # ]
p = 11.28:0.23%exp[-2.62:0.01-1(NF)] -
R’= 0.9998 02 . -
) n
014 00 . . T
] |
o 024 L]
. > n
-0.4 -
| |
0.6 .
0.01 }
] 0.8
1.0 115 270 2T5 3?0 1.0 " 115 ' ZTD ' 215 ' 31.0
N-- F distance N-+F distance
Figure 6. Electron density and Laplacian (au) in the-f and N-+F bond critical point vs the interatomic distance (A).
0.1 y = -0.1438x2 - 0.5727x - 0.5323 in order to simplify the discussion, only the ones corresponding
R?=0.98 to the NF™ molecule, and the one of the NR bond has been
0 considered.
ko 0.1 1 R For complexe<, the results show small variations for the
§ 021 stretching frequencies of the,N, except in the BF:NCLi case;
. as mentioned previously, this system suffered important geomet-
g -0.3 o . ; ;
£ rical changes (Figure 1). In the mentioned complex, theNN
5 04 o stretching frequency shows a red shift of 67 érand the N-F
0.5 - a blue one of 151 cmt, even though in both cases a lengthening
06 of the bonds is observed. The NR stretching frequency shift is
"46 44 42 40 08 06 04 02 00 always positive, except in the diazomethane complex.
M-r2 In complexes3, both the N-N and N-F stretching of NF*
Figure 7. Charge Transfer vsr{ — r,) for the complexess, 3-TS, become red-shifted, and the values are correlated for each
and4. r, corresponds to the distance from the electron acceptor molecule complex as shown in Figure 3. Both parameters are exponen-
to the fluorine atom. tially related to the interaction energy of the complexes (Figure

] ) . 4). In addition, linear relationships have been found between
of the fluorine atom between the two nitrogens. Since the values e frequency shifts and the distance variation upon complex
of r; and r, can be interchanged, the resulting curve is tormation.

symmetrical aboutr{ — r,) = 0. The results (Figure 2) show
that in the present case, this relationship is not able to fit
perfectly the geometrical results in contrast with hydrogen-
bonded systems where it has been widely apgftedf. This
could be an indication that in these complexes the fluorine atoms
can partially adopt some kind of hypervalent structure which is
not possible in the HB complexes due to the electronic
nakedness of the hydrogen atom:

NMR. The variations of the calculated chemical shieldings
in the NbF* system upon complex formation are collected in
Table 9. In the two minima configuratio®,and3, the largest
variation for a given complex corresponds to the fluorine atom
due to its NMR sensitivity. In contrast to what is expected, the
variation of the chemical shielding of F is larger for a given
complex in configuratior2 than in3, and the opposite happens
for Ni. In both configurations, a linear correlation was found

gorb 4 gomrab — 4 ?) between the variation of Ni and F chemical shieldings. Since
the slope of these relationships is very different, it can be used
(r4+r1)=2r+(r,— 1) +2bIn(1+ gty (3) to differentiate the formation of one or the other type of
complex.
Harmonic Frequencies.The harmonic frequencies of the For the study of the indirect coupling constantsinitially,

minima complexe® and3 have been collected in Table 8, but a series of related compounds for which the experimental
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TABLE 12: Volume Variation (au) of the Complexes vs the Sum of the Isolated Moleculés

1 2 3 3-TS 4p
complex NF* complex NF* complex NF* complex NFt complex

N2 —-0.7 0.5 —10.3 —-1.8 —5.6 —-0.2 —24.1 24.1

HCN —7.8 -1.1 —24.3 -4.1 —13.6 0.3 —28.9 14.2 —3.43
FCN —6.7 -1.1 —22.9 —-4.0 —-11.1 0.6 —27.7 16.0 —3.89
LiCN —14.7 —-2.0 —54.2 6.1 —23.4 0.2 —30.7 7.0 —-1.27
NNO —-3.8 -0.9 —15.1 —-3.0 -7.9 —-0.4 —20.3 18.5 —5.27
NNS —-7.9 —-0.4 —22.8 —-3.6 —13.0 —-0.1 —26.7 13.0 —-3.37

aThe variation of the BF" molecules is included The volume variation of the complexes in configuratibis with respect to the Nand
FNR+ isolated molecules.

