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Gas-Phase!H NMR Studies of Internal Rotation Activation Energies and Conformer
Stabilities of Asymmetric N,N-Disubstituted Formamides and Trifluoroacetamides
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Activation parameters and conformational stabilities characterizing the internal rotation about the peptide
bond in a series oN,N-asymmetric dialkylformamides (HCONR,: R; = CHs, R, = propyl, butyl, and
isopropyl) andN,N-asymmetric dialkyltrifluoroacetamides {FCONRR,: R; = CHs, R, = propyl, butyl,

and isopropyl) are determined from temperature-dependent gasiphisis4R spectra. Conformer free energy
differences,AG%ggsyn—anti), in cal mot?, and activation free energieAG*,gs in kcal mol? , for the
formamides are-83(14)/19.4(0.1) for R= propyl, —80(14)/19.3(0.1) for R= butyl, and—91(13)/19.1(0.1)

for R, = isopropyl and for the trifluoroacetamides 178(24) /16.8(0.1) fpr=Roropyl, 191(53)/16.6(0.1) for

R, = butyl, and 218(29)/16.3(0.1) for,R= isopropyl. The preferred conformer in both the gas and liquid
phases has thd-methyl group syn to the carbonyl oxygen in the formamide systems arid-thethyl group

anti to the carbonyl oxygen in the trifluoroacetamides. The gas-phase results are compared to liquid-phase
values.

Introduction obtained folN,N-symmetric disubstituted trifluoroacetamidés.

The importance of syn/anti isomerization about the peptide Agaln, rotational barriers were observed to decrease with

: . ) I
bond in the biological function of enzymes and proteins is well- Increasing alky! substituent SIz€. In 1995, _Suarez a_nd True
known12 The stability of secondary and tertiary structures is presented the first systematic study of rotational barriers in the

. : . hase of asymmetrically substituted amides. Their studies
derived partly from the planar structure and relatively high 925 P : .
barrier t(g3 rotgtion about Ft:)he{:N bond. The high barrieyr tog of gas- and solution-phaseethyl-N-methyiformamideN-ethyl-
rotation about the €N bond in amides is characterized by the llc\l-m(ejtrmtrtlfluoroa;:hetﬁlm|dde_, zn?:-?tréyl-N-Tethyl?r(]:etangl(:_e |
simple resonance model where the contribution of partial double ound that, as wi € disubstiiuted systems, the rotationa

to subsequent inhibition of free-EN bond rotation. In the 9 y

planar ground state, the nitrogen atom, in an attempt to minimize ferrfcnhcgfedwoﬂlgaktcea ;:)?{ a:zgt:aeﬁﬁgr:'?huéd ;(;t_at;]oar;ael b:lrrleesrs
the energy of its lone pair electrons, interacts with an electron- whi = 9 gas-p values.

deficient carbonyl carbon atof Effects of substitution at the Variable-temperature NMR methp ds allow for_ the elucidation
carbonyl carbon have been more extensively studied than of the temperature dependence of interconversion rate constants

nitrogen substituent effects and are quite successfully characternd conformer populations to yield a complete set of kinetic

ized by the simple resonance modelt has been shown that ~ 2nd thermodynamic parameters. This method has been widely
carbonyl substituents larger than=¥ H lower the barrier to u.sed. In .the. Sthy OT consfgsr mational stability a}nd exchange
internal rotation through destabilization of the planar ground Kinetics in liquid amides:>*® Gas-phase experimental data
state due to ¥-R crowding® Effects of electron-withdrawing allow for a more d_|re_ct analysis of trends, _reveal Intrinsic
and -donating substituents are described in terms of their Molecular characteristics, and can be used directly to test the
stabilization and destabilization of the transition-state struéture. €liability of theoretical calculations, which generally examine

The present study focuses on investigating the rotational barrier'Solated molecules. We present gas-phase kinetic parameters
dependence on substitution at the amide nitrogen in asymmetri-OPtained from exchange broadened variable temperature NMR
cally substituted amides. studies for a series of asymmetrically substituted formamides

and trifluoroacetamides and compare them to the solution-phase

0 R -0 R values.
\\C—N/ < > \CZN/ This c:c,tudy reports the Gibl_os free energy differencsG;
J/ L and AG®, characterizing the hindered rotation about theNC
Y R2 Y Ro bond in gaseous and solution-phase systembl-ofethyl-N-
I I propylformamide (MPF)N-butyl-N-methylformamide (MBF),

