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Molecular Structure of 2-Butanimine, an Unstable Imine, as Studied by Gas Electron
Diffraction Combined with MP2 and DFT Calculations

Toru Egawa and Shigehiro Konaka*
Division of Chemistry, Graduate School of Science, Hokkaidaigity, Sapporo 060-0810, Japan
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The molecular structure of 2-butanimine (C(43HC(3)H,—C(2)(—C(5)Hs)=N(1)H) was determined by means

of gas electron diffraction. The sample of 2-butanimine, an unstable imine, was prepared by vactum gas
solid reaction ofN,N-dichloro-2-butanamine ((#€1s)(CHs)CH—NCI,) and KOH in a glass column. The column
temperature and sample pressure were optimized by measuring FTIR spectra of the reaction products in a
separate experiment. The results of MP2 and DFT calculations were used as supporting information. The
coexistence of theH)-spand E)-ac conformers was assumed. The structural parametgan],,) obtained

for the (E)-spconformer are as followst(C=N) = 1.285(3) A;[H(C—C)= 1.514(2) A;[H(C—H)= 1.113(3)

A; r(N—H) = 1.046 A (dependentIN=C—C(3) = 115.8(5}; ON=C—C(5) = 125.0(5}; IC—C—C(4) =
115.2(12y; OC—C(4)—H = 113.5(14y; OC=N—H = 109.3 (assumed). Angle brackets denote averaged
values, and parenthesized values are the estimated limits of eeforef@rring to the last significant digit.

The dihedral anglepNCCC, of the E)-ac conformer was assumed to be 117.8he abundance of th&)-

sp conformer was determined to be 6010% at room temperature.

Introduction because the former requires much lower temperature and, hence,
reduces possible side reactions. However, application of the
GED method to this reaction system is not straightforward
ecause the sample pressure applied in ref 4 was only 250
00 mTorr, that is much lower than those adopted in the typical
GED experiment. Therefore, it is necessary to confirm if the
unstable imines are formed with high purity at the gas-flow
condition (pressure and conductivity) suitable for the GED
experiment. In addition, the column temperature has to be
optimized at that condition. As mentioned in ref 4, it was
confirmed that the FTIR spectroscopy combined with the
theoretical vibrational spectra of DFT calculation is quite a

After a long and successful history of structural determination
by gas electron diffraction (GED), its application to unstable
species has not yet been a routine project. There have been som
(not many) GED studies reported in this field, which are
reviewed briefly in ref 1. Recently, we have carried out structural
determination by GED of some unstable species having=a C
N double bond:3 In these studies, unstable species including
imines, N-methylmethyleneimine (C#H#=N—CHs), andtrans
N-methylethylidenimine (Ck-CH=N-—CHg3) were formed as
products of thermal decomposition or thermal rearrangement

of amines heated to about 500. The reaction products were convenient technique for the identification of unstable reaction
monitored by using a mass spectrometer equipped in the GEDproduc’rs. Therefore, FTIR has been used for that purpose also

apparatus. Although the molecular structures of the unstable:

species were determined successfully, the limitation of our in this study. Because it is very d|ff|cu|j[, if not |mp055|b|¢, to
jgneasure the FTIR spectra of the reaction products coming out

of the nozzle tip placed in the GED apparatus, we have made

formed by a thermal reaction are inevitably exposed to the high a setup for the measurement of ETIR spectra with almost the

temperature environment in the nozzle tip and hence some__ - vas-flow condition as the GED experiment
unexpected byproducts can be formed quite easily. This situation 9 P ’

prevents us from using other thermal reactions to form unstable AS the first target of this line, 2-butanimine (ds)(CHs)C=
species that have been found by spectroscopic studies. Secondy) was chosen that was found to be formed by a reaction
mass spectroscopy is not always a useful technique for theWith N,N-dichloro-2-butanamine ((#s)(CHs)CH—NCI) and

identification of the reaction products, especially when they have KOH-* The results of the theoretical calculations of MP2 and

some isomers. DFT methods are used to assist the GED data analysis.
Very recently, we have reported the FTIR spectroscopic . )

studies of vacuum gassolid reaction (VGSR) products &f,N- Experimental Section

dichloroalkylamines with solid KOH in a glass colurhiThis

reaction system is similar to the VGSRM{chloroalkylamines Materials. The sample of,N-dichloro-2-butanamine was

with solid base that had been reported by Denis &t fto prepared byN,N-dichorination of secbutylamine (Nacalai
Tesque Inc.) by condensing it on an excess amouni-of

synthesize unstable imines with &Gl bond. In both reaction S .
S chlorosuccinimide powdér.The reaction vessel was kept
systems, unstable imines were formed at the column temperature

of 100°C or below. This reaction system of dichloroamine and overnight at room temperature. The progress of the dichlori-

