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Abstract: The gas-phase structuresdfN-dimethylvinylamine, (CH),NC(H)=CH, (1), and perfluoroN,N-
dimethylvinylamine, (CE),NC(F=CF; (2), were determined by gas electron diffraction and quantum chemical
methods (B3LYP and MP2 with 6-31G* basis sets). The configuration around nitrogen is slightly pyramidal
in both compounds, with the sum of the nitrogen bond angles 351°24h#)354.8(6)in 1 and2, respectively.

In the parent compountl the (CH;)2N group lies nearly in the plane of the vinyl group, and the nitrogen lone
pair (Ip) is almost perpendicular to this plan®@(C=C—N—Ip) = 98(6)). In the perfluorinated speciek
however, the (CE,N group is oriented perpendicular to the vinyl plane, and the lone pair is parallel to the
C=C bond @(C=C—N—lIp) = 2(5)°). A natural bond orbital analysis provides a qualitative explanation for
this conformational change upon fluorination. The sterically unfavorable in-plane orientation of the
dimethylamino group irl is stabilized by conjugation between the nitrogen lone pair and € @-bond.

The anomeric effect between the lone pair and the-E o-bond in addition to steric effects favors the
perpendicular orientation of the (gEN group in2. Both quantum chemical methods reproduce the experimental
structures satisfactorily.

Introduction for perfluoromethylformate, GJOC(O)F, which also possesses
a synperiplanar structufehe conformation of methylvinyl ether

is strongly affected upon fluorination. In perfluoromethylvinyl
ether, CROC(F=CF,, the C(sp)—O bond is no longer in the
plane but is nearly perpendicular to the plane of the vinyl gfoup.
The effect of fluorination inN,N-dimethylformamide is inter-
mediate. In perfluordN,N-dimethylformamide, (CE,NC(O)F,

the (CR)2N group is rotated around the-NC(s) bond away
from the planar conformationp(O=C—N—Ip) = 57(4)).°
Quantum chemical calculations (B3LYP/6-31G*) reproduce this
effect of fluorination correctly and predict a barrier to internal
rotation of 8 kcal/mol, which is much lower than the experi-
mental value for the parent compound (see above).

_ Only very little is known about gas-phase structures and con-
formational properties of enamines, in which conjugation be-

Conjugation between electron lone pairs (Ip’s) arrtionds
plays an important role in structural chemistry. Typical examples
of conjugation between the p-shaped oxygen lone pair and a
C=0 or C=C z-bond are methylformate, GBC(O)H} and
methylvinyl ether, CHOC(H)=CH,.2 In both compounds, such
orbital interactions (Ip(O)> #*(C=0) or Ip(O)— 7*(C=C))
lead to sterically unfavorable synperiplanar structures with the
C(sp)—0 bond syn to the double bond. Similarly, conjuga-
tion between the nitrogen lone pair and the=Q s-bond
(Ip(N) — 2*(C=0)) leads to sterically unfavorable planar or
nearly planar structures of amides, such as formaridg\-
dimethylformamidée, and N,N-dimethylacetamidé. In these
compounds, the nitrogen atom possesses a planar configura

tion, and the lone pair is perpendicular to the=Q double bond ) .
(¢(O=C—N—Ip) :p 90°).pThFi)s orientation allows maximum  tween the nitrogen lone pair and the=C z-bond (Ip(N)—

* = H . _
orbital interaction with the €0 z-bond. The barrier to internal 7 (&= <)) ¢an occur. From microwave sp.ectroscoplimeasure
rotation (AH?) around the N-C(sf) bond, which can be ~ MeNts it was concluded that in vinylamine NC(H)=CH,
considered a measure of the strength of conjugation, is 19_7(3)the simplest enamine, the mtroge_n lone pair is nearly perpen-
kcal/mol in N,N-dimethylformamidé. dicular t_o the _double bond and nitrogen possesses a pyrami-

Perfluorination of these compounds has different effects on 92 configurationi? In the present study we report structure

: . : : eterminations foN,N-dimethylvinylamine, (CH),NC(H)=CH,
their conformational properties. Whereas no change is observea?l)’ and for the perfluorinated derivative (QINC(F~CF» (2).

