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Abstract: The geometric structure of perfluofN-dimethylformamide, (CE.NC(O)F, has been determined

by gas electron diffraction (GED) and quantum chemical calculations (HF, MP2, and B3LYP with 6-311G*
basis sets). The bonds around nitrogen possess a nearly planar configuration with the sum of the nitrogen
bond angles an = 359.5(3¥. The (CR):N group is rotated around the-NC(si¥) bond by 33(4), away from

the configuration in which the nitrogen lone pair is perpendicular to the C(O)F plane. The calculated (B3LYP)
barriers to internal rotation around the-C(si¥) bond are 7.92 kcal mot for perpendicular orientation of the
(CRs)2N group (nitrogen lone pair parallel to the C(O)F plane) and 0.32 kcalhfol planar orientation
(nitrogen lone pair perpendicular to the C(O)F plane). The barrier for perpendicular orientation is much lower
than the experimental gas-phase value for the parent compougfdQ¥®)H (AH™ = 19.7(3) kcal mot?).

This theoretical result is in agreement wifff NMR spectra which show one doublet for the twos@Foups

in the temperature range 0 t670 °C. Thus, fluorination causes a strong decrease of conjugation between the
nitrogen electron lone pair and thgC=0) bond. The following skeletal parameterg distances with 3
uncertainties) were derived in the GED experiment=Q 1.182(6) A, N-C(sp?) 1.394(15) A, N-C(sp)
1.451(4) A, and N-C=0 129.4(15).

Introduction Scheme 1
The amide functional group is a basic building block of pro- N P N 0
teins, polymers, and enzymes and its structural and bonding N — N=C

properties have attracted continuing interest. Its structural ‘ hl id MeTh . .
properties are characterized by planarity or near-planarity of Of ransN-methylacetamide, HMeNC(O)MeThe GED intensi-

the groups bonded to nitrogen, by short 8(si) bond lengths, ties forN,N—dim(_athylacetamide, WQ(O)ME' are reprodu_ced
and by a high barrier to internal rotation around this bond. These €dually well with a planar equilibrium structure or with a
properties are readily rationalized by delocalization of the nitro- PSeudoplanar skelet8rSlightly pyramidal configurations around
gen electron lone pair over the f\C—=0) zz-system which can nitrogen were deterrr;med in GED_ stud|esN)N-d|methyIf(_)r-

be represented primarily by two resonance structures (Schemehamide, MQ’IIOC(O)H' and ofN,N-dimethylcarbamyl chloride,

1). These properties have been confirmed by experimental andMezNC(.O)Cl' In bo_th cqmpounds '.[he sum of the nitrogen bond
theoretical studies of several simple amides. For the parent"?mgles is 357:0 This S“g,ht deviation from plalnant.y IS most
compound formamide, #C(O)H, X-ray crystallographyand likely due to Iarge_-_arr_\plltude out-of-plane_wbratlons of an
neutron diffractiod studies on the solid compound resulted in €Xactly planar equilibrium structure. Planarity of the skeleton
a planar or slightly nonplanar structure, respectively. Microwave of MezNC(O)*H IS pred.|ctec.i by theoretical calculations with the
and infrared spectra of gaseous formamide were reproduced withMP2/6-311G* approximation (see below).

a planar structure that possesses a large-amplitude out-of-plane The N-C(sp) bond Ie_ngths reported for these compounds
vibration2 Theoretical calculations lead to planar or slightly (1.36-1.39 A) are con3|de!rably sho.rter than-B(sp) bond
nonplanar structures, depending on the approximations used lengths (1.45-1.47 A). Rotational barriers around the-R(sp)
High-level calculations, however, result in an exactly planar Pond depend strongly on the phase and on the solvent. Gas-
configuration (see ref 4 for a review). Since the positions of phaie values have be?nlldetermlnt_ed for d|methylf0rm3m|de
hydrogen atoms are not well determined in gas electron (AH” = 19.7(3) keal m?T 1)2 and for dlme_thylacetamldeXH
diffraction (GED) experiments, planarity of the molecular ~ 15.8(11) keal mqt )- Thesg .b.arrlers are reproduced
skeletons was assumed in GED investigations of acetamide,/€@sonably well by high-level ab initio calculatiots.

