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Bimolecular homolytic substitutions at nitrogen: an experimental and theoretical study on the gas phase reactions of alkyl radicals with NF3
Paola Antoniotti,*[a] Paola Benzi,[a] Stefano Borocci,[b] Chiara Demaria,[a] Maria Giordani,[b] Felice Grandinetti,[b] Lorenza Operti,[a] Roberto Rabezzana[a]
Abstract: The X-ray irradiation of binary mixtures of alkyl iodides R-I (R = CH3, C2H5, i-C3H7) and NF3 produces R-NF2 and R-F. Based on calculations performed at the CCSD(T), MRCI(SD+Q), G3B3, and G3 levels of theory, the former product arises from a bimolecular homolytic substitution (SH2) by the alkyl radicals R, which attack the N atom of NF3. This mechanism is consistent with the suppression of R-NF2 by addition of O2 (an efficient alkyl-radical scavenger) to the reaction mixture. The R-F product arises from the attack of R to the F atom of NF3, but additional contributing channels are conceivably involved. The F-atom abstraction is, indeed, considerably more exothermic than the SH2 reaction, but the involved energy barriers are comparable, and the two processes are comparably fast.
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Introduction
Bimolecular homolytic substitutions (SH2) involving radical species Ri according to Equation (1)

R1	+	Y-R2		Y-R1	+	R2		                          (1) 

are elementary steps of many chemical reactions and important synthetic tools,[1] particularly for the formation of carbon-carbon and carbon-heteroatom bonds. These processes typically occur at the univalent hydrogen or halogen atoms (Y = H, Cl, Br, I), as well as at the main-group heteroatoms (Y = Si, Ge, Sn, P, O, S, and Se).[2] 
Over the years, the mechanism of reaction (1) has attracted considerable experimental and theoretical interest. A first generally accepted route is the approach of R1 along a trajectory opposite to R2 (backside attack), passing through a co-linear (or nearly co-linear) transition structure (TS) or a hypervalent intermediate.[3] For example, smooth TSs are likely involved in the SH2 reactions between alkyl radicals and S or Se substrates, Te substrates reacting by formation of hypervalent intermediates.[4] Hypervalent intermediates are also predicted in the attack of methyl and other radicals at the P atom of methyl phosphine and phosphine oxides, and these theoretical suggestions are consistent with the experimental evidence.[5] An alternative accepted route is the frontside attack of R1, and the two mechanisms may be, sometimes, competitive. This occurs, for example, in the SH2 reactions of methyl and acyl radicals at group 14 heteroatoms.[6] The conceivable occurrence of frontside and backside mechanisms in the homolytic attack of silyl, germyl, and stannyl radicals at silicon, germanium, and tin has been also theoretically investigated by Schiesser and co-workers.[7] On the other hand, the mechanism of SH2 reactions between radical species and nitrogen molecules is, still, essentially unexplored. Processes like these were first reported in 1978 by Cadman et al.,[8] who analyzed the products of the reactions of the alkyl radicals R = CH3, CF3, C2H5, i-C3H7, and t-C4H9 (generated by UV photolysis of ketones) with NF3, and observed the formation of the corresponding R-NF2. The F-abstraction products R-F were, instead, detected only for R = i-C3H7 and t-C4H9. More recently, searching for a method for the direct and continuous generation of N,N–difluoroamines, Belter et al.[9] explored the reactivity of NF3 with aliphatic and aromatic substrates. They found that certain alkanes, cycloalkanes, and ethers reacted with NF3 at high temperature to produce the corresponding difluoroamine. Little amounts of direct fluorination were also observed. The experimental observation of SH2 reactions involving NF3 raises stimulating questions concerning their detailed mechanisms. Our interest in this subject is also driven by the attention that we recently focused on the gas-phase ionic reactions occurring in mixtures of group 14 hydrides and fluorinated compounds, including NF3.[10] Therefore, we decided to experimentally investigate the reactions between NF3 and the exemplary radicals CH3, C2H5, and i-C3H7, generated by X-ray irradiation of the corresponding iodides R-I, and to perform ab initio and density functional theory (DFT) calculations on the observed reactions. The results of our investigation will be discussed in the present article.[a]	Dr. P. Antoniotti*, Dr. P. Benzi, Dr. C. Demaria, Prof. L. Operti, Prof. R. Rabezzana
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Results and Discussion
Radiolysis of R-I/NF3 mixtures (R = CH3, C2H5, i-C3H7) 
The X-ray irradiation of R-I/NF3 mixtures is expected to produce both radicals and ions, and their relative contribution to the formed products is evaluated in terms of the average energy absorbed to form the ion pair, W,[11,12] and the ionization energy, I of the various precursors. The difference between W and I is, in particular, always positive, and the W-I excess energy is available to form excited molecules and/or radicals. The most abundant radicals arise, in particular, from the dissociations
NF3       NF2 + F     							        (2)
R-I      R   +   I		    						        (3)  
(R = CH3, C2H5, i-C3H7) 
The W and I values of NF3 and R-I are listed in Table 1 together with the enthalpy changes of reactions (2) and (3) derived from experimental thermochemical data.[13] It is thus possible to estimate that the radicals formed for each ion are nearly seven from NF3, nearly six from CH3I, and nearly five from both C2H5I and i-C3H7I. Thus, radical reactions are expected to give the major contribution to the observed products.
Table 1. Mean energy absorbed to form an ion pair W [J molecule-1], ionization potential I [J molecule-1], and dissociation enthalpy ΔH at 298.15 K [J molecule-1] of NF3 and R-I.
 [a] The W of CH3I is the average value taken from Ref. [43]. The experimental values of NF3, C2H5I, and i-C3H7I are not available, but it is known that, for gaseous molecules, W/I ranges from 2.2  to 2.6.[44] Thus, W was inferred from the average value of W/I. [b] Taken from Ref. [13].[c] Referred to the homolytic dissociation of the F2N-F and R-I bonds, and calculated using the thermochemical data quoted in Ref. [13].
	