IHnlt\_/erSIltcl‘t gubltn_gfg- b Institute of N using gas electron diffraction (GED). The experimental studies
ational Industrial Research Institute of Nagoya. ; ;
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Figure 1. (CH3),NC(H)=CH,: Experimental (dots) and calculated (full
line) averaged molecular intensities for long (above) and short (below)

nozzle-to-plate distances and residuals.
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Figure 2. (CR).NC(F=CF.: Experimental (dots) and calculated (full

line) averaged molecular intensities for long (above) and short (below)
nozzle-to-plate distances and residuals.
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ture and the potential for internal rotation around the®{(s|)
bond have been calculated in the HF/6-31G** approximatfon.

Experimental Section

1 and 2 were synthesized according to literature methdddand
their purity was checked by NMR spectroscofiyas stored at liquid
nitrogen temperature to prevent polymerization. The GED intensities
were recorded with a Gasdiffraktograph KD-%2t 50- and 25-cm
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Figure 3. (CHs).NC(H)=CH.: Experimental radial distribution func-
tion and difference curve. Vertical bars indicate skeletal interatomic
distances.

(NBO) analyse¥ were performed fo = 0° and® = 90° for both
compounds at the B3LYP level. All quantum chemical calculations
were done with the GAUSSIAN98 program 4&tThe vibrational
amplitudes were calculated from theoretical Cartesian force constants
(B3LYP) using the program ASYM40.

Structure Analyses. Radial distribution functions (RDFs) were
derived by Fourier transformation of the molecular intensities. The
experimental curve fot (Figure 3) is reproduced best with a slightly
pyramidal configuration at nitrogen and the (g4 group lying in
the plane of the vinyl group(C—=C—N—Ip) ~ 90°). The experimental
RDF for 2 (Figure 4) can be reproduced satisfactorily only with a
slightly pyramidal configuration at nitrogen but with perpendicular
orientation of the (CE.N group @(C=C—N—Ip) ~ 0°). These
preliminary molecular models were refined by least-squares fitting of
the molecular intensities. The following constraints were used in these
analyses: (13, symmetry was assigned for Gldnd CR groups. (2)
Planarity of the vinyl groups was assumed. (3) Bond lengths and bond
angles which are predicted by the quantum chemical calculations to
differ by less than 0.005 A or°] respectively, were set equal. (4)
Differences between similar geometric parameters were set to the
calculated (B3LYP) values (see Tables 1 and 3). (5) TheCGond
length in2, which is not well determined in the GED experiment, was
set to 1.320 A, about 0.01 A shorter than the B3LYP value. Such a
systematic difference between experimental and calculate@ Bond
lengths occurs also id. (6) The C=C—H angles inl1 were set to
B3LYP values. (7) Vibrational amplitudes which either cause large
correlations or are not well determined in the GED experiment were
set to the calculated values. Amplitudes with very similar values were
refined in groups. With the above constraints, I)lof 10 @) geometric

nozzle-to-plate distances and with an accelerating voltage of about 60Parameters and fouYor eight @) vibrational amplitudes were refined

kV. The sample reservoirs were kept-a80 °C (1) and —56 °C (2),
respectively. The inlet system and nozzle were at room temperature.
The photographic plates (Kodak electron image plates, 13xc8

cm) were analyzed by the usual methédsAveraged molecular
intensities in the s-ranges-48 and 8-35 A1 (s = (4x/A) sin 6/2,
whereA is the electron wavelength arglis the scattering angle) are
shown in Figures 1 and 2.