KOH is more suitable for the GED study than thermal reactions nation was checked t?y measuring an |r?frarefj spectrqm.
Infrared Spectra. Prior to the electron diffraction experiment,

* Corresponding author. Fax+-81—11—706-4924. E-mail: konaka@  the condition of the reaction was optimized by monitoring the
sci.hokudai.ac.jp. infrared spectrum of the reaction products by using the setup
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butanamine and KOH: (alN,N-dichloro-2-butanamine; (b) reaction

Figure 1. Experimental setup (a) the setup for the measurement of Product at the column temperature of 80; (c) reaction product at

FTIR spectra of 2-butanimine and (b) the setup for the GED experiment 1€ column temperature of S&; (d) reaction product at the column
of 2-butanimie. temperature of 100C. The sample pressure was about 3 Torr. The

arrows indicate the parent molecule and the asterisks indicate the

shown in Figure 1a. This setup is basically the same as describecP yproducts.
previously? The only difference is that the electron diffraction of 90
nozzle was inserted between the column and the infrared cell .o |
in order to reproduce the same gas-flow condition as that of
electron diffraction experiment. The size of the nozzle tip used
was 0.55 mm in inner diameter and 6 mm in length. The vapor
of N,N-dichloro-2-butanamine was passed through a Pyrex-glass
column (20 mm (i.d.)x 200 mm) containing KOH powder.
The pushing pressure was monitored by a pirani gauge attache
to the end of the column and was controlled by using a needle
valve placed between the sample holder of the dichloroamine
and the column. Prior to the experiment, the column was
evacuated for hours while heated to 9D in order to remove
the adsorbed water from the KOH surface. FTIR spectra were
measured by using a BOMEM DAS3.16 spectrometer with a

spectral range of _4594000 cmand a resolutlpn 0f 0.5 .c‘rﬁ. voltage was about 37 kV. The diffraction patterns of,@®re
A long path cell with a 10 m path length and with KBr windows  o6rded in the same sequence of exposures as 2-butanimine.
was used. The cell was continuously evacuated by a vacuumrpq photographic plates were developed for 4.5 min in Dektol
pump. developer diluted 1:1. The photometry process was described
Figure 2 shows the results of the optimization. Trace (a) is in details elsewher® The experimental intensities and back-
the spectrum of the parent moleculgN-dichloro-2-butanamine.  grounds are available as Supporting Information (Table S1).
At the column temperature of 8C (trace (b)), some vibrational ~ The electron wavelength was calibrated torthgC=S) distance
bands of 2-butanimirfeappeared; however, the vibrational band of CS, (1.5570 A)!! Other experimental conditions are as
at about 700 cmt indicates that the parent molecule still remains follows: camera distance, 244.2 mm; electron wavelength,
in this condition. On the other hand, the parent molecule 0.06329 A; uncertainty of the scale factor, 0.03%; background
disappears completely when the column temperature was set apressure during exposure x410-6 Torr; number of plates used,
90 °C (trace (c)). The sample pressure measured between thet; range ofs values, 4.5-33.8 A~ This s range is, in our
column and the nozzle for this trace was 3 Torr. When the experience, considered to be sufficient for the molecules of this
column temperature was raised to 100, some vibrational size.
bands of the unidentified byproducts appeared, indicating that Elastic atomic scattering factors were calculated as described
the column temperature was too high (trace (d)). As a result, it in ref 12, and inelastic scattering factors were taken from ref
was concluded that the combination of the column temperature 13. The experimental molecular scattering intensities are shown

°C and the sample pressure of 3 Torr was the best for
eaction system.

Gas Electron Diffraction. An electron diffraction experiment
was carried out by using the setup shown in Figure 1b. The
reaction system and the nozzle tip are the same as those used
in the measurement of the infrared spectrum. The column
&emperature was kept at 9€ during the experiment.