H.NC(O)Me? of trans-N-methylformamide, HMeNC(O)H and (5) Kitano, M.; Kuchitsu, K.Bull. Chem. Soc. Jpri973 46, 3048.
(6) Kitano, M.; Kuchitsu, K.Bull. Chem. Soc. Jprl974 47, 631.
T Universita Tubingen. (7) Kitano, M.; Fukuyama, T.; Kuchitsu, KBull. Chem. Soc. Jpri973
* Universitd Dortmund. 46, 384.
(1) Stevens, E. DActa Crystallogr., Sect. B978 34, 544. (8) Mack, H. G.; Oberhammer, H. Am. Chem. Sod.997, 119, 3567.
(2) Jeffrey, G. A.; Ruble, J. R.; McMullan, R. K.; DeFrees, D. J.; Binkley, (9) Schultz, G.; Hargittai, IJ. Phys. Chem1993 97, 4966.
J. S.; Pople, J. AActa Crystallogr., Sect. B98Q 36, 2292. (10) Schultz, G.; Hargittai, 1J. Phys. Chem1995 99, 11412.
(3) Brown, R. D.; Godfrey, P. D.; Kleibuer, B.J. Mol. Spectroscl987, (11) Ross, B. D.; True, N. SI. Am. Chem. S0d.984 106, 2451.
124, 34. (12) Ross, B. D.; True, N. S.; Matson, G. B.Phys. Cheml1984 88,
(4) Fogarasi, G.; Szalay, P. G. Phys. Chem. A997 101, 1400. 2675.
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Recent gas-phase structural studies of fluorinated methyl vinyl
ethers and methyl vinyl sulfides have shown that fluorination
has a strong effect on the conjugation between the oxygen or
sulfur electron lone pair, Ip(X), and the(C=C) bond. The
parent compounds, MeOC(HCH, and MeSC(HyCH,, pos-
sess planar syn structures (methyl group synperiplanar with
respect to the €C double bond) and this is rationalized by
strong Ip(X)—x*(C=C) conjugation (X= O or S). On the other
hand, fluorinated derivatives, such as MeOGfEf,,*
CROC(FF=CR,** CRSC(Hy=CH,,'® and CRSC(Ff=CF,'¢
possess structures with perpendicular or nearly perpendicular
orientation of the X-C(sp®) bond. These structures demonstrate
that fluorination leads to a strong decrease of conjugation and
the X—C(sp) bond adopts a sterically more favorable perpen-
dicular orientation. In the present study we report a gas-phase .
structure investigation of perfluorinated,N-dimethylforma- 0 5 10 ® 2 % s %
mide, (CR),NC(O)F, using GED and quantum chemical s/A!
calculations. The primary interest is in the effect of fluorination Figure 1. Experimental (dots) and calculated (full line) molecular
on conjugation Ip(Ny>7*(C=0) and in a possible deviation intensities for long (above) and short (below) nozzle-to-plate distances