N-isopropylN-methylformamide (MIF)N-methyl-N-propyltri-
Asymmetrically substituted amides are of great interest becausefluoroacetamide (MPTFA)N-butyl-N-methyltrifluoroacetamide
they display conformer population differences. Many theoretical (MBTFA), and N-isopropylN-methyltrifluoroacetamide (MIT-
investigations have focused on these differences in attempts toFA). This is the first gas-phase study of these systems. The
describe the contribution of each conformer in stable protein solution-phase measurements yield information about the sta-
structure$11 A previous study by LeMaster and Thde bilizing and destabilizing effects of solvent perturbations on the
reported that internal rotational barriers M,N-symmetric peptide bond torsional barrier. It has been well established that
disubstituted formamides decrease with increasing size of alkyl amide self-association, solveramide association, solvent
substituents on the amide nitrogen. Similar results were polarity, and increased internal pressure due to phase affect the
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reaction raté3 It has also been suggested teG* increases 1000-3000 transients were collected for the gaseous samples
with high amide concentratiorr(L5 mol %) in solution systems  and 16 for the solution samples at each temperature and stored
due to amide aggregatidn.We have, therefore, examined 1 in 8K of memory to achieve a maximum signal-to-noise of 10:1

mol % amide solutions in the present study. and 100:1 after multiplication by an exponential line broadening
factor of 1 Hz. A sweep width of-2500 Hz was employed,
Experimental Section giving a digital resolution of 0.6 Hz/point. Temperatures were

controlled with a 0.1°C pyrometer and read after each
acquisition. Temperature measurements for the gas-phase
spectra were made using two coppeonstantan thermocouples
placed within an empty 3 cm long, 12 mm o.d. insert tube fitted
within a 12 mm NMR tube. This design closely resembles the
experimental sample system. Using this technique, the tem-
perature gradient within the active volume of the probe was
“found to be less than 0.2 K. Samples were allowed to thermally
equilibrate for at least 10 min prior to sample acquisition.
Liquid temperatures were measured in the same manner, except
that a single 5 mm NMR tube containing TCIE and one copper

Synthesis of Asymmetric Formamides. All asymmetric
formamides were prepared by aminolysis of ethyl formate with
the corresponding amineNl-methylpropylamineN-methyliso-
propylamine, andN-methylbutylamine. The addition of ethyl
formate (0.2 mol) to the amine (0.1 mol) in ethanol was carried
out in an ice-salt bath with constant stirring and then allowed
to reach room temperature. The reaction mixture was subse
quently refluxed for +3 h and then stirred overnight. Frac-
tional distillation yielded the amide product.

Synthesis of Asymmetric Trifluoroacetamides. All asym-
metric trifluoroacetamides were prepared by slow addition of a .4 stantan thermocouple was employed.

molar excess of trifluoroacetic anhydride to the corresponding Parameter Determination. Rate constants were calculated

amine at CC. The resulting reaction mixture was washed with sing the computer program DNMRBwhich uses an iterative
saturated aqueous sodium bicarbonate _and extrac_ted into d'.ethyﬁonlinear least-squares regression analysis to obtain the best
ether. The ether was removed to yield the trifluoroamide fit for the experimental NMR spectra. The program was

product. . . . . . e
. . provided with anti and syn proton chemical shifts at the limit
All reagents were purchased from Aldrich Chemical Co. and of slow exchange, coupling constants, transverse relaxation

used Wlthout further purification. All amide products were times, and the digitized NMR spectrum. The effective line
characterized byH NMR spectroscopy. width parameter was measured at slow and fast exchange for
Sample Preparation. Gas-phase NMR samples were pre- gach amide. The effective line width was estimated at each
pared in restricted volume NMR tubes constructed from 3 €M emperature by assuming a linear temperature dependence. The
long sections of Wilmad high-precision 12 mm coaxial inserts. |ine width of TMS at each exchange temperature was used to