	W[a]
	I[b]
	W - I
	ΔH[c]
	radical per ion

	NF3
	5.18×10-18
	2.16×10-18
	3.02×10
	4.03×10-1
	7.5

	CH3I
	4.14×10-18
	1.52×10-18
	2.62×10
	3.94×10-1
	6.6

	C2H5I
	3.60×10-18
	1.50×10-18
	2.10×10
	3.86×10-1
	5.4

	i-C3H7I
	3.53×10-18
	1.47×10-18
	2.06×10
	3.99×10-1
	5.2


The gaschromatography-mass spectrometry (GC-MS) analysis of the irradiated R-I/NF3 mixtures unravelled the formation of appreciable amounts of the gaseous R-NF2 and R-F, together with small amounts of additional products (for example, the irradiation of CH3I/NF3 mixtures produced small amounts of ethyl iodide and ethylenediamine). It is useful to remember that the fraction of the total energy absorbed by each species is proportional to its mass. The formation of new products from radiolysis of R-X/NF3 mixtures change the gas phase composition and causes a different sharing of the absorbed energy among the various gaseous species. Therefore the yields of the observed final products vary in a not predictable way and an irregular trend of the gas species amounts can also be observed comparing the results obtained with different irradiation dose. The products detected from experiments performed with two different irradiation doses (5 kGy and 50 kGy), in the absence/presence of O2 are, in particular, reported in Table 2. In the irradiation of CH3I/NF3 mixtures, the relative amount of CH3NF2 and CH3F is nearly independent on the irradiation dose. However, in the presence of O2 (an efficient scavenger of alkyl radicals), CH3F tends to decrease, but CH3NF2 almost disappears. 
Table 2. -moles of R-NF2 and R-F obtained from the X-ray irradiation of R-I/NF3 and R-I/NF3/O2 mixtures (R = CH3, C2H5, i-C3H7) for different irradiation doses [kGy]. a
	
	CH3I/NF3 
	
	CH3I/NF3/O2

	
	5 
	50 
	
	5 
	50 

	CH3F
	10.1  
	550
	
	8.12
	204

	CH3NF2
	4.40
	231
	
	0.10
	3.29

	CH3F/CH3NF2 
	2.30
	2.38
	
	81.2
	62.0

	
	C2H5I/NF3 
	
	C2H5I/NF3/O2

	C2H5F
	29.0 
	688 
	
	16.1 

	C2H5NF2
	32.2 
	471 
	
	n.d.

	C2H5F/C2H5NF2 
	0.90
	1.46
	
	-

	
	i-C3H7/NF3
	
	i-C3H7/NF3/O2

	C3H6	
	262
	1280
	
	170 

	i-C3H7F
	25.2 
	591
	
	141 

	i-C3H7NF2
	4.24 
	68.1
	
	n.d.

	i-C3H7F /i-C3H7NF2 
	5.94
	8.68
	
	-


a Determinations are affected by an error of ca. ±15%.
This suggests that the latter product mainly arises from the reaction between CH3 radicals and NF3. This process, however, only partially contributes to the formation of CH3F, and additional forming channels must be considered (vide infra). The results of additional experiments performed on mixtures with different CH3I/NF3 partial pressures (see Table 3) confirm that the formation of CH3NF2 occurs from the methyl radical through a mechanism of substitution to the nitrogen atom of NF3. In fact, the amount of CH3NF2 increases in the mixtures containing CH3I at the pressure of 300 Torr, and invariably disappears in the presence of O2. As for CH3F, its detected amount increases by increasing the relative pressure of CH3I, and a similar dependence is obtained in the presence of O2. This indicates that it does not arise exclusively from the reaction of methyl radicals with NF3. We also note that, at the same relative pressure of CH3I, the rise of NF3 increases the formed CH3F by nearly 25%, and a similar trend is observed in the presence of O2. Moreover, considering the amounts of CH3F which are formed at various relative pressure of the reactants, this product decreases by nearly 25% by addition of O2. This allows to estimate that the attack of CH3 to the F atoms of NF3 contributes as nearly 25% of the product formation. 
Table 3. µ-moles of R-NF2 and R-F obtained from X-ray irradiation of CH3I/NF3 and CH3I/NF3/O2 mixtures for different CH3I/NF3 partial pressures [Torr] at 5 kGy irradiation dose. a
	 
	CH3I/NF3
	CH3I/NF3/O2 

	
	150/300
	300/300
	300/150 
	150/300/110
	300/300/110
	300/150/110

	CH3F
	8.93
	19.20
	15.29
	6.59
	14.23
	11.30

	CH3NF2
	4.69
	25.90
	9.76
	n.d.
	n.d.
	n.d.