TABLE 13: Energy Variation of the N ,F* (kJ/mol) upon Complex Formation?

1 2 3 3-TS

NoF* F NoF* F NoF* F NoF* F
N, 189.81 90.78 168.18 74.66 183.10 10325 —283.85 460.40
HCN 152.88 77.00 112.41 33.58 138.35 12128  —80.30 410.12
FCN 130.71 67.27 96.10 27.65 124.53 109.12  —123.26 417.35
LiCN 103.85 55.68 —208.30 ~132.75 71.70 168.50 0.11 297.70
NNO 153.81 75.80 126.00 52.12 148.13 9633 —176.42 336.09
NNS 356.85 173.73 320.95 141.21 351.32 202.25 157.86 365.68

2The energy variation of the F atom is included.

TABLE 14: Charge Transfer (e) in the Complexes Studied conformations, where the ratios are close to 0.7 in the
1 2 3 3.TS 4b conformation2 and slightly larger than 1 in conformatich
NZ T0.0043  —00182 —00157 —05078 bConcernmg the transmgn staﬁaTS the situation |s+.d|fferent
HCN  —00107 -00466 —00330 -03293 0.010 ecause not only the JN":NCLi complex but the NF:N, one
FCN  —-0.0102 -0.0429 —0.0305 -0.3558 0.011 is markedly different from the remaining ones.
LCN  —-0.0233 -0.4156 —0.0776 —0.1952  0.007 Another important finding is that the Dirac vector model,

NNO ~ —0.0070 —0.0247 —0.0186 —0.4098  0.013 which establishes that the sign of tA&X—Y) should be
NNS ~ —0.0101  —0.0333 —0.0239 —0.2961  0.009 positive, is not fulfilled by'J(Ni—Nt) couplings which show
2 This value corresponds to the charge of thenhblecule. negative values. In the case of the-R coupling constants,

both positive and negative values are obtained. The negative
values are present in those complexes in which theNF

coupling constants, where available, have been calculated. Thedistances are longer thanl.6 A, whereas for shorter distances

results gathered in Table 10 show a good agreement betweenhe positive sign is present. Thus, all fF—Nr) of 2, 3 and

the calculated and experimental data, except for thE*N 3-TS, as well asXJ(F—Ni) and 2J(F—Nt) of 4 are negative.

system. It should be noted that the experimental data areThis fact may indicate the transition from covalent (positive

obtained for this case in liquid FH solution of thef¥-AsFs™ sign) to halogen-bond (negative sign). A representation of
salt, while the calculations considered only the isolated cation the 1J(F—N) of complexes3, 3-TS and4 versus ther — rp)
in vacuum. parameter shows a similar curve to the one already described

Some of the coupling constants of theMN complexes have by Limbach et al. between the derivatives of eq 2 and a number
been reported in Table 11. All the intra- and intermolecular of NMR parameters (Figure 5§.64
couplings but the?J(F—Nt) ones are dominated by the FC  AIM. The topological analysis of the complexes presents an
contribution. The?J(F—Nt) couplings, however, have a PSO  intermolecular bond critical point (bcp) between the nitrogen

contribution as large as the FC ones in conformat®asd 3, atom of the NR molecule and the Nt, Ni and F offN in
and even larger than the FC for conformatidhss. complexesl, 2, and 3, respectively. Finally, the structures
The fact that some complexes, in th8HTS configurations, obtained in the fluorine transfer process show a similar pattern