&y, ey -3

of the molecular skeleton from planarity. and residuals.
. . Table 1. Experimental and Calculated Geometric Parameters for
Experimental Section (CRs),NC(O)F
(CR3).,NC(O)F was synthesized by the reaction obREF, and Ck- GED? MP2b B3LYPab HFab
OF. Five milimoles of CENCF, and 2.5 mmol of CFOF were c=0 1.182 (6) p 1.184 1.180 1.156
condensed at196°C into a 30 mL Kel-F reactor containing 1 mmol  N-C1 1.394 (15) p 1.402 1.398 1.393
of CsF. The temperature was raised frefii8 to 25°C within 24 h N—C2 1.451 (4) p 1.444 1.456 1.437
and the reaction mixture was fractionally condensed s4BF, which ?IC_(I:::;’ 1328.(2) 113"1;;) 11§§r§ llggg
was also formed in this reaction, was pumped off-at20 °C. 1 /mean : pL : :
According to®*C and®F NMR spectra the remaining (@ENC(O)F A(:(E:F()Cl_m)_ 0.008 [5F 0008 0007 —0.004
was _98% pure in the liquid phase. The yield was 95%gJeNC(O)F (C_F)MeIMe 1327 (3) 1329 1332 1304
relative to CEOF. C1-F4 1.335 (5) 1.337 1.339  1.300
The GED intensities were recorded with a Gasdiffraktopraph KD- N—C1=0 129.4 (15) p 127.5 127.4 126.8
G2'7 at 25 and 50 cm nozzle-to-plate distances and with an accelerating (N:ICI\:IL_(FZAE 12?1 g;‘) 3] ﬂgg %(1)8% ﬂg%
oltage of about 60 kV. The sample was kept-d5 °C. To remove TN : P : : :
e y g = Cl-N-C3 122.6 (7] 1204 1207 1206
small amounts of the more volatile (§ENF (ca. 2% in the NMR Co-N-0C3 1155
: . —N-— .5(11) 119.8 119.7 119.9
spectra), the sample was pumped off for about 2 min before recording s ¢ N)e 359.5 (3) 359 4 359.7 350.6
the intensities. The inlet system and nozzle were at room temperature.E—_C_f 108.5 (2) g 1085 108.2 108.4
The photographic plates (KODAK Electron Image Platesx1B3 cm) tilt (CF3)f 1.2 (12) p 14 1.3 1.4
were analyzed with the usual methd8#veraged molecular intensities ~ ¢(F4—C1—-N—C2) 37.2 (27) B 28.5 24.2 28.0
in thesranges 2-8 and 8-35 A~%, in intervalls ofAs= 0.2 A1 (s = ¢((I$=g(l&)'\;;(:3) 3233 ((gg)) o] 128?;55 127(506 129é79
; — — ; T(N—C(s . . . .
(‘:Z/sle)niend(?r{?i /lure ilectron wavelengthy = scattering angle), are HC3-N-C2-F1) 97.9(27) B 1021 102.7 986
P 9 - #(C2—-N—C3—F1) —166.5(32) ps —160.0 —161.1 —156.4

Theoretical Calculations. The geometric structure of (Gfz-
NC(O)F was fully optimized with HF, MP2, and B3LYP methods, using ara values in A and deg. Error limits ares3values and include
6-311G* basis set¥. The geometric parameters are included in Table P0b35|b|e systematic errrors (see text). For atom numbering see Figure
1. Furthermore, structures with exactly planar and with perpendicular 3: ° 6-311G* basis sets. Mean values are given for parameters which

orientation of the (CE:N group were optimized with the B3LYP are not unique¢ Not refined but varied within the range given in
thod. The struct f MNC(O)H timized with the th brackets for estimation of the possible systematic efrBifference
method. The structure of MBC(O)H was optimized with the three (1 _N_c3) — (C1-N—C2) constrained to 1°AMP2 value).c Sum

- - - : of bond angles around nitroge'Tilt angle of CF; groups in the CNC
sg(clf)ggvébff?’fégi’ Rablen, P. R.;Rush, D. J.; Todd, AJKAM. Chem. 556 and away from the opposite ffoup.9 Torsional angle around

(14) Leibold, C.; Reinemann, S.; Minkwitz, R.; Resnik, P. R.; Ober- the N—C(sp¥) bond away from the configuration in which the nitrogen

hammer, H.J. Org. Chem1997 62, 6160. !one_ pair is perpendicular to the C(O)F plane (see Newman projection

(15) Lieb, M.; Oberhammer, HChem. Ber1997, 130, 131. in Figure 3).

(16) Olleta, A.; Haas, A.; Oberhammer, Bhem. Ber1995 128 803.