The short tubes were inserted into longer 12 mm tubes for ggimate the magnetic field inhomogeneity contribution to the
introduction into the probe. The shorter tubes confined the |ine width. This factor and the exponential line broadening

sample and reduced the temperature gradient within the activetyctor were added to the interpolated values for the effective

volume. Atmospheric pressure samples were prepared byjine width to obtain a total line broadening, and thus the effective
deposition of a small drop of the amide in the bottom of the ansyerse relaxation tim@4) was determined at each temper-
sample tube. A small drop of tetramethylsilane (frequency and 46 Rate constants in the exchange region were obtained by
resolution reference) was also added to the slightly cooled 3 jierating on rate constant, spectral origin, baseline height, and
cm insert tubes prior to torch sealing. The amide gas equili- paseline tilt. All other parameters were held constant.

brates at its vapor pressure which increases as the probe Conformer Gibbs energy differencesG®, were calculated
temperature increases. This allows for the sample vaporthrough extrapolation oAH° and AS® fror,n the slope and
pressure and thus the NMR signal to increase with temperature.imemept of 1T versus InKeq according to the van't Hoff
Samples were run from low to _high temperaturg to_ avoid equation. TheAG° values areqreported at 298 K. The changes
cond_ensatlon on the walls of the insert tube. Amide internal of the population ratios in the slow exchange region allowed
rotation rate constants are not pressure dependent at pressurgs; ihe characterization dfeqas a function of temperature. Al
betweep a few Torr and several atmosphé‘?es. ) populations were determined by the average of 20 integrations.

Solution-phase sam_ples were prepa!red in 5 mm o.d. Wilmad Gas-phase slow exchange population ratjig/pans ranged
NMR tubes and contained 1 mol % amide in tetrachloroethane- ¢5m1.12 to 1.06 for MPFE. 1.11 to 1.08 for MBF. 1.16 to 1.10
d> (TCIE, Aldrich). TCIE, which boils at 146C, was used o MIF, 0.73 to 0.78 for MPTFA, 0.73 to 0.78 for MBTFA,
because of the relatively high temperature of the exchange 54 0.68 to 0.78 for MITFA.
regions for MBF, MPF, and MIF and its relative nonpolarity.

All liquid samples also contained a drop of TMS as a frequency Results
and resolution reference.

Spectroscopic Measurements Gas-phaséH NMR spectra Exchange rate constants used to determine gas-phase activa-
were acquired on a wide-bore GE NT-300 spectrometer (proton tion parameters from exchange broadened spectra are tabulated
observation at 300.06 MHz) fitted with a Tecmag acquisition in Table 1. Eyring plots of the gaseous rate constants are shown
upgrade and equipped with a Bradley 12 mm proton probe. in Figure 1. Table 2 lists the experimental gas- and solution-
Liquid-phase!H NMR spectra were also acquired on a wide- phase conformer Gibbs energy differences and percentage of
bore GE NT-300 spectrometer (proton observation at 300.07 syn conformer for each amide system at 298 K. The experi-
MHz) fitted with the Tecmag acquisition system and equipped mental activation parameters for the gaseous and solution
with a Bradley 5 mm proton probe. All measurements were systems are given in Table 3. Conformer assignments are
made on spinning samples in unlocked mode. Acquisition described below followed by results of the exchange broadened
parameters were as follows: pulse lengthu$490C flip angle); line shape analyses.
delay time, 1.3 s; and acquisition time, 1.0 s. Delay times for =~ Conformational information was obtained by analysis of the
all liquid spectra were 5 s. No changes in the population ratios slow exchange spectra for all six amide systems in both the
were observed for sample acquisitions with 5 and 10 s delay gas and solution phases. The resolved spectra clearly show two
times for the gas and solution samples, respectively. Typically conformational forms: syn (thd-methyl group syn to carbonyl
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TABLE 1: Rate Constants (k) for Internal Rotation in Gaseous MPF, MBF, MIF, MPTFA, MBTFA, and MITFA as a
Function of Temperature