show a pattern of contributions for the coupling between F and with the fluorine atom involved in two bcps. The analysis of
the last nucleus of the coupled molecule with a PSO term largerthe N—N bcp’s, shows two different kind of interactions, a
than or comparable to the FC one (such is the caseBfMNy, covalent one, with large values pfand negative laplacian and
N2F*:NCF and NF*:NNO), would indicate that there already those of weak interactions with small valuespoéind positive
is a conjugation of theicr systems, with the possibility of  laplacian. In the case of the-\F bcps, the study of the TS
producing, at least, a partial electron electron transfer. Such astructures has provided a continuous distribution of points from
pattern (PSO term larger than or comparable to the FC one) isshort covalent N-F bonds to weak interactions. The values of
a norm for configurationg. p in this two bcps have been fitted with a unique exponential
The intramolecular couplings of the;N™ fragment in Table equation for the whole range of distances (Figure 6), in
11 (Ni—Nt, F—Ni, and F—Nt) differ considerably from those  agreement with previous reports that have shown similar
of the monomer in the case of the,M:NCLi complex relationship for other bonds, specially those involved in
(conformations2 and 3). The ratios with regard to the values HB’s.56:6568 Regarding the evolution of the Laplacian, the-R
of the monomer are in most complexes close to 1; for instance, profile shows the evolution from the negative values to the
for NoF™:N; (2) the ratio is—20.92/-21.64= 0.967 (Ni—Nt). positive ones, going through a maximum approximately at 1.6
The only exception is the MT:NCLi complex in both A that has been used to differentiate the closed-shell and open-
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TABLE 15: Charge (e) in the Atoms of the NbF™ Molecule Complex Formation

1 2 3 3-Ts
N F N; F N; F N; F

N; 1.0213 —0.0256 1.0137 —0.0318 1.0054 —0.0211 0.5078 —0.0157
HCN 1.0242 —0.0349 0.9981 —0.0447 0.9756 —0.0086 0.6785 —0.0078
FCN 1.0239 —0.0341 1.0004 —0.0432 0.9792 —0.0097 0.6522 —0.0081
LICN 1.0252 —0.0485 0.7351 ~0.1507 0.9136 0.0088 0.7933 0.0115
NNO 1.0222 —0.0292 1.0107 —0.0355 0.9980 —0.0166 0.6484 ~0.0583
NNS 1.0214 —0.0315 1.0065 —0.0398 0.9901 -0.0141 0.7527 —0.0488

shell regions in hydrogen-bonded systefhSignificantly, the frequencies, NMR chemical shifts and indirect coupling con-
1.6 A distance in the NF interactions have been shown to stants as well as electron density.

define the sign of the coupling constant and consequently the
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A volume reduction upon complexation is observed in all .
of computer time.

the cases (Table 12). The volume variation of both monomers

upon complex formation is negative, except for thg=M in

conformationl1, where the volume of the #&° molecule is

slightly larger than isolated. In addition, the electron donor (1) Cooke, S. A.; Corlett, G. K.; Evans, C. M.; Holloway, J. H.; Legon,
i A. C. Chem. Phys. Lettl997, 275 269.

;Sys;em Iosesfmore YOIumPT than ft.thN %nehm all tTe Clases' (2) Cooke, S. A,; Cotti, G.; Holloway, J. H.; Legon, A. @ngew.

n the case of complexes in configuratidnthe total volume Chem., Int Ed1997 36, 129.

has been compared to the &hd FNR" molecules. As expected (3) Cooke, S. A.; Holloway, J. H.; Legon, A. @. Chem. Soc., Faraday

for the small interaction of those complexes, the volume Tfarzz-)lggllfasﬁgl-c GG E M. Holl 3 e Kisiel 7
it H 0oke, o. A, Cottl, G.; eEvans, C. M.; Rnolloway, J. A.; KiIsiel, £.;

variation is also small. _ __ Legon, A. C.; Thumwood, J. M. AChem. Eur. J2001, 7, 2295.

The molecular contribution to the energetic variation is (5) Legon, A. C.Angew. Chem, Int. EAL999 38, 2687.
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