(17) Oberhammer, HMolecular Structures by Diffraction MethogBhe methods to obtain information about the effect of fluorination on
ChelnglchSohaety: Logd_og 19{)?; V\(;\I/' _4\',\/9”24' 4. Mol. Struct 198 geometric parameters of this compound. According to these calculations
70’(27)3' erhammer, H.; Gombler, W.; Wiliner, B. Mol. Struct 1981, the parent compound possesses an exactly planar skeleton. Natural bond

(19) GAUSSIAN 98 (Revision A.6), Frisch, M. J.; Trucks, G. W.;  orbital (NBO) analyse®8 were performed for the parent and for the
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, fluorinated compound at the B3LYP level. Vibrational amplitudes for
V. G.; Montgomery, J. A.; Stratman, R. E.; Burant, J. C.; Dapprich, S.; the fluorinated derivative were derived from a Cartesian force field
Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;  gptained with the HF approximation, using the program ASYN4O0.

Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Menucci, B.; Pomelli, C.; : :
Adamo, C.- Clifford, S.: Ochterski. J.: Petersson, G. A.; Ayala, P. Y. Cui, The calculated force constants were scaled with a uniform factor of

Q.. Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, k.; 0-90 and the amplitudes are listed in Table 2.

Foresman, J. B.; Cioslovski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Structure Analysis. The radial distribution function (RDF) was
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; calculated by Fourier transformation of the molecular intensities which
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzales, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W,; (20) NBO Version 3.1, Glendening, E. D.; Reed, A. E.; Carpenter, J.
Wong, M. W.; Andres, J. L.; Gonzales, C.; Head-Gordon M.; Replogle, E. E.; Weinhold, F.

S.; Pople, J. A. Gaussian, Inc.: Pittsburgh, PA, 1998. (21) Hedberg, L.; Mills. I. M.J. Mol. Spectrosc1993 160, 117.




Structure of Perfluoro-N,N-dimethylformamide J. Am. Chem. Soc., Vol. 122, No. 17, 2006

Table 2. Interatomic Distances and Vibrational Amplitudes for gERC(O)F

distance GEBP HF? distance GEB HF?

C=0 1.18 0.036 0.036 C3--F1 3.26 0.136 0.136
C-F 1.33 0.044(2) Iy 0.043 Ct--F3 3.28 0.162 0.162
N—-C1 1.39 0.044(2) Iy 0.046 C3--F3 3.45 0.090 0.090
N—C2 1.45 0.044(2) Iy 0.047 Ct--F2 3.46 0.079 0.079
F---F 2.15 0.057(3) 15 0.057 C3--F4 3.51 0.070 0.070
N---F 2.172.30 0.057(3) A 0.057 Q--C2 3.55 0.067 0.067
O---F4 2.23 0.057(3) I 0.059 C1--F2 3.56 0.068 0.068
N---O 2.33 0.057(3) I 0.051 F3:-F3 3.59 0.255 0.255
C2---C3 2.45 0.06% 0.064 O--F3 3.60 0.3138 0.313
F2---F3 2.49 0.268 0.268 C2--F1 3.61 0.078 0.073
C1---C2 2.49 0.065 0.065 O--F3 3.69 0.145 0.145
C3---F2 2.54 0.114 0.111 F4--F1' 3.85 0.142 0.142
F2---F2 2.57 0.124 0.124 F2--FI' 3.86 0.076(20) I3 0.096
C2---F4 2.65 0.118 0.118 F4--F2 3.95 0.076(20) I3 0.101
Cl---F1 2.70 0.086 0.086 F1--F3 3.97 0.122(40) l4 0.141
F4---F3 2.71 0.126 0.126 F3--F2 4.03 0.076(20) I3 0.096
O---F1 2.72 0.128 0.128 Q--F2 4.12 0.076(20) I3 0.090
Cl---F3 2.76 0.108 0.108 F4--F2 4.18 0.122(40) l4 0.122
C2---F2 2.77 0.126 0.120 O--F1 4.29 0.122(40) l4 0.147
F4---F1 2.77 0.273 0.273 Ft--F1' 4.31 0.208 0.208
C2---F3 2.87 0.163 0.163 F4--F3 4.38 0.122(40) l4 0.106
0---C3 2.98 0.106 0.106 O--F2 4.48 0.122(40) l4 0.111
Cl---F1 3.12 0.1538 0.153 F3:-F1' 4.49 0.076(20) I3 0.081
F1.--F2 3.16 0.262 0.262