MPF MBF MIF MPTFA MBTFA MITFA

T(K) k(s T(K) k(s T(K) k(s T(K) k(s T(K) k(s T(K) k(s

338.1 2.1(0.3) 3504 7.1(1.6) 34638 6.6(05)  299.4 3.8(0.3) 3002 5.3(0.4) 310.8  22.4(0.3)
344.4 41(0.3)  355.0 6.4(L7) 3515 9.000.3) 3022 49(0.3)  304.0 6.900.4) 3129  23.8(0.2)
346.8 6.2(0.4)  359.1 13.8(2.1) 3546  12.00.2)  303.0 4.8(0.3)  305.8 8.8(0.6) 3147  27.7(0.8)
349.8 5.4(0.2)  365.1 14.8(1.7) 3562  14.4(0.1)  308.1 7.9(0.3) 3082  10.5(0.3) 3167  34.3(0.5)
353.5 8.7(0.2)  366.9 21.0(1.6) 3587  17.000.0) 3105  10.2(0.3) 3103  10.5(0.3) 3167  34.3(0.5)
353.8 10.7(1.3) 3715 32.0(1.7) 3628  21.8(0.0) 311.9  11.1(05) 3127  17.2(05) 3202  45.1(0.6)
356.2 12.0(0.5)  377.8 43.3(1.6) 3617  20.9(0.0) 3143  14.6(0.3) 3140  18.8(0.5) 3220  56.0(0.7)
369.0 43.4(06) 3816 67.0(2.0) 3647  29.2(0.4)  316.7  18.4(0.3)  317.1  22.7(04) 3251  62.9(0.4)
382.6 90.3(1.1)  384.7 76.9(2.1) 31855  19.3(0.2)  319.9  30.2(0.5)

384.1  106.6(0.8)  387.5 94.5(2.1) 3202  25.3(0.1)  322.8  35.3(0.4)

387.1  122.5(1.9) 390.8  106.6(3.4) 3221 31.1(0.2) 3236  37.7(0.3)

389.9  140.8(1.8) 3233  36.6(00.3) 3267  52.3(0.2)

391.4  141.4(1.5) 3249  36.9(0.3)

3271 39.8(0.3)
3302  60.0(0.4)
3320  61.1(0.3)

-1 TABLE 2: Conformer Free Energy Differences (cal mol?)
and Percentage of Preferred Conformation

percentage of syn confornker

AG%ad AGYg? gas liquid
MEFe —78(11) —235(8) 56 73
. MPF —83(14) —256(17) 55 68
2 MBF —80(14) —242(7) 56 67
MIF —91(13) —273(6) 57 69
METFAS  204(49) 27(25) 29 48
MPTFA 178(24) 51(42) 32 46
MBTFA  191(53) 77(88) 32 43
MITEA 218(29) 102(32) 30 39

2 AG® = G%yn — G%ni PThe percentages are reported at 298 K due
-3 - to the temperature dependence of the populatibReference 14.
Populations have been calculated from reporésf values.

In (k/T)

TABLE 3: Activation Parameters for Gaseous and Solution
Phase (1 mol % TCIE) MPF, MBF, MIF, MPTFA, MBTFA,
and MITFA

AG*y9g(kcal morl)  AH* (kcal molY)  AS (cal molt K~2)
gas liquid gas liquid gas liquid

MPF  19.4(0.1) 20.3(0.1) 19.5(2.2) 18.5(3.0) 0.3(8:65.0(9.2)
MBF  19.3(0.1) 20.1(0.1) 19.2(1.6) 18.3(0.3)0.3(4.7) —6.4(0.2)
MIF  19.1(0.1) 19.9(0.1) 18.8(1.1) 18.3(1.8)1.0(2.5) —5.4(5.5)
MPTFA 16.8(0.1) 19.1(0.1) 16.8(1.9) 20.1(1.6) 0.2(8.7) 3.3(5.1)
MBTFA 16.6(0.1) 19.0(0.1) 16.0(0.7) 20.1(2.0)1.8(1.2) 3.7(7.4)
MITFA 16.3(0.1) 18.2(0.1) 15.2(1.3) 17.5(1.73.7(4.4) —2.3(5.6)