Electron diffraction patterns of 2-butanimine were recorded
on 8 x 8 in. Kodak projector slide plates with an apparatus
equipped with am3-sectof at the nozzle temperature of 294 K
(21 °C). Because the sample pressure had to be kept below 3
Torr to prevent the parent molecule from surviving, an exposure
time of 153-180 s was necessary with the beam current of 1.55
uA, which is longer than our usual condition. The accelerating
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T T T T j T TABLE 1: Geometrical Parameters and Relative Energies
for the Possible Four Conformers of 2-Butanimine Obtained
from the MP2(frozen core)/6-31G** ab Initio Calculations
0.5 M parameters (E)-sp (E)-ac (2)-sp (2)-ac
A bond lengths (in A)
/\ ]‘\ /\ /’\\ Ni=C, 1.2856 1.2869 1.2856 1.2870
0.0 A N1—He 1.0234 1.0242 1.0227 1.0242
. U v\j U v ‘\J[ \j v Cr—Cs 1.5094 1.5074 1.5159 1.5124
Co—GCs 1.5093 1.5096 1.5046 1.5050
Cs—C4 1.5205 1.5298 1.5214 1.5301
Cs—Hy 1.0948 1.0939 1.0940 1.0938
0.5 ] ] Cs—Hs 1.0948 1.0889 1.0940 1.0922
AsM(5) Ca—Ho 1.0894 1.0889 1.0884 1.0889
w = Cs—Hipo 1.0872 1.0896 1.0896 1.0895
‘ , , -~ , , Ca—H11 1.0872 1.0892 1.0896 1.0884
s 10 15 20 25 30 Cs—Haz 1.0892 1.0889 1.0861 1.0862
s /AT Cs—His 1.0906 1.0906 1.0911 1.0910
Figure 3. Experimental (dots) and theoretical (solid curves) molecular Cs~Hu 1.0906 1.0904 1.0011 1.0903
scattering intensities of 2-butaniminasM(s) = sM(s)°?s — sM(s)°a bond angles (in degree)
gin SM(s) = SM(sP™ = sM(sf". C=Ni—He 109.3108  109.3324  109.8943  109.1279
The theoretical curves were calculated from the best-fit parameters. N;—c,—c, 118.9577 117.8935 126.4783 125.1823
N;=C,—Cs 1255079  125.3235  118.1067  117.9678
C3—C—Cs 1155345  116.7767  115.4150  116.8495
Cr—C3—Cq4 114.3792  112.9665  115.4198  113.0989
C,—C3—Hy 107.9295 108.9486 107.7298 108.6495
Cy,—C3—Hs 107.9295 107.2440 107.7298 108.8296
Co—Cs—Hiz 111.2971  111.0249  109.6724  109.2995
Co—Cs—His 110.3908  110.6356  110.5538  110.7637
Co—Cs—Hus 110.3908  110.6611  110.5538  110.9007
C4—Cs—Hy 110.4779  109.3614  110.0445  109.2540
C4—C3—Hs 110.4779 110.3520 110.0445 109.8009
C3—Cs—Ho 110.3963  110.5295  110.4818  110.5701
C3—Cs—Hio 110.6590  110.4736  111.2199  110.6428
Cs—Cs—Hu 110.6590  111.7753  111.2199  111.4277
H;—Cs—Hg 105.1969 107.8194 105.3617 107.0209
Ho—Cs—Hio 108.8434 108.0261 107.7631 108.1158
Ho—C4—Hiy 108.8434  107.6711  107.7631  107.8022
Hio—Cs4—Has 107.3582  108.2334  108.2517  108.1597
Hi2—Cs—His 108.7028  108.7857  109.4185  109.6272