a Amplitudes in A; uncertainties arev3values. For atom numbering see Figure 3. Amplitudes with the same number have been refined as a
group.® From the HF/6-311G* force fieldk Not refined.
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Figure 3. Molecular model with atom numbering (left) and Newman

/I |\\ |\v| lll (IR ET IR TINET; projection along the NC(sp) bond (right).
PPeET Tz
THQO mm was constrained to planarity. Vibrational amplitudes which either caused
large correlations or were poorly determined in the GED experiment
C , . . . , were fixed to calculated values. With these assumptions 13 geometric
0 1 2 3 4 5 parameterg; and four vibrational amplitudes were refined simulta-

R/A neously. The following correlation coefficients had values larger than

Figure 2. Experimental radial distribution function and difference 0-6° P2/ps = —0.68, ps/ps = 0.63, py/p1o = —0.68, palls = —0.75,

curve. Important interatomic distances are shown by vertical bars. The 21dP12/la = —0.70. The final results of the GED analysis are listed in
identity of unlabeled distances may be deduced from Table 2. Tables 1 (geometric parameters) and 2 (vibrational amplitudes). The
molecular structure is shown in Figure 3.

were multiplied with an artificial damping function exp0.001%?). ) _
The experimental curve (Figure 2) is reproduced best with a molecular Discussion

model in which the (CE2N group is rotated by about 30elative to . . .
the C(O)F group. This preliminary model was refined by least-squares In perfluorinated dimethylformamide, (GENC(O)F, the

fitting of the experimental intensities. The intensities were modified 20Nds around nitrogen are almost planar with the sum of the
with a diagonal weight matrix. Since all single bond distances and the Nitrogen bond angle§ o = 359.5(3). This slight deviation
first nonbonded distances overlap strongly, several geometric constraintsfrom planarity may be due to out-of-plane vibrations. On the
had to be applied and the MP2 results were used for quantitative values.other hand, all three computational methods predict a very
(1) Cs, symmetry was assumed for the £groups with a tilt angle similar nonplanarity for the equilibrium structure. From the two
between the N-C(sp) bonds and th€; symmetry axes. The tilt occurs  dihedral angles which describe the orientation of theQ\s|)

in the C-N—C plane and away from the opposite £ffoup. (2) The honds ¢(F4—C1-N—C2) = 37.2(27} and¢(O=C1-N—C3)

two N—_C(sﬁ) bond lengths were set equal. ThI'S assump_tlon |s_Just|f|ed = 28.6(36), we can derive a torsional angle for the @GN
according to the HF and MP2 calculations which result in a difference group around the NC(sp) bond oft(N—C(sp)) = 33(4) (see

of 0.001 A. The B3LYP method predicts a difference of 0.010 A N ) ;
between these two bonds (see Table 1). (3) The difference between'\lewm""‘n projection along the-NC(spf) bond in Figure 3). This

the C(sf)—F bonds and the C(&p-F bond was constrained to the torsional angle is the mean value of the two dlhedral angles
calculated value (0.008 A with an estimated uncertainty-6f005 A). ¢(F4—C1-N—C2) andp(O=C1—-N—C3). The rotation around
(4) The difference between the two CfspN—C(sp) angles, the N—-C(sp) bond away from the configuration in which the
(C1-N—C3)— (C1-N—C2), was set to 12 (5) The NC(O)F moiety nitrogen lone pair is exactly perpendicular to the C(O)F plane
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can be rationalized by two effects: (1) steric repulsions between groups, Ip(Ny>o*(C—F) and (2) partial occupation of the