4

information? The long-rang&y-y andJy—r coupling constants
in N-methylalkylformamides antl-methyl alkyltrifluoroaceta-
mides are typically larger when thé-methyl group is syn to
the carbonyl oxygen in formamide systems and anti to the
1000/T (Kelvin) carbonyl oxygen in trifluoroacetamide systetnd®2! The Jy_¢
Figure 1. Eyring plots of gas-phase exchange rate constants for coupling constants in the prgsgnt §tudy are s_maller t.han those
asymmetrically substituted formamides and trifluoroacetamidey; (  'eported by Suarez et #. This finding is consistent with the
MPF, @) MBF, (a) MIF, (¥) MPTFA, (@) MBTFA, () MITFA. previously reported solvent dependence of these coupling
constantg® Long-range coupling is not seen in any of the
oxygen) and antiN-methyl group anti to carbonyl oxygen). gaseous formamide systems, and conformer assignments are
The observation of separate signals at slow exchange for alkyldetermined by comparative analysis with the corresponding
protons attached to nitrogen is due to the magnetic anisotropyliquid system assuming that the relative positions of the
of the amide group:18:19 resonances are not reversed.

TheN-methyl protons syn to the carbonyl oxygen experience  Conformer stability and preference are investigated through
greater shielding and therefore resonate at higher field than theanalysis of the Gibbs free energy differena&;°, and percent-
N-methyl protons anti to the carbonyl oxygen in formamide and age of preferred conformation. The experimental formamide
trifluoroacetamide system8. Conversely, the methylene and AG®'s (syn—anti) are observed to be small and negative in the
methine protons syn to the carbonyl oxygen are observed togaseous and solution-phase systems and small and positive for
resonate at lower field relative to the anti signals. This is the corresponding trifluoroacetamides. It is interesting to note
consistent with previous reports by Stewart and SiddRlpulsen that, in comparison tdl-methylformamide and other mono-N-
and Todt!® and LaPlanche and Rogeé¥s The inequality of syn substituted alkylamide$y,N-asymmetric amides do not exhibit
and anti coupling constants also provides conformational a significant conformational preferené&??
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higher field for the lower fieldN-methyl resonances and 0.037-

(0.069) ppb K to higher field for the higher fieldN-methyl

resonances. Exchange data were obtained forNimeethyl
3914K : resonances from 386.7 to 405.4 K.

N-Butyl-N-methylformamide. The slow exchange spectra

of N-butyl-N-methylformamide (MBF) consist of a tripled &

6.71 Hz) at 0.97 ppm, two weak multiplet signals centered at

1.36 and 1.54 ppm, twbl-methyl singlet resonances centered
3535K 2.79 ppm QAv = 23.19 Hz), two methylene tripletd & 5.5
Hz) centered at 3.25 ppm\¢ = 62.71 Hz), and a singlet formyl
resonance centered at 8.01 ppm. No temperature dependence
was observed for the chemical shifts throughout the slow
exchange region. Exchange broadened spectra were obtained
for the methylene resonances from 350.4 to 390.8 K.

The solution-phase slow exchange spectra consist of a triplet
(J = 6.71 Hz) at 0.92 ppm, a sextet at 1.29 ppm, a quintet at
1.49 ppm, two singleN-methyl resonances centered at 2.85
ppm Av = 23.19 Hz), and two methylene tripletd € 6.71
Hz) centered at 3.24 ppm\¢ = 26.25 Hz). Two formyl singlet
447K resonances were observed centered at 7.97 gom= 3.05

Hz). Solution-phase chemical shifts of the MB¥methyl
protons used for line-shape analysis showed a small temperature
dependence of 0.460(0.081) ppbkto higher field for both

the high and low field resonances. Exchange rate data were
acquired for theN-methyl resonances from 385.6 to 402.1 K.