	CH3F/ CH3NF2
	2.15
	0.74
	1.57
	-
	-
	-


a Determinations are affected by an error of ca. ±15%.
The products obtained from the irradiation of C2H5I/NF3 mixtures are C2H5NF2 and C2H5F, their yields ratio approximately increasing by 1.5 by increasing the irradiation dose. The addition of O2 causes again the disappearance of C2H5NF2, C2H5F only decreasing. This confirms that the former product arises from reactions involving the alkyl radicals. The irradiation of i-C3H7I/NF3 mixtures produces i-C3H7NF2 and i-C3H7F, together with large amounts of propylene. This additional product, however, does not contribute to the formation of the former species. In fact, no products were detected from the irradiation of propylene/NF3 and propylene/NF3/O2 mixtures. In any case, compared with the R-F/R-NF2 yield ratios detected from the irradiated R-I/NF3 (R = CH3, C2H5), the i-C3H7F/i-C3H7NF2 yield ratio is significantly different. The alkylfluoride is, in particular, much more abundant than the  alkyldifluoroamine, the ratio being nearly 6, and becoming even higher by increasing the irradiation dose. This suggests that i-C3H7F likely arises from mechanisms different from those responsible of the formation of CH3F and C2H5F. The addition of O2 causes an appreciable increase of i-C3H7F, further confirming that it is obtained through various reactions. In contrast, i-C3H7NF2 completely disappears, thus confirming its origin from reactions involving isopropyl radicals and NF3.
Computational results
The experiments suggest that the R-NF2 obtained from the X-ray irradiation of R-I/NF3 mixtures (R = CH3, C2H5, i-C3H7) arise from the bimolecular homolytic substitution (4) occurring at the nitrogen atom. The concomitant detection of the corresponding R-F suggests the competitive occurence of the F-atom abstraction (5), involving the attack of R to the F atom(s) (even though additional channels contributing to this product must be assumed):
[image: fig1.jpg]R	+	NF3	  	R-NF2   +   F				        (4)
R	+	NF3	  	R-F   +   NF2				        (5)
(R = CH3, C2H5, i-C3H7)