Hio—Cs—Hia 108.7028 108.3356 109.4185 108.8594
Hi3—Cs—His 107.2435  107.2834  107.1803  107.3487
dihedral angles (in degree)
He—N1=C,—C3 180.0000 —179.7767 0.0000 —0.0614
He—N1=C,—Cs 0.0000 —0.7272 180.0000 179.6872
N;=C,—C3—Cy 0.0000  117.6120 0.0000  119.4511
N;=C,—C3—H; 123.3897 —120.6394 123.3917 —119.0615
N;=C,—Cs—Hg —123.3897 —4.1940 —123.3917 —2.8619
N1=Cy—Cs—H12 0.0000 10.2130 0.0000 7.8722
N;=C,—Cs—Hj;3  120.8020  131.1033  120.7389  128.7621
N;=C,—Cs—Hi1s —120.8020 —110.1266 —120.7389 —112.1505
(Z)-sp (Z)-ac Cs—Co—C3—Cy 180.0000 —61.5193 180.0000 —60.3000
Cs—Co—Cs—Hy —56.6103 60.2293 —56.6083 61.1874
Figure 4. Molecular models and atom numbering for the four Cs—C;—Cs—Hg 56.6103  176.6747 56.6083  177.3870
conformers of 2-butanimine. C3—Co—Cs—Hi2 180.0000 —170.7280 180.0000 —172.3581
C3—Cp—Cs—Hiz  —59.1980 —49.8377 —59.2611 —51.4682
. . . . o . C3—Cy—Cs—Hius 59.1980 68.9324 59.2611 67.6192
in Figure 3 along with the calculated intensities in the final data c,—C;—C,—Ho 180.0000 —175.9470  180.0000 —176.2826
analysis. A diagonal weight matrix was used in the anafifsis. gz—gs—gr:m —gg.iggi —5&4{1253 —6%373%7 _566532245145
i ¢ H 2—C3—Ca—H1 . . . .
Two _Gau55|an functions have been used to express the WelghtH7—Cg—C4—H9 570931 625372 573383 625712
function. H/—C3—Cs—Hio  178.5547 —177.9560  177.4677 —177.6748
Ab Initio and DFT Calculations. 2-Butanimine is expected =~ H/—Cs—Cs—Hiy  —62.5685 —57.3725 —61.7910 —57.3018
to have four stable formsE}-sp, (E)-ac, (2)-sp, (2)-ac (see EB_C3_C4_H9 —57.9931  —55.9074 —57.8383 —54.5136
. ! : : 8—C3—Ca—Hio 62.5685 63.5995 61.7910 65.2405
Figure 4), whereK) and ¢) designate the configuration of the Hg—Cs—Csa—Hy1 —178.5547 —175.8170 —177.4677 —174.3866
N—H bond (trans and cis to the ethyl group, respectively) and AE/kcal mol1b 0.0 0.944 0.251 0.965
sp and ac designate the conformation of the ethyl group. Aekglﬁ]ggrﬂ/ 0.0 1.003 0.606 1.086
Structure optimizations of all of these forms were carried out gpundance 49 4 17.7 17.5 15.4
with the program Gaussian 94 The level of theory applied is (at 294 K)/o#
MP2 (frozen coréf with the 6-31G** basis set. The obtained e B3LYP/6-31G** calculations
structural parameters and conformational energies are listed inﬁgkca' mol 0.0 1.038 0.088 1.045
. ) (at 294 K)/ 0.0 0.979 0.406 1.026
Table 1. These results predict that th§-ép form is the most kcal molic
stable. The N=C,—C;3 angles of the ) conformers are about  abundance 45.0 16.9 22,5 15.6