N-Isopropyl-N-methylformamide. The slow exchange spec-

349.7K

323.1K
tra of N-isopropylN-methylformamide (MIF) consist of a pair
T T a T T T T ! of doublets § = 6.11 Hz) centered at 1.14 ppm with a limiting
28 280 278 276 274 272 270  2.68 chemical shift separation of 20.14 Hz, a singhimethyl

resonance at 2.71 ppm, two methine multiplets centered at 3.72

) ) ppm Av = 47.60 Hz), and two formyl singlet resonances

Figure 2. Temperature dependence of thenethyl'H resonances in centered at 8.02 ppr¢ = 37.23 Hz), downfield from gaseous

gaseous MPF at 300 MHz. The top and bottom traces correspond to . ) ’

calculated and experimental spectra TMS. No discernible temperature dependence was observed.
' The exchange rate data were acquired for the isopropyl methyl

N-Methyl-N-propylformamide. The slow exchange spectra resonances. from 346.9 to 366.1 K. ]
of gaseousN-methyl-N-propylformamide (MPF) consist of a The solution-phase slow exchange spectra of MIF in 1 mol
triplet (J = 6.71 Hz) at 0.89 ppm, a weak multiplet at 1.56 % TCIE consist of two doublets) = 6.71 Hz) centered at 1.16
ppm, twoN-methyl resonances (singlets) centered at 2.78 ppm PPM (Av = 25.03 Hz), twoN-methyl singlets centered at 2.76
with a limiting chemical shift separation of 0.02 ppmyy( = ppm (Av = 11.6 Hz), two methine septets centered at 4.16 ppm
6.00 Hz in a 7.05 T magnetic field), and two methylene triplets (Av = 248.41 Hz), and two formyl singlet resonances centered
(J = 6.71 Hz) centered at 3.20 ppr¢ = 59.71 Hz), all at 8.01 ppm Av = 43.95 Hz). A temperature dependence of
downfield from gaseous TM$(= 0 ppm). Two formyl proton 0.580(0.035) ppb Kt to higher field for both hlgh and low field
singlet resonances were observed centered at 7.95 Ap( resonances was again observed for the solution-piasethyl
30.01 Hz). The limiting chemical shift differences are consis- résonances. Exchange broadened spectra were obtained from

Chemical Shift / ppm

tently larger for MPF compared to those fd-ethyl-N- 375.5 10 385.1 K.

methylformamidé4 This is the first time bothN-methyl N-Methyl-N-propyltrifluoroacetamide. The slow exchange
conformer resonances have been observed in a gaseous formapectra of gaseodd-methyl-N-propyltrifluoroacetamide (MPT-
mide system. Previous studies of gasebusthyl-N-methyl- FA) consist of a triplet{ = 6.71 Hz) at 0.94 ppm, a sextet at

formamidé# andN,N-dimethylformamidé* report theN-methyl 1.65 ppm, twoN-methyl resonances centered at 2.99 ppm (
resonances to be isochronic. No temperature dependence of= 37.23 Hz), and a broadened methylene multiplet at 3.38 ppm.
the chemical shifts was observed throughout the slow exchangeThe lower fieldN-methyl group was resolved into a quartét (
region. Exchange broadened spectra oNkaethyl resonances = 1.22 Hz). The splitting of the low field group was determined
were obtained over a temperature range of 33833.5K and  to be caused by long-range fluorine coupling. The exchange
353.5-391.4 K for the methylene resonances. Figure 2 shows broadened spectra for tiémethyl resonances were obtained
the experimental and calculated gas-phase variable temperatur@ver the temperature range 299382.0 K.
1H spectra of theN-methyl resonances. The solution-phase slow exchant¢ spectra of MPTFA (1
Additionally, solution-phase exchange data were obtained for mol % TCIE) consist of a tripletX= 6.71 Hz) at 0.911 ppm,
a 1 mol % solution in TCIE. The slow exchange spectra consist a sextet at 1.62 ppm, twh-methyl resonances (low field is
of a triplet = 6.71 Hz) centered at 0.88 ppm, a sextet centered quartet = 1.22 Hz, high field is broadened singlet) at 2.98
at 1.54 ppm, twd\-methyl singlets centered at 2.85 pprw/( and 3.08 ppmAv = 28.51 Hz), and two methylene resonances
= 21.97 Hz), two methylene tripletd & 7.33 Hz) centered at  at 3.33 ppm (high field signal appears to be slightly broadened)
3.16 ppm Av = 28.68 Hz), and a single formyl resonance at and 3.38 ppmAv = 14.40 Hz). The broadening of the high
7.97 ppm, downfield from gaseous TMS. The chemical shifts field methylene group is consistent with unresolved long-range
showed a temperature dependence of 0.305(0.082) ppliok fluorine coupling. Exchange data for themethyl resonances
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were collected from 347.7 to 355.4 K. The fluorine coupling
was included in the fitting of these liquid spectra. No evidence
of any temperature dependence was observed for the gaseous
and solution systems. 364.7K