Both these reactions were investigated by theoretical calculations, and found to proceed through the intermediates and TSs whose CASSCF/6-31G(d) and B3LYP/6-31G(d) optimized geometries are shown in Figures 1, 3, and 5. The corresponding potential enthalpy diagrams obtained at the CCSD(T)/6-311G(2d,2p)//CASSCF(9,6)/6-31G(d) level of theory are reported in Figures 2, 4 and 6. The energy (E), enthalpy (H), and free energy (G) differences of the various species, computed at the CCSD(T)/6-311G(2d,2p)//CASSCF/6-31G(d), at the MRCI(SD+Q)/6-311G(d,p)/CASSCF/6-31G(d), and at the G3B3  levels of theory, are listed in Tables 4, 5 and 6. Also included in Table 4 are the E, H, and G of the species involved in the reaction between CH3 and NF3 as computed at the G3 level of theory.
Reactions between CH3 radical and NF3
Based on experimental thermochemical data,[14,15] for R = CH3, reaction (4) is slightly exothermic by 2.2 kcal mol-1 (the value quoted so far by Cadman et al.[8] was 1.8 kcal mol-1), and reaction (5) is definitely exothermic by 49.2 kcal mol-1.[14] These data are consistent with the theoretical predictions. Thus (see Table 4), at the CCSD(T), MRCI(SD+Q), G3B3, and G3 levels of theory, reaction (4) is exothermic by 10.5, 12.2, 7.0, and 6.6 kcal mol-1, respectively, and reaction (5) is exothermic by 51.8, 50.7, 51.7, and 51.8 kcal mol-1, respectively. It is well known from previous studies[16-19] that, in the gaseous phase, NF3 is a bifunctional Lewis base, able to interact with electrophilic species by both the N- and the F atom(s). We, therefore, explored the attack of CH3 to both the N and the F atom(s) of NF3, and actually located the two energy minima 1 and 2, and the three TSs TS_1, TS_2, and TS_3 shown in Figure 1. These minima and TSs are connected as shown in Figure 2. TS_1 (imaginary frequency: 1108.8i cm-1) is the TS for the homolytic substitution of CH3 at the N atom of NF3 with extrusion of F, and TS_2 (imaginary frequency: 1161.6i cm-1) is the TS for the F-atom abstraction. As shown in Figure 1, TS_1 features an expectedly-long attacking C-N bond distance, predicted, in particular, as 2.101 Å, 2.072 Å and 1.886 at the CASSCF, B3LYP and MP2(full) level, respectively. The predicted N-F distance is 1.746 Å, 1.595 Å and 1.496 Å, respectively, at the CASSCF, B3LYP and MP2(full) levels of theory. 
The C-N-F angle results as 153.9 at the CASSCF, and comparable values of 154.0 and 157.2°, respectively, are obtained at the B3LYP and MP2(full) levels. At any computational level, TS_2 adopts a nearly co-linear arrangement of the entering CH3 and the leaving NF2. At the CASSCF and B3LYP levels of theory, the C-F and N-F bond lengths are comparable and amount, respectively, to 2.083 Å  and  1.731 Å,  and 2.079 Å and 1.612 Å. The MP2(full) furnishes, 
[image: metile.jpg]Figure 1. CASSCF(9,6)/6-31G(d) and B3LYP/6-31G(d) (italics) optimized geometries (Å and °) of the species  involved in the reactions between CH3 and NF3.
Figure 2. CCSD(T)/6-311G(2d,2p)//CASSCF(9,6)/6-31G(d) relative enthalpies at 298.15 K (kcal mol-1) of the species involved in the reactions between CH3 and NF3.
instead, lower values of 1.862 Å and 1.553 Å. Interestingly, at any computational level, for both TS_1 and TS_2 the bond distance involving the  entering group is long, the distance involving the leaving group being slightly shorter using the B3LYP method, and further decreasing at the MP2(full) level of theory. The CCSD T1diagnostic of TS_1, 0.039, and TS_2, 0.037, are higher than the accepted threshold of 0.020, and this suggests a contribution of multi-determinantal character to their wave-function. However, for both species, the CI coefficient of the most important contribution to the ground-state CASSCF wave function resulted as 0.93. This indicates the by far predominance of a single configuration, and suggests also the prevailing role of dynamical rather than static correlation. The comparison between the CCSD and MRCI(SD+Q) activation enthalpies further confirmed the minor role of multi-reference effects in the investigated systems. Thus, the enthalpy barrier of the SH2 reaction (4) passing through TS_1 is 21.9 kcal mol-1 at the CCSD(T) level, and 23.3 kcal mol-1 at the MRCI(SD+Q), and the enthalpy barrier of the F-atom abstraction (5), passing through TS_2, is 17.8 kcal mol-1 at the CCSD(T) level, and 18.8 kcal mol-1 at the MRCI(SD+Q). The two barriers are also predicted as 19.4 kcal mol-1 and 17.5 kcal mol-1, respectively, at the G3B3 level of theory, and 20.9 kcal mol-1 and 19.8 kcal mol-1 at the G3 level of theory (see Table 4). Thus, the enthalpy

Table 4. Relative energies ∆E at 0 K [kcal mol-1], relative enthalpies ∆H at 298.15 K [kcal mol-1], and relative free energies ∆G at 298.15 K [kcal mol-1] of the species involved in the reactions between CH3 and NF3 (see also Figure 1).
	Species
	CCSD(T)/6-311G(2d,2p)[a]
	
	MRCI(SD+Q)/6-311G(d,p)[a]
	
	G3B3[b]
	
	G3

	
	∆E
	∆H
	∆G
	
	∆E
	∆H
	∆G
	
	∆E
	∆H
	∆G
	
	∆E
	∆H
	∆G

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	CH3 + NF3
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0

	1
	-11.1
	-11.7
	-3.2
	
	-12.6
	-13.3
	-4.8
	
	-12.5
	-13.5
	-4.6
	
	-10.0
	-10.5
	-2.7

	2
	-54.3
	-54.2
	-47.7
	
	-52.5
	-52.4
	-45.9
	
	-52.3
	-52.2
	-47.4
	
	-52.4
	-52.3
	-46.1

	TS_1
	22.7
	21.9
	32.4
	
	24.1
	23.3
	33.8
	
	20.3
	19.4
	28.5
	
	22.1
	20.9
	32.4

	TS_2
	18.2
	17.8
	25.8
	
	19.2
	18.8
	26.8
	
	17.9
	17.5
	24.1
	
	20.4
	19.8
	29.1

	TS_3
	37.5
	37.1
	46.0
	
	35.4
	35.1
	44.0
	
	-
	-
	-
	
	-
	-
	-

	CH3NF2 + F
	-9.5
	-10.5
	-1.7
	
	-11.2
	-12.2
	-3.4
	
	-6.3
	-7.0
	-5.1
	
	-5.9
	-6.6
	-3.0

	CH3F + NF2
	-51.9
	-51.8
	-48.7
	
	-50.8
	-50.7
	-47.6
	
	-51.3
	-51.7
	-52.8
	
	-51.4
	-51.8
	-51.8


[a] At the CASSCF/6-31G(d) optimized geometries. [b] At the B3LYP/6-31G(d) optimized geometries. [c] At the MP2(full)/6-31G(d) optimized geometries.