Theoretical Calculations. The geometries ol and 2 were fully
optimized by the B3LYP/6-31G* and MP2/6-31G* methods. The
potential curves for internal rotation around the—N8(sp) bond
were derived by optimizing the geometries for fixed dihedral angles
®(C=C—N—Ip),t¢ using the B3LYP method. Natural bond orbital
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Table 3. Experimental and Calculated Geometric Parameters for
PerfluoroN,N-dimethylvinylamine22

parameter GED MP2Z  B3LYP®
r(C1=C2) 1.320 1.334 1.331
r(N—C1) 1.386(6) pl 1.393 1.395
r(N—C3)=r(N—C4) 1.427(5) 1.434 1.441
I (C—F)metnyl 1.328(2) p2 1.342 1.340
r(C1—F1) 1.339(2) 1.354 1.351
r(C2—F29=r(C2—F3) 1.304(2) 1.320 1.316
Hl o(C2=C1—N) 119.5(15) p3 122.1 122.8
| Iﬂmiu Db br e e 1 g o(C1—N—C3) 117.6(12) p4 115.7 117.3
SIS LTI 2y o(C1—N—C4) 119.4(12) 117.7 119.1
Phhibdnhgs BE o(C3—N—C4) 117.8(10) p5  117.0 1176
v i Sa(N)d 354.8(6) 355.4 353.9
. . ‘ ) . . . o(F—C—F)mean 110.8(6) p6 110.6 110.7
0 1 P 3 4 5 6 o(C2=C1—F1) 120.7(18) p7 119.7 119.3
a(C1=C2—F2)= 125.0(18) 1235  123.6
R/A a(CI=C2—F3)
Figurg 4, (CF3)2NC(F)=CFg: Experimen_tal radial distrib_ution function ¢Egj_m_g§_iég igjg)l) Sg 122}1 igg;
and difference curve. Vertical bars indicate bonded distances, skeletal ¢(c=c—N—Ip)e 2(5) pl0 4.6 1.6

interatomic distances, and some other important distances.

a Parameters in angstroms (bonds) and degrees (angles). For atom
numbering, see Figure 8r, parameters from gas electron diffraction
with 3o uncertainties. Parametepd—pl10 were refined in the least-
squares analysi§.6-31G* basis sets. Mean values are given for

Table 1. Experimental and Calculated Geometric Parameters for
N,N-Dimethylvinylamine, (CH),NC(H)=CHz>

MP2/ B3LYP/ i ; :
parameters which are not uniqueSum of angles around nitrogen.
parameter GED 6-31G*¢  6-31G*¢ e Dihedral angle between the=€C bond and the nitrogen lone pair.
r(C1=C2) 1.333(4) pl 1.346 1.343 fThe difference from the preceding value is fixed to the B3LYP value.
r(N—C1) 1.383(3) p2 1.394 1.389 9 Not refined.
r(N—C3)=r(N—C4) 1.453(2) p3 1.453 1.454 N .
1(C—H)metny 1.096(2) p4 1.096 1.098 Table 4. Interatomic Distances and Experimental and Calculated
r(Cl_Hl) 1087(29 1.089 1.089 Vibrational Amplltudes for22
r(C2—H;) =r(C2-H3) 1.082(2) 1.083 1.084 distance ampl, GED ampl, B3LYP
o(C2=C1—N) 125.3(14) p5 127.4 127.9
a(C1-N—C3) 117.4(15) p6 1150  117.1 cF 131-1.3¢  00452) I 0.045
a(C1-N—C4) 118.0(15) 1161 1177 —C 131 0.041 0.041
a(C3-N—C4) 115.8(10) p7 1138 1154 N—C1 139 0045(2) I 0.046
Ty L2012 wrs 302 DF ey ooses 2 00
o(H—C—H 107.9(6 3 108.5 108.2 : : : :
Q§C2=Cl_)ﬂel‘“)y' e P 1105 1194 N-F 225229  0.058(12) I3 0.061
a(C1=C2—H3) 123.4 g 1235 1234 N--C2  2.33 0.061(17) 15 0.071
®(C4-N—C3-H4)  177(9) p9 1651  160.7 NeFl 236 0.061(17) 15 0.068
®(C4—N—C3—H7) 182(6)  pl0 1832 186.3 EFC g-g};g‘l‘g 8-3%(17) 15 g-gﬂ
— C—N|— e ad . . . .
d(C=C—N—Ip) 98(6) pll 107.5 103.1 C1wF2 302 0313 0.311
a Parameters in angstroms (bonds) and degrees (angles). For atom C---F 2.65-3.46 0.152 0.152
numbering, see Figure 5r, parameters from gas electron diffraction F1---F8 2.73 0.112 0.112
with 3o uncertainties. Parametepd—pl1 were refined in the least- N---F9 2.73 0.110 0.110
squares analysi§.Mean values are given for parameters which are not  C---F 3.03-3.22 0.204 0.204
unique.d Sum of angles around nitrogehDihedral angle between the C---C 3.27-3.32 0.138 0.138
C=C bond and the nitrogen lone padiiThe difference from the F--F 3.28-3.47 0.400 0.400
preceding value is fixed to the B3LYP valu&Not refined. C---F 3.51-3.55 0.076(9) 16 0.067
o ) F1---F9 3.53 0.076(9) 16 0.072
Table 2. Interatomic Distances and Experimental and Calculated N---F8 3.56 0.076(9) 16 0.069
Vibrational Amplitudes forl* (Without Nonbonded Distances C-F 3.55-4.13 0.255 0.255
Involving Hydrogen) FeeeF 357-5.43  0.323(163) 17 0.316
distance ampl, GED ampl, B3LYP F-F 397549 0152 0.152
C--F 4.23-4.49 0.158 0.158
C—H 1.08-1.01 0.079(2) 11 0.077 E4---F5 4.48 0.070(33) 18 0.065
C=C 1.33 0.042 0.042
N—C1 1.38 0.042 0.042 aValues in angstroms. Uncertainties are \&alues.” Mean values
N—C3 1.45 0.050 0.050 are given for amplitudes which are not unig@&lot refined.
N---C2 2.42 0.054 0.054 . .
Cl---C3 242 0.071(15) 12 0.069 Discussion
g%gi g'ig 8'8%%2) :% 8'8;; In N,N-dimethylvinylaminel, the configuration at nitrogen
CoeeCal 86 0:0932243 13 0.105 is slightly pyramidal, with the sum of the nitrogen bond angles
C2---C3 3.66 0.089(16) 14 0.084 >a(N) = 351.2(12). The (CH)2N group is nearly parallel to