N-Butyl-N-methyltrifluoroacetamide. The slow exchange
spectra oN-butyl-N-methyltrifluoroacetamide (MBTFA) consist
of a triplet § = 6.71 Hz) at 0.98 ppm, two weak multiplets at
1.37 and 1.60 ppm, twhN-methyl singlets centered at 2.99 ppm
(Av = 35.40 Hz), and a weak broadened methylene resonance
at 3.43 ppm, downfield from gaseous TMS. Fluorine coupling
was again observed for th¢-methyl resonances. Exchange
data were acquired from 300.2 to 326.7 K for tNemethyl
resonances.

The solution-phase slow exchange spectra of MBTFA (1 mol
% TCIE) consist of a tripletY= 6.71 Hz) at 0.94 ppm, a sextet 3202K
at 1.32 ppm, a quintet at 1.55 ppm, tWbmethyl resonances
(high field is broadened singlet, low field is quartet:= 1.22
Hz) centered at 3.04 ppm\¢ = 28.07 Hz), and a broadened
methylene multiplet at 3.38 ppmiN-Methyl exchange rate data
were acquired from 351.5 to 369.5 K. Again, fitting of the
data was accomplished with inclusion of the long-range fluorine
coupling, and no temperature dependence was observed for the
chemical shifts.

N-Isopropyl-N-methyltrifluoroacetamide. The slow ex-
change'H spectra of gaseous-isopropylN-methyltrifluoro-
acetamide (MITFA) consist of a pair of doubleds= 6.71 Hz) 310.8K
centered at 1.18 ppmA¢ = 19.53 Hz), two N-methyl
resonances centered at 2.88 ppiwv (= 29.30 Hz), and two

.

325.1K

%

316.7K

weak methine multiplets centered at 4.56 pptwv & 131.84 f T T T ! T T T !
Hz). Again, splitting of the low fieldN-methyl group and ~ 3.18 3.10 3.02 294 286 278 270 262 2.54
broadening of the high field methine resonance due to long- Chemical Shift / ppm

range fluorine coupling was observed. No temperature depen-gigre 3. Temperature dependence of thenethyl*H resonances of
dence was observed for the chemical shifts. Exchange rate datgas-phase MITFA at 300 MHz. Top and bottom traces correspond to
for internal rotation were acquired from 310.8 to 325.1 K. calculated and experimental spectra.

Figure 3 shows the experimental and calculdigdspectra of

the N-methyl resonances. systems as compared to the trifluoroacetamide systems. The
The Solut|on_phase slow exchange Spectra for MITFA consist greater decrease in the trifluoroacetamide barriers with increas-
of a pair of doubletsJ = 6.71 Hz) centered at 1.19 ppm¥ ing substituent bulk indicates greater steric sensitivity in the

= 19.53 Hz), twoN-methyl resonances centered at 2.89 ppm trifluoroacetamide systems. Replacement of H _(1.2 A) with CF
(Av = 20.15 Hz), and two methine septets centered at 4.44 ppm(4-4 A) produces greater steric repulsion and distorts the planar

(Av = 147.7 Hz). The fluorine coupling was again included 9ground state, resulting in a lower rotational barffert should
in the fitting of these spectra. Exchange data were acquired Pe noted that the differences between MPF and MBF and

for the N-methyl resonances from 347.7 to 355.4 K. MPTFA and MBTFA are not as significant as their differences
) ) with MIF and MITFA, respectively. This is attributed to much
Discussion greater steric requirements of the bulky isopropyl group as