[image: fig3.jpg][image: etile.jpg]difference between TS_1 and TS_2 results as 4.1 and 4.5 kcal mol-1, respectively, at the CCSD(T) and MRCI(SD+Q) levels, it decreases to only 1.9 kcal mol-1 at the G3B3 level, and further reduces to 1.1 kcal mol-1 at the G3 level. These differences likely reflect the different CASSCF, MP2, and B3LYP geometries. According to the IRC calculations, TS_1 does not directly evolve into CH3NF2 + F. Rather, it connects the reactants with the complex 1, which features (see Figure 1) a F atom relatively distant from the N atom of CH3NF2. The predicted N-F bond length depends on the computational level, and, in particular, progressively reduces from the CASSCF (2.943 Å) to the MP2(full) (2.419 Å), and the B3LYP level (1.981 Å). The eventual dissociation of 1 requires to overcome a small enthalpy barrier, predicted as nearly 1 kcal mol-1 at the CCSD(T) and  MRCI(SD+Q) levels of theory, and slightly higher at the G3 (3.9 kcal mol-1), and G3B3 levels of theory (6.5 kcal mol-1). TS_2 connects the reactants with the weakly-bound complex 2 (see Figure 2), which arises from the interaction of the F atom of CH3F with the N atom of NF2. It features a rather long N-F bond distance, predicted, in particular, as 2.902 Å, 2.808 Å and 2.869 Å, respectively, at the CASSCF, at the MP2(full), and at the B3LYP levels of theory. Consistently, the dissociation enthalpy is only slightly positive at the CASSCF (2.4 kcal mol-1), and at the MRCI(SD+Q) level of theory (1.7 kcal mol-1), and even lower (0.5 kcal mol-1) at the G3 and G3B3 levels, actually disappearing by inclusion of the entropy contribution. As shown in Figure 2, complex 2 is also accessible from complex 1 by overcoming the high enthalpy barrier [48.8 kcal mol-1 at the CCSD(T), and 48.4 kcal mol-1 at the MRCI(SD+Q) level of theory] corresponding to TS_3 (imaginary frequency: 855.6i cm-1). According to the IRC calculations, the process consists of the insertion of a F atom into the C-N bond of 1. The CCSD T1 diagnostic of TS_3 (0.038), and the highest CI coefficient contributing to the CASSCF wave function (0.85) indicate the relatively-high contribution of the static correlation. A TS analogous to TS_3 (imaginary frequency: 874.3i cm-1) lying 29.8 kcal mol-1 above the reactants was also located at the B3LYP level of theory, but the IRC calculations revealed that it connects 2 with the separated H2CNF, HF, and F. Thus, it was not further explored at the G3B3 level of theory.
Reactions between C2H3 and NF3
Based on the experimental thermochemical data, for R = C2H5, reaction (4) is slightly exothermic (-2.36 ± 0.5 kcal mol-1 [14,15]) or nearly thermoneutral (0.2 kcal mol-1 [8]), and reaction (5) is strongly exothermic (48.3 kcal mol-1 [8] and 52.5 ± 0.5 kcal mol-1 [14]). The theoretical study of these processes revealed mechanisms strictly similar to those outlined for the corresponding reactions involving CH3.Thus, C2H5 attacks the N atom of NF3 and passes through TS_1' (imaginary frequency: 1090.8i cm-1) so to form the weakly-bound complex 1', which, in turn, dissociates into C2H5NF2 and F. The dissociation enthalpy Figure 3. CASSCF(9,6)/6-31G(d) and B3LYP/6-31G(d) (italics) optimized geometries (Å and °) of the species  involved in the reactions between C2H5 and NF3.
Figure 4. CCSD(T)/6-311G(2d,2p)//CASSCF(9,6)/6-31G(d) relative enthalpies at 298.15 K (kcal mol-1) of the species involved in the reactions between C2H5 and NF3.

amounts to 2 kcal mol-1 at the CCSD(T) and  MRCI(SD+Q) levels of theory, and increases to 4.4 and 7.4 kcal mol-1 at the G3 and G3B3 levels, respectively. These differences parallel the different C2H5N(F2)---F bond lengths predicted at the CASSCF, MP2(full), and B3LYP levels of theory. With respect to the reagents, 1' is more stable by 11.6, 13.5 and 15.1 kcal mol-1, 

Table 5. Relative energies at 0 K (kcal mol-1), enthalpies at 298.15 K (kcal mol-1) and free energies at 298.15 (kcal mol-1) of the species involved in the reactions between C2H5 and NF3 (see Figure 3 ).
	Species
	CCSD(T)/6-311G(2d,2p)[a]
	
	MRCI(SD+Q)/6-311G(d,p)[a]
	
	G3B3[b]

	
	∆E
	∆H
	∆G
	
	        ∆E
	∆H
	∆G
	
	∆E
	∆H
	∆G

	
	
	
	
	
	
	
	
	
	
	
	