the plane of the vinyl group, and the nitrogen lone pair is almost
perpendicular to the €C bond (P(C=C—N—Ip) = 98(6Y)).
Such a structure allows maximum overlap between the lone pair
and therr-bond. From the pyramidal configuration at nitrogen,
we conclude that conjugation of the nitrogen lone pair with the
C=C bond is weaker than that with the=®© bond in N,N-

aValues in angstroms. Uncertainties are \Balues.? Not refined.

p4 = —0.89,p3/p6 = 0.75,p3/p9 = —0.75, p5/p10 = 0.90, p6/p7 =
—0.88,12/13 = 0.78. The final results are given in Tables 1 and 3
(geometric parametery and Tables 2 and 4 (vibrational amplitudes
I). Molecular models are shown in Figure 5.
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Figure 5. Molecular models forl (above) and (below).
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Figure 6. Calculated (B3LYP/6-31G*) potential functions for internal
rotation around the NC(sp) bond in (CH).NC(H)=CH, (1) and
(CR)NC(Fy=CFR: (2).
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Table 5. Stabilization Energies of Orbital Interactions between the
Nitrogen Lone Pair and the Vinyl Group and Relative Total
Energies (kcal/mol) for Conformation I¢p(C=C—N—Ip) = 90°,

and Conformation Il, (C=C—N—Ip) = 0°

(CH3)2:NC(H)=CH. (CFs):NC(F=CF,
| 1] | 1
Ip(N) — 7*(C=C) —18.0 —19.8
Ip(N) — o*(C=C) —4.2 -2.6 -14 -5.1
Ip(N) — o*(C1-X) -9.3 —19.4
> (stabilization energies) —22.2 —-11.9 —-21.2 245
relative total energies —6.8 0.0 0.0 -134

increased steric repulsions between the fluorine atoms of the
methyl and vinyl groups and (2) different orbital interactions
between the nitrogen lone pair and the vinyl group. Whereas
the effect of steric interactions cannot be described quantita-
tively, the stabilization energies due to the relevant orbital
interactions can be derived from NBO analyses. The results of
NBO analyses for perpendicular (conformation 1) and parallel
(conformation II) orientations of the lone pair relative to the
vinyl plane are summarized for both compourfdand 2 in
Table 5. In addition, the relative energies are given in this table.
In conformation I, the strongest orbital interaction is conju-