fluorine atoms of the two Cfgroups and the fluorine and

7*(C=0) bond by Ip(F)~7*(C=0) interaction. Both effects

oxygen atom of the C(O)F group and (2) reduced conjugation lead to a decrease of the IpN)r*(C=0) conjugation in the

between the nitrogen lone pair and théC=0) bond. The
shortest F-F and F--O contacts (F&-F4 = 2.77 A and

fluorinated compound. A clear quantitative explanation of this
decrease on the basis of a natural bond orbital (NBO) analysis

F1---O = 2.72 A) are similar to the respective van der Waals is not possible, because a large number of orbital interactions
radii (2.70 and 2.75 A, respectively). This indicates that steric is involved. The Ip(Ny>z*(C=O0) interaction energy is predicted

repulsions are not very strong.

to decrease from 63.8 kcal mdlin Me;NC(O)H to 22.6 kcal

The GED experiment does not provide any information about mol=! in the fluorinated species. This difference seems to be

the barriers to internal rotation around the-N(sp?) bond.

unrealistically large, but it is compensated partially by many

Theoretical calculations (B3LYP) predict the planar orientation other less important orbital interactions.

of the (CR)2N group (nitrogen lone pair perpendicular to the
C(O)F plane) to be 0.32 kcal mdl and the perpendicular

Considering systematic differences between experimental
geometric parameters (vibrationally averaggdvalues) and

orientation (nitrogen lone pair parallel to the C(O)F plane) to calculated equilibrium values, the MP2 and B3LYP method

be 7.92 kcal mol! higher in energy than the equilibrium

reproduces the experimental bond lengths very well (better

structure. The calculated barrier for the perpendicular orientation than £0.01 A). As expected, most HF bond lengths are too

is much lower than the experimentéiH” value for the
nonfluorinated dimethylformamide of 19.7(3) kcal mbtt A
low barrier to internal rotation in the fluorinated derivative is
also indicated by th&F NMR spectra. In the temperature range
0 to —70 °C only one doublett at-56.33 ppm is observed for

short. Experimental and calculated bond angles differ by up
to 4°. The experimental NC1—F4 angle which has a large
uncertainy is about 3 smaller than the calculated value.
The C(sB)—N—C(sp) angles are by about°darger and the
C(sp)—N—C(sp’) angle is by about 4 smaller than the

the two Ck groups. Thus, fluorination leads to a strong decrease calculated values. The experimental and calculated sums of the

of conjugation Ip(N)~z*(C=0) which, however, is still strong
enough to keep the (GRN group in a sterically unfavorable

nitrogen bond angles, however, agree exactly with each other.
The largest difference occurs for the torsional angle around the

near-planar orientation. A decrease of conjugation upon fluo- N—C(sp) bond. The GED analysis results in a larger “effective”

rination is reflected also in lengthening of the-I8(s) bond
and in shortening of the=€0 bond. Because of large uncertain-
ties the lengthening of the NC(sp) bond is not obvious
from the experimental values (1.391(7) A in N&C(O)H® and
1.394(15) A in (CR),NC(O)F), but the calculated (MP2) bond

torsional angle of 33(4)than the calculations which predict
23.5 (MP2), 20.6 (B3LYP), and 23.9 (HF). This difference

of about 10 between the vibrationally averaged experimental
angle and the calculated equilibrium values is at least to some
extent due to large-amplitude vibrational effects. The HF method

distances clearly demonstrate such an expected lengtheningredicts a very low frequency (34 cr) for the torsional

(1.365 vs 1.402 A). Shortening of the<® bond is obvious

from experimental (1.224(3) vs 1.182(6) A) and calculated

values (1.220 vs 1.184 A).

The decrease of conjugation upon fluorination can be

rationalized qualitatively by two effects: (1) partial involvement
of the nitrogen lone pair in anomeric interactions with the; CF

vibration around the NC(sp) bond.
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