	C2H5 + NF3
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0

	1'
	-12.9
	-11.6
	-15.4
	
	-14.8
	-13.5
	-17.3
	
	-14.5
	-15.1
	-4.1

	2'
	-58.4
	-56.5
	-62.1
	
	-56.5
	-54.5
	-60.1
	
	-56.0
	-55.8
	-48.2

	TS_1'
	19.6
	20.9
	18.4
	
	20.2
	21.5
	19.0
	
	16.9
	16.4
	27.2

	TS_2'
	14.7
	15.7
	13.6
	
	16.6
	17.5
	15.5
	
	14.6
	14.5
	22.8

	TS_3'
	29.9
	31.4
	28.2
	
	38.6
	40.2
	36.9
	
	-
	-
	-

	CH3NF2 + F
	-11.2
	-9.7
	-17.0
	
	-13.0
	-11.5
	-18.8
	
	-7.3
	-7.7
	-3.7

	CH3F + NF2
	-55.6
	-53.7
	-63.3
	
	-54.4
	-52.6
	-62.2
	
	-54.5
	-54.9
	-54.6


[a] At the CAS-MCSCF/6-31G(d) optimized geometries. [b] At the B3LYP/6-31G(d) optimized geometries.


[image: fig5.jpg][image: isopropile.jpg]respectively, at the  CCSD(T), MRCI(SD+Q), and G3B3 levels of theory, and TS_1' is less stable by 20.9, 21.5, 16.4, and 19.2 kcal mol-1, respectively, at the CCSD(T), MRCI(SD+Q), G3B3, and G3 levels of theory. Thus, the activation barrier corresponding to TS_1' is comparable with that corresponding to TS_1, the difference amounting to only 1.0 and 1.8  kcal mol-1 at the CCSD(T) and MRCI(SD+Q) levels of theory, and only slightly increasing at the G3B3 level (3.0 kcal mol-1). In addition, the comparative examination of Figures 1 and 3 reveals that the geometrical parameters of 1' and TS_1', and  those of the corresponding analogues 1 and TS_1 are strictly similar. Consistent with the experimental thermochemical data, the F-abstraction between C2H5 and NF3 by is predicted to be exothermic by 53.7, 52.6, and 54.9  kcal mol-1 at the CCSD(T), MRCI(SD+Q), and G3B3 levels, respectively. The reaction passes through TS_2' (imaginary frequency: 1191.2i cm-1), and proceeds with formation of complex 2', which, in turn, undergoes the only slightly endothermic loss of NF2 [the enthalpy change is 2.8 and 1.9 kcal mol-1 at the CCSD(T) and MRCI(SD+Q) levels, respectively, and decreases to only 0.9 kcal mol-1 at the G3B3 level, disappearing by inclusion of the entropy contribution]. The activation barrier corresponding to TS_2' is 15.7, 17.5, and 14.5 kcal mol-1 at the CCSD(T), MRCI(SD+Q), and G3B3 levels of theory, respectively, and these values are slightly lower (by ca. 1-3 kcal mol-1) than those predicted for the analogous reaction involving CH3. Complexes 1' and 2' are connected through the high energy TS_3' (imaginary frequency: 885.3i cm-1), which is the corresponding analogue of TS_3.  Its T1 diagnostic (0.040), and highest CI coefficient contributing to the CASSCF wave function (0.86) indicate the relatively-high contribution of static correlation. As a matter of fact, this TS was not located at the B3LYP level of theory. We finally note that TS_2', TS_3', and 2' are structurally similar to their corresponding analogues TS_2, TS_3, and 2.
Reactions between i-C3H7 and NF3.
Based on experimental thermochemical data, for R = i-C3H7, reaction (4) is weakly exothermic (-4.66 ± 0.5 kcal mol-1 [14,15]) or nearly thermoneutral (-0.1 kcal mol-1 [8]), and reaction (5) is strongly exothermic (-46.1 kcal mol-1 [8] or -50.3 ± 0.5 kcal mol-1 [14,15]). According to the calculations, the attack of i-C3H7 to NF3 may occur to both the N and the F atom(s), and reactions (4) and (5) proceed by mechanisms strictly similar to those outlined for CH3 and C2H5. We located, in fact, both TS_1" and TS_2", which are, respectively, the corresponding analogues of TS_1 and TS_1', and TS_2 and TS_2'. They are also structurally quite similar to their congeners (see Figure 5). Based on Table 6,  the enthalpy barrier of the SH2 reaction (5) (passing through TS_1")  is 14.5 kcal mol-1 at the CCSD(T) level, and 13.5 kcal mol-1 at the G3B3 level. At the same levels, the enthalpy barrier of the F-abstraction (5) (passing through TS_2") amounts, respectively, to 9.7 kcal mol-1 and 11.2 kcal mol-1. The inspection of Tables 4, 5, and 6 reveals that the activation enthalpies corresponding to TS_1" and TS_2" are both lower than those corresponding to TS_1 and TS_1', and TS_2 and TS_2' by nearly 7 kcal mol-1 at the CCSD(T) level of theory. 
Figure 5. CASSCF(9,6)/6-31G(d) and B3LYP/6-31G(d) (italics) optimized geometries (Å and °) of the species  involved in the reactions between i-C3H7 and NF3.
Figure 6. CCSD(T)/6-311G(2d,2p)//CASSCF(9,6)/6-31G(d) relative enthalpies at 298.15 K (kcal mol-1) of the species involved in the reactions between i-C3H7 and NF3.
In addition, at the G3B3 level of theory, the activation enthalpies decrease by nearly 6 kcal mol-1 passing from TS_1 (19.4 kcal mol-1) to TS_1" (13.5 kcal mol-1), and from TS_2 (17.5 kcal mol-1) to TS_2" (11.2 kcal mol-1). It is also of interest to note the strict similarity of the CCSD(T) enthalpy differences between TS_1" and TS_2" (4.8 kcal mol-1), TS_1 and TS_2 (4.1 kcal mol-1), and TS_1' and TS_2' (5.2 kcal mol-1).
Comparison between the experimental and the theoretical data
The theoretical results suggest that, despite their largely different exothermicities, for any radical R (R = CH3, C2H5, i-C3H7), the energy barriers of the SH2 reaction (4), and of the F-abstraction (5) are, essentially, comparable. The TS of reaction (4) is, in fact, predicted to be more stable than that of reaction (5), but the differences range between 4 and 5 kcal mol-1 at CCSD(T) level of theory, and further reduce to nearly 2 kcal mol-1 at G3B3 and G3 levels. These values are, indeed, well within the combined uncertainties of the employed methods, expected to be ca. ± 2-4 kcal mol-1. These results together with the fundamentally monodeterminantal character of the wave function for the transition structures for both reaction mechanisms also enable us to assert that the less expensive G3B3 method is suitable to describe the two reaction mechanisms considered. In any case, it is possible to note that the absolute barriers depend on the radical and, in particular, decrease in the order i-C3H7 > C2H5 ≥ CH3.