7° smaller than the N=C,—Cs angles of these conformers. On
the other hand, this relationship is reversed for ti® (
conformers. This feature is ascribed to the steric repulsion

(at 294 K)/o8

a See Figure 4 for the atom numberin§#bsolute value of the
energy is—211.905498&;, for the (E)-sp conformer.¢ Estimated from

the energy difference)E, theoretical vibrational wavenumbers, and
between the klatom and methylene or methyl hydrogens. theoretical rotational constantsEstimated from the theoreticiG
B3LYP/6-31G** DFT calculation¥"*8had also been carried  values.® Absolute values of the energy-i212.60313%, for the E)-

out to obtain the vibrational frequencies and force constants of sp conformer.
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TABLE 2: Observed and Calculated Vibrational
Wavenumbers (in cnm?) and Assignment of 2-Butanimine

Egawa and Konaka

TABLE 3: Mean Amplitudes, |, r, Distances, Shrinkage
Corrections, rq — ra, and Anharmonicity Parameters, k, for
the (E)-sp Conformer of 2-Butanimine (in A)

modeé obsd® intensity¢ calc.? assignments
i b c — d
» 3263w 32484 NHstretch atom pairt_ leac lobs fa_ OrOUp fa—fa
V2 2971 Vs 2967.8 Ckhnti—symmetric stretch N1=C> 0.040 0.044(2) 1.284 2 —0.0036 8
V3 2965.7 CH anti—symmetric stretch Ni---Cs 0.060 0.053(10) 2.363 3 —-0.0021 0
Va 2894 s 2899.9 Chisymmetric stretch N;---C,  0.113 0.106 2.749 3 —0.0476 386
Vs 2879.5 CH symmetric stretch Ni-+-Cs 0.060 0.053 2.476 3 —-0.0100 0
Ve 2747 vw 2857.4 Chlsymmetric stretch N1—He 0.074 0.067(3) 1.041 1 -0.0152 102
V7 1652 VS 1696.5 €N stretch C—Cs 0.051 0.056 1.508 2 —0.0054 23
Vg 1498.3 CH anti—symmetric deform C»:C;, 0.069 0.061 2.533 3 —0.0074 0
Vo 1455 s 1481.2 CHanti—symmetric deform C—GCs 0.051 0.056 1.508 2 —0.0111 23
V10 1462.6 CH scissors C;—Cy 0.051 0.056 1.520 2 —0.0305 23
VY11 1412.5 CH symmetric deform Cs+Cs 0.070 0.062 2.603 3 —0.0158 0
V12 1385 S 1408.4 Ckisymmetric deform Cs—Hy 0.080 0.072 1.112 1 -0.0520 133
V13 1393.4 CH symmetric deform CyeCs 0.083 0.083 (fix) 3.872 0.0348 —237
V14 1286 m 1309.6 Chkiwag+ CNH bend Cs—Ho 0.079 0.071 1.105 1 —0.0402 128
V1s 1100.2 CHrock C,—Hi, 0.078 0.071 1.105 1 -0.0764 125
V16 1091 m 1089.4 €C stretch+ CH; rock + Cs—H;;  0.079 0.071 1.107 1 -0.0673 127
CNH bend Cs—Hiz 0.079 0.072 1.107 1 —0.0928 129
v 1008 v 994.5  &C stretcht Chs rock aSee Figure 4 for the atom numberings. Nonbonded atom pairs
Vig 967 w 945.0 CHrock+ C—C stretch o ; 2>
- containing H atoms are not listed for the simplicity although they are
V19 770.4 C-C stretch . : . ;
included in the analysi$.Calculated at 294.3 K& Numbers in paren-
V20 557 w 558.0 skeletal rock . e . A
N~ theses are estimated error limitssf3eferring to the last significant
V21 405.8 C-C—Cbend s d 7 A3
V2 260.9 C-C—C bend digit. In 1077 A%,
2981 2979. ti— tric stretch
V23 %8 vs 9796 Chianti—symmetric stretc TABLE 4: Molecular Structures of the (E)-sp Conformer of
Vo4 2938 VS 2936.0 CHanti—symmetric stretch >-Butanimine Det ined by Gas Elect Diffracti in A
Vos 2880.4 CH anti-symmetric stretch a;]dugénrrrgg)e etermined by Gas Electron Diffraction (in
V26 1488.9 CH anti—symmetric deform 9
Vo7 1474.1 CH anti—symmetric deform ED MP2/6-31G** B3LYP/6-31G**
Vog 1282.3 CHtwist parameters (rganddy)® (re) (ro)
V29 1120.5 CHrock+ CH2 rock bond len ;
o ' gths (in A)
Do p s gmesiese T s
v 746w 744.9  CHrock GGy 1.521) (2) 1.521 1.527
Va3 460.2 G=N out of plane bend C—Cs 1.51 1.509 1.516
Va4 217.8 C-Ctorsion Ni—He 1.04§ 3 1.023 1.026
V35 139.3 G-Ctorsion [C—HO 1113 ® 1.090 1.096
V36 61.7 C-Ctorsion bond angles (in degree)
a Vibrational modes were numbered assun@goint group, where Ni=Cz—Cs 1158 () 119.0 119.3
; : D ) N3=C,—Cs 1250 (5) 1255 125.3
v1 10 v22 belong to theA' species and,; to vz to the A" species. Co—Co—C 1152  (12) 114.4 115.0
b Reference 4¢ Abbreviations used: s; strong, m; medium, w; weak, Ca—Ca—H 1135 (14) 110.6 110.8
v; very. ¢ Calculated from the scaled force constants. Co=N;—H 109.3  (assumed) 109.3 110.3