gation between the lone pair and the orbital (Ip(N)—
*(C=C)), and the stabilization energies ar&8.0 and—19.8
kcal/mol in1 and 2, respectively. This stabilization energy is
practically independent of fluorination. In conformation I, the
anomeric effect between the lone pair and the{&) o orbital
(Ip(N) — 0*(C1—X), X = H or F) with stabilization energies
of —9.3 and—19.4 kcal/mol, inl1 and 2, respectively, is the
dominant orbital interaction, and this interaction depends
strongly on fluorination. Compared to these stabilization ener-
gies, interactions between the lone pair and thre@¥ o-bond
play a minor role. In the parent compouhdorbital interactions
favor conformation | by 10.3 kcal/mol relative to conformation
[l. The actual energy difference is smaller (6.8 kcal/mol) because

dimethylformamide, which possesses an exactly planar struc-of stronger steric repulsions in conformation I. In the fluorinated

ture. In the perfluorinated speci@sthe configuration at nitro-
gen is less pyramidal}(a(N) = 354.8(6)), and the (CE)2N
group is oriented perpendicular to the plane of the vinyl
group. Thus, the nitrogen lone pair is parallel to thre@Cbond
(®(C=C—N—Ip) = 2(5)°), and no conjugation with ther

derivative 2, the anomeric effect Ip(N)> 0*(C1—F) is much
stronger than the Ip(N)> 0*(C1—H) interaction in the parent
compoundl. This leads to a preference for conformation I
relative to conformation | by 3.3 kcal/mol. The actual energy
difference between the two conformations is considerably larger

system is possible. The calculated (B3LYP) potential functions (13.4 kcal/mol), and this difference between orbital stabilization

for internal rotation around the NC(sp?) bond are shown in
Figure 6. The minimum fol lies at®(C=C—N—Ip) = 103,
in good agreement with the GED experiment. Maxima of 6.8
and 10.0 kcal/mol occur for parallel orientation of the lone pair
at ® = 0° (lone pair toward &C bond and methyl groups
bent away from &C bond) and® = 18C°. These calculated
barriers are much lower than the experimental valueNidy-
dimethylformamide AH* = 19.7(3) kcal/mol), demonstrating
that Ip(N)— z*(C=C) conjugation is much weaker than
Ip(N) — 7*(C=0) conjugation. In the perfluorinated derivative
2, the minimum of the potential function lies & = 0° and
the maximum atb = 90°. Geometry optimizations for dihedral
angles larger than 120ed to inversion at nitrogen, indicating
that such geometries do not correspond to stable structures.
This drastic conformational change bfN-dimethylvinyl-
amine upon fluorination can be attributed to two effects: (1)

energies and total energies must be attributed to steric repulsions
which strongly favor conformation II.

Comparison between the geometric parameter$ and 2
reveals that the NC(sp) bond lengths are equal within their
experimental uncertainties in both compounds (1.383(3) and
1.386(6) A). This experimental result is reproduced correctly
by the quantum chemical calculations and can be rationalized
by the NBO analyses. Both conjugation and the anomeric effect,
which are the predominant interactionsliand2, respectively,
cause shortening of this bond. Such shortening is also observed
for the N—C(sp®) bonds in2 (1.427(5) vs 1.453(2) A), where
anomeric effects occur between the lone pair and the CF
fluorine atoms. Additional shortening of all-NC bonds in2 is
expected due to electrostatic effects, since fluorination leads to
higher positive net charges at the carbon atoms. A remarkable
difference between the geometric parametersl agind 2 is
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observed for the €C—N angle (125.3(14)vs 119.5(15)). The (Universitd Stuttgart) for giving us access to substantial com-
larger angle irl reflects the steric repulsion between the methyl puter time. We thank Dr. L Subramanian, Institut @rganische
and vinyl groups which is absent i Chemie, UniversitaTubingen, for the synthesis &f N-dimethyl-
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