Table 6. Relative energies at 0 K (kcal mol-1), enthalpies at 298.15 K (kcal mol-1) and free energies at 298.15 K (kcal mol-1) of the species involved in the reactions between i-C3H7 and NF3 (see Figure 5).
	Species
	CCSD(T)/6-311G(2d,2p)[a]
	
	G3B3

	
	∆E 
	∆H 
	∆G 
	
	∆E 
	∆H 
	∆G 

	
	
	
	
	
	
	
	

	i-C3H7 + NF3
	0.0
	0.0
	0.0
	
	0.0
	0.0
	0.0

	1"
	-16.3
	-16.4
	-6.0
	
	-16.9
	-17.5
	-5.3

	2"
	-62.3
	-61.9
	-53.5
	
	-58.7
	-58.5
	-49.8

	TS_1"
	14.6
	14.5
	25.9
	
	13.8
	13.5
	24.7

	TS_2"
	8.2
	9.7
	13.7
	
	11.0
	11.2
	19.5

	TS_3"
	31.6
	32.0
	41.1
	
	29.3
	28.8
	40.7

	CH3NF2 + F
	-14.1
	-15.2
	-5.1
	
	-9.2
	-9.5
	-4.9

	CH3F + NF2
	-59.4
	-59.6
	-53.2
	
	-57.3
	-57.6
	-56.8


[a] At the CAS-MCSCF/6-31G(d) optimized geometries. [b] At the B3LYP/6-31G(d) optimized geometries.