The results of this study confirm the usefulness of gas-phasecompared to the straight-chain propyl and butyl groups. The
NMR studies in elucidating conformational preferences and the same trend is observed in the liquid systems.
dependence of the peptide bond rotational barrier on substituent Comparison of our gas-phase formamide and trifluoroaceta-
effects. The activation parameters summarized in Table 3 mide activation barriers with previously reported barriers for
clearly show the dependence of conformational kinetics on symmetricN,N-disubstituted amides shows that the trifluoro-
medium. Liquid-phas@G*,og's are typically higher (by +3 acetamide systems are much more sensitive to increased steric
kcal moi) than in the gas phase. This increase in the barrier hindrance. The activation barriers to internal rotationMgx-
is attributed to the added internal pressure in the liquid and a dimethyltrifluoroacetamide (16.4 kcal md),26 N,N-diethyltri-
transition state with greater steric requirements compared to thefluoroacetamide (16.1 kcal midi),13 and N,N-diisopropyltri-
case of the ground staté. Exchange rate constants are also fluoroacetamide (15.8 kcal md)!3 are consistently lower than
significantly lower in the liquid phase than in the gas, yielding the barriers for MPTFA and MBTFA. The activation barrier,
higher activation energies. Due to these solvent perturbations, AG*,gg for MITFA is intermediate between the barriershgN-
gas-phase studies are better suited to investigate the subtlelimethyltrifluoroacetamide and,N-diethyltrifluoroacetamide,
intrinsic kinetic and thermodynamic effects of substituents.  indicating increased ground-state destabilization with disubsti-

The gas-phase rotational barriers summarized in Table 3 oftution of a smaller ethyl alkyl group. The most sterically
the formamide and trifluoroacetamide systems decrease withhindered systeni,N-diisopropyltrifluoroacetamide, displays the
increasing substituent bulk. This decrease in barrier height is greatest ground-state destabilization with an activation barrier
attributed to the destabilization of the planar ground state. This of 15.8 kcal mofl. The magnitude of the changes in the
trend is consistent with previous findings14 The magnitude, activation barriers with increased steric requirements in the
however, of the decline is much smaller in the formamide formamide systems is much less pronounced in comparison to
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their trifluoroacetamide counterparts. The activation parameters, Although the stability and reactivity of liquid amides have

in kcal mol%, for N,N-dimethylformamideN,N-diethylforma- been extensively investigatét?’2°the conformational dynam-
mide, andN,N-diisopropylformamide are 19%19.6}? and ics of gaseous asymmetric systems have not. Solvents clearly
19.0%respectively. We observe no difference in the activation influence conformer stability and free energy differences. The
barriers between MPF ard|N-dimethylformamide and a minor  differences between gas- and liquid-phA<&®’s are significant.
difference with MBTFA. AG*ygg for MIF is lower than the The rotational barriers also change with phase, though these
activation barrier folN,N-diethylformamide and higher than that  effects have been well documen#&d!424 The gas-phase

for N,N-diisopropylformamide by 0.1 kcal mol, demonstrating rotational barriers are consistently lower than in the liquid phase.
the weaker influence of substituent bulk on the barrier compared
to the trifluoroacetamide systems.

The effect of substituent electronegativity on amide internal
rotation barriers has been investigated in both thé®gasd
liguid phased>27-31 The transition state is more affected by
carbonyl substituent electronegativity effects because the car-
bonyl moiety in the transition state is more electrophilic than
in the ground state. In trifluoroacetamides, the repulsive
interaction between the positively charged trifluoro carbon and
the positively charged carbonyl carbon results in a destabilization
of the transition state, which should raise the rotational barrier.  Acknowledgment. We are pleased to acknowledge the
Our results show the formamide internal rotation barriers are National Science Foundation (CHE 93-21079) for support of
substantially higher~£2.5 kcal mot!) than the corresponding this research. We would also like to thank Robert K. Bohn for
trifluoroacetamide barriers, indicating a much higher degree of the gift of theN-methyl-N-propylformamide.
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In conclusion, the conformational equilibria and the internal
rotation barriers of the asymmetric amides studied are primarily
influenced by the nature of the substituent on the carbonyl
carbon and by the medium. The conformational equilibria are
relatively insensitive to the nature of the alkyl substituent. The
rotational barriers, however, are influenced by the alkyl sub-
stituent, yielding smalle\G*,gg values with increased sub-
stituent bulk.