dihedral angle (in degree)

these four forms as reported in ref 4. These calculations also Ni=C;—Cs—Cs 117.6  (assumed) 117.6 111.7
predicted that theH)-spform is the most stable. Only the energy ~ abundance (in %)
differences and the predicted abundances for the conformersC (E-sP 60 (10) 66.9 67.5

aSee Figure 4 for the atom numberings. Angle brackets denote
averaged value$.Numbers in parentheses are estimated error limits
(30) referring to the last significant digit.(E)-ac conformer.9 Sum
of the abundances of th&)-sp and ¢)-sp conformers.

are given in Table 1 for the B3LYP calculations.

Analyses

Normal Vibration Analysis. According to the results of the
structure optimization, it was assumed that the most abundant Analysis of Electron Diffraction Data. As mentioned in the
conformer is the £)-sp. The Cartesian force constants of this previous section, theE] and ¢) conformers differ not only in
conformer obtained from the B3LYP/6-31G** calculatfomere the direction of the N-H bond but also in the &#C—C angles.
transformed by using the formula given in ref 19 into the However, our trial analysis of the GED data to distinguish the
symmetrized internal force constants;, which were then (E) and ) conformers failed, even when this conformational
modified by the scaling method so as to reproduce the difference in the &=C—C angles was included into the structural
vibrational wavenumbers that have been reported in our previousconstraints. It is because the scattering power of the H atom is
work?* The linear scaling formufd F; (scaled)= (ci ¢)? Fj small. Therefore, only theE)-sp and €)-ac conformers were
(unscaled) was adopted wheyés the scale factor. It was chosen assumed to coexist in the analysis, and the abundance of the
to be 0.90 for NH, CH and CH stretching modes, 0.95 for  former was varied as an independent parameter. This assumption
skeletal stretching modes, and 0.98 for other vibrational modesis equivalent to combining theEj-sp and )-sp conformers
after some trials of normal coordinate calculations. Resultant and combining the E)-ac and @)-ac conformers. Similar
vibrational wavenumbers are listed in Table 2. For most of the geometrical parameters were bound together and were refined
vibrational modes, the agreement between the observed andas groups in order to reduce the correlation among the adjustable
calculated wavenumbers is better than 2% as shown in the Tableparameters. The differences among the bound parameters were
The definitions of symmetry coordinates and the corresponding fixed at the MP2/6-31G** values. The methyl groups were
scaled force constants are listed in Tables S2 and S3 ofassumed to hav€s, symmetry with the same-©C—H angles,
Supporting Information, respectively. and the bond angles for the; @ethylene group were fixed at
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TABLE 5: C=N Distances 2-Butanimine and Related Molecules {in A)

species formulas r4(C=N) stability refs
N-methylmethyleneimine CHN—-CHs; 1.281(6) unstable 2
trans-N-methylethylideneimine Ck-CH=N—-CHjs 1.278(4) unstable 3
(E)-sp—2-butanimine GHs—C(—CHz)=NH 1.285(3) unstable this work
MBBA CH3—0—CgHs—CH=N—CgHs—C4Ho 1.290(12) stable 10
(E)-sp-propionaldehyde oxime £ls—CH=N—-OH 1.291(3) stable 27
the MP2/6-31G** values. The planarity around &om was ' '
assumed for theH)-ac conformer. In addition, the dihedral :
angle,¢NCCC of the E)-ac conformer was fixed at the MP2/
6-31G** value (117.6°) because this parameter could not be 3 o
determined with a good precision. The independent parameters i ., L, Pem e
and the constraints are summarized in Table S4 of Supporting z j 3 . i3
Information. = Z SN\ g E
Mean amplituded, and shrinkage correctioBsr, — ro, were i ) o f Y |
calculated from the above-mentioned scaled force constants. : v : o
Those of the [E)-ac conformer were obtained from the results || 1 IM H wil
of the B3LYP/6-31G** calculation and were scaled with the A
same scale factay as that of the)-sp conformer. The small- . . ) .
amplitude vibration model was adopted with the exception of 0 1 2 3 4 5

the Ny+--C4 and Gi+-Cs nonbonded pairs of th&j-spconformer ) . e
for which ther, — r corrections and the mean amplitudes were F194re 5. Experimental radial distribution curves diksp(60%) and