The theoretical suggestion of comparable energy barriers is consistent with the experiments, which show, in particular, that the X-ray irradiation of R-I/NF3 mixtures (R = CH3, C2H5, i-C3H7) produces comparable amounts of R-NF2 and R-F. The origin of the former product by a reaction involving the radical R is confirmed by the fact that, in the presence of O2 (an efficient scavenger of alkyl radicals), its yield dramatically decreases. The formation of R-F is also reduced, but not suppressed, by the presence of O2, and this suggests the occurrence of forming channels other than reaction (5). A conceivable contribution to the observed residual methyl fluoride is the ionic reaction between CH3+ and NF3. Thus, in a previous study[10c] performed by ion trap mass spectrometry, we found that, in ionized CH4/NF3 mixtures, the main product from the efficient reaction between CH3+ and NF3 was CH3F, arising from the attack of the methyl cation to the fluorine atom of NF3, and subsequent dissociation. We also do not rule out the occurrence of a reaction between F atoms (not captured by O2) and CH3I. We would also expect, however, the competitive occurrence of a H-atom abstraction by F radicals so to form HF and CH2I.[20] In fact, hydrogen abstraction reactions by F radicals from alkyl halides or alkanes are highly exothermic, and play a key role, for example, in the etching processes in plasma and CVD reactors.[21]
Conclusions
The SH2 reactions between radical species and nitrogen compounds are, still, essentially unexplored. The present X-ray experiments and high-level theoretical calculations indicate that processes like these are involved in the reactions between alkyl radicals and NF3. These processes are considerably less exothermic than the competitive F-atom abstractions (with formation of R-F), but the involved barriers are comparably high, and the two reactions are comparably fast. Put in the perspective, the simplest fluoroamines appear as useful exemplary substrates to further investigate SH2 reactions at nitrogen. It will be certainly of interest to assay the conceivable occurrence   of   these  processes   by   radicals  containing   the heaviest elements of the group 14, as well as other heteroatoms. We are planning work along this directions.
Experimental Section
 X-ray radiolysis 
NF3 at 99.99% stated purity, and pure O2 were supplied                by Praxair  and  SIAD, respectively. Methyl, ethyl, and isopropyl iodides, best grade, were supplied by Sigma Aldrich, and purified as described previously.[22] The R-I/NF3 mixtures (R = CH3, C2H5, i-C3H7), with 165  Torr of R-I and 360 Torr of NF3 partial pressures (1 Torr = 133 Pa), were prepared in 350 ml Pyrex vessels. Two sets of samples were irradiated at absorbed irradiation doses of 5 and 50 kGy: the first one consisted of R-I/NF3 mixtures, and the second one consisted of R-I/NF3 mixtures, with 110 Torr of O2 added as radical scavenger. For the CH3I/ NF3 mixture, experiments were also performed at the variable relative pressures (Torr) of 150/300, 300/300, and 300/150. The absorbed irradiation dose was 5 kGy. All the samples were irradiated using a CPXT-320 tube (GILARDONI) as the X-ray source with a maximum output of 320 KeV. Standard vacuum techniques were used to handle reactants and gaseous products. 
Gas Chromatography - Mass Spectrometry analyses
After irradiation, a small amount of the gaseous phase was collected for qualitative and quantitative analyses of volatile compounds by GC-MS. A Varian 3400/ Finnigan ITD instrument was employed, equipped with a Alltech AT-1 capillary column (polydimethylsiloxane, 30 m long, 0.25 mm internal diameter, 1.0 mm film thickness). Before injection, the GC oven was cooled at 193 K by introducing liquid nitrogen; afterwards the column was heated up to 433 K with the following  temperature program: isothermal starting step at 193 K for 4 minutes; heating step up to 373 K (20 K/min); isothermal step at 373 K for 3 minutes; heating step up to 433 K (20 K/min); isothermal step at 433 K for 3 minutes; cooling step to room temperature. Split of about 16 ml min-1 was applied during injection; helium was used as carrier gas with 0.8 ml min-1 flow. Electron ionization was performed at 70 eV, and the spectra were collected in the 15 - 500 u mass range.
Computational methods
The calculations were performed with the GAUSSIAN09[23] and MOLPRO 2010.1[24]  programs. The geometries of the reagents, intermediates, products, and TSs involved in the reactions between the CnH2n+1 radicals (n = 1-3) and NF3 were fully-optimized at the complete active space multi-configuration self-consistent field level of theory[25-27] in conjunction with the            6-31G(d) basis set[28] [CASSCF/6-31G(d)] by gradient-based techniques[29-32] and with no symmetry constraints. The CASSCF wave-function, labelled as (9,6), was built up by distributing nine electrons in the six orbitals which are most reasonably involved in the reaction mechanisms. With reference to the reactants, we included, in particular, the singly-occupied sp hybrid orbitals of the  C  atom  of  the  CnH2n+1  radicals,  and  five  orbitals  of  NF3, namely  a  pair  of  bonding  and  antibonding N-F sigma orbitals
 (N-F and *N-F), two p orbitals of F, and the n orbital of N. Any located critical point was unambiguously characterized as an energy minimum or a TS by calculating its analytical or numerical harmonic vibrational frequencies. Any TS was also related to its interconnected energy minima by intrinsic reaction coordinate (IRC) calculations.[33] The CASSCF/6-31G(d) unscaled frequencies were also used to calculate the zero-point vibrational energies (ZPE), and the vibrational contribution to    the thermal correction (TC), obtained at 298.15 K by standard statistical mechanics formulas.[34] The overall TC term was finally obtained by adding the translational (3/2 RT) and rotational (RT or 3/2 RT) contributions at this temperature.
Total entropies were also obtained by CASSCF unscaled frequencies and moments of inertia. The absolute energies were refined by performing, at the CASSCF optimized geometries, single-point calculations at the coupled cluster level of theory[35,36] using the 6-311G(2d,2p) basis set[28] [CCSD(T,full)/6-311G(2d,2p)], and at the multireference-configuration interaction [MRCI(SD+Q)] computational level, as implemented in MOLPRO,[37,38] using the 6-311G(d,p) basis set [MRCI(SD+Q)/6-311G(d,p)]. The role of higher excitations was estimated using the multireference analogue of the Davidson correction (denoted as +Q[39]), and internal contraction was used to limit the size of the calculations. The reference configurations arose from the CASSCF(9,6) wave function, and, in order to save computational time, only the occupations with absolute coefficients in the wave function higher than 0.02 were included. The T1 diagnostics[40] were calculated at the CCSD(T,full)/6-311G(2d,2p) level of theory. Absolute energies were also calculated using the G3[41] and G3B3[42] composite methods.
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