. . . . (E)-ac (40%) mixture of 2-butanimine\f(r) = f(r) f(r)eae. Distance
estimated b_y using the method de;crlbed in refs 22 and 23. Thegisyibutions are shown by vertical bars.
mean amplitudes were adjusted in groups. The groups were
separated according to the distances of the atomic paigs=at analysis was 0.090, which is not so good as our usual value for
1.2, 1.65, 3.0 A. The differences among mean amplitudes in the stable molecules (typically 0.05 or better). This is presum-
each group were fixed at the calculated values. The first group ably because of the very small amount of unidentified byprod-
(ra= 0.0-1.2 A) corresponds to the-€H and N-H bonds, ucts, the existence of which is inevitable in the GED study of

the second groupr{ = 1.2—1.65 A) to the G-C and G=N unstable species. The index of resoluti&npf the molecular
bonds, and the third groups= 1.65-3.0 A) to the nonbonded  scattering intensities was determined to be (Gt98.03.
C-:-C, C--:N, and G--H, etc. The mean amplitudes of non- In Table 4, structural parameters obtained from the MP2/6-

bonded pairs with longer, distances were fixed at their 31G** and B3LYP/6-31G** calculations are also listed for the
calculated values. The mean amplitudes with the correspondingcomparison with the observation. As for the bond angles, these
r distances and the grouping are listed in Table 3. The two sets of calculated parameters essentially agree with each
anharmonicity paramete?$,«, for bonded atom pairs were other, and they are also in moderate agreement with the observed
estimated in a diatomic approximatiéty = (a/6)l,* where the values. On the other hand, there are significant differences
Morse parametera, was assumed to be 2.0-A Those for between the bond distances of these calculations, and apparently
nonbonded atom pairs were assumed to be zero with thethe set of MP2/6-31G** values shows better agreement with
exception of the N+-C4 and G:--Cs nonbonded pairs of the  the observation. Therefore, it can be said that the MP2 method
(E)-sp conformer, for which ther parameters were estimated is superior to the B3LYP method in the reproduction of the
according to the method described in ref 23. They are also listedgeometrical structure in the present case.

in Table 3. The abundance of th&)-sp conformer was determined to
be 60+ 10% at room temperature. As mentioned in the Analysis
Results and Discussion section, this value corresponds to the sumfgpand @)-sp

conformers against theEj-ac plus £)-ac. According to the

Table 4 lists the obtained structural parameters for B)e ( energy difference and the entropy difference among the
spconformer. A radial distribution curve is shown in Figure 5. conformers obtained from the theoretical calculations, the
The possibility of the survival of the parent molecul,N- relative abundance oEj-sp+ (Z)-spconformers was estimated
dichloro-2-butanamine, can be ruled out because there seemand listed in Table 4. The agreements of both the MP2 and
to be no significant residual at about 1.76 A of the radial B3LYP calculations with the experimental values are satisfac-
distribution curve corresponding to the-C| bonds? If the tory.
methyl or ethyl group as well as the H atom migrate from the  |n Table 5, the &N double bond distance is compared with
a-carbon of the parent molecule to the N atd¥Apropylidene- those of some related molecules (stabté and unstabke).
methanamine ((84s)CH=NCH;) or N-ethylidene-ethanamine  According to the previous studies(C=N) of unstable species
((CH3)CH=NC:Hs) would be formed as a side product of s about 1.28 A, that is about 0.01 A shorter than that of stable
VGSR. The former two species have nonbondeet @ pairs species as shown in this table. However, the present regult,
that have longer distances than the-€Cs pair of 2-butanimine. ~ (C=N) = 1.285 A, falls into the middle of those of stable and
Therefore, if either of these species exists in the products, thereunstable species. So, no clear-cut statement about the relation-
will be residual at the region longer that A of the radial ship between the stability and=eN distance of molecules with
distribution curve. Figure 5 shows that such a possibility is C=N double bond can be made without further investigation
negligible, and this result is consistent with the FTIR investiga- of other unstable species.
tion. The correlation matrix in the least-squares fitting is given
in Table S5 of the Supporting Information. None of the off- Acknowledgment. We thank the Computing Center of the
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