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Molecular Structure of 2,5-Dihydropyrrole (C sNH+7), Obtained by Gas-Phase Electron
Diffraction and Theoretical Calculations
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The structure of 2,5-dihydropyrrole {8H-) has been determined by gas-phase electron diffraction (GED),
augmented by the results from ab initio calculations employing third-order Mgliesset (MP3) level of
theory and the 6-3HG(d,p) basis set. Several theoretical calculations were performed. From theoretical
calculations using MP3/6-3#1G(d,p) evidence was obtained for the presence of an axial (63%MH(bond

axial to the CNC plane) and an equatorial conformer (37%)Noond equatorial to the CNC plane). The
five-membered ring was found to be puckered with the CNC plane inclined at 218t@3®) plane of the

four carbon atoms.

Introduction

We have reported the gas-phase structures of some adducts
of trimethylgallium with nitrogen donors as part of a study into
precursors for the synthesis of gallium nitride by metal-organic
chemical vapor deposition (MOCVDB)# Recently, our studies
have developed into an investigation of the photochemistry of
adducts of trimethylgallium containing G& bonds in which
the ligands are unsaturated, for example, 2,5-dihydropyrrole (see
Figure 1 for the atom numbering scheme).

The molecule 2,5-dihydropyrrole has been the subject of a
number of spectroscopic investigations and some theoretical
studies. The major point of controversy in these reports centers
upon the number of conformers that are present in the gas phase.
The results of early infrarédand Raman studiéswere .
interpreted by invoking the presence of two conformers linked ¢ { \ 5%
by a ring inversion about the nitrogen atom during which the
orientation of the N-H bond oscillates from axial to equatorial,
leading, it was suggested, to a highly asymmetric double
minimum potential. However, Robiette et’ashowed that the
IR and Raman spectra qf the four—mgmbered rnng qompound Figure 1. (a) Numbering scheme of 2,5-dihydropyrrole. (b} N bond
[((.:HZ)3NH] COU"?‘ be assigned to a hlghly asymmetrlg slngle in the axial position.a is the ring puckering angle, i.e., the angle
minimum potential. Subsequently, this type of single minimum  petween the CNC plane and the €CC plane, ang3 is the angle
potential was used in a study of the calculated Raman intensitiesbetween the NH bond and the CNC plane. (¢)-NH bond in the
of 2,5-dihydropyrrolé® and an early theoretical study using HF/  equatorial position3 is the angle between the-NH bond and the CNC
4—21(d) produced no evidence for a conformer containing an Plane.
equatorial N-H bond? A contrast is presented by two micro-
wave studies of 2,5-dihydropyrrdfet where evidence for two
conformers was obtained. In the latter, more extensive, study,
ab initio calculations were combined with the results of
microwave and infrared spectroscopy plus a consideration of
the coupling of ring puckering and amino group inversion
motions!! Clear evidence was provided for two minima in the
potential function, the shallower minimum being associated wit
the N—H bond being equatorial and the deeper minimum being
that of the axial form with the difference between the two
minima being 0.9 kJ. In a further ab initio studyn which HF
and MP2 calculations were carried out, the HF study produced

evidence for one conformer (in agreement with previous Work
whereas the MP2 study gave evidence for two conformers, as
observed by others and reported here. However, it was suggested
that the equatorial was the lower energy fofma result in
contrast to all similar studies.

Against the background above it was decided to carry out
h electron diffraction and ab initio studies to seek definitive
evidence for the case for either one or two conformers of 2,5-
dihydropyrrole in the gas-phase.

Experimental Section

A sample of 2,5-dihydropyrrole was obtained from Aldrich
tOslo University College. (purity 98%) and used without further purification. Electron-
* University of Reading. diffraction data were obtained with the electron diffraction
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scattering amplitude’$:1” The scattering amplitudes and phases
were taken from table'$.

Experimental Theoretical Calculations
As previous theoretical studies of 2,5-dihydropyrrole have
shown disagreement (see Introduction), and because starting
values for the refinement of the electron-diffraction data were
A\ required, a range of ab initio calculations was carried out using
W GAUSSIAN98?® using default values for convergence (RMS
i M of force less than 3.% 1074 Hartrees/Bohr, the maximum force
M less than 4.0« 10~ Hartrees/Bohr, RMS of displacement less

i VANIRVANS e than 1.2x 102 A and maximum displacement less than .8
i W 1073 A). Thus Hartree-Fock (HF) and second-, third-, and

L fourth-order Mgller-Plesset (MP2, MP3 and MP4) calculations
L W were performed together with the 6-3tG(d,p) basis set (see
/\\/\ VAN Theoretical Table 1) plus a single DFT calculation using B3LYP level of
JAN theory and the 6-31G(d) basis set.
N The theoretical values obtained from the Mgh&lesset
\V4 N Difference calculations provided a plausible set of starting values and

constraints for the parameters that were used to define the model
adopted for the electron-diffraction analysis (see Table 1). There

T T

10 20 y/A is remarkable consistency between the distance and angle values
Figure 2. Experimental intensity curvesti(s), for 2,5-dihydropyrrole. obtained from the MgllerPlesset calculations. The data from
Each plate is shown magnifiedwith respect to the final backgrounds ~ the MP3/6-31%G(d,p) calculations were used to provide
on which they are superimposed. starting values for the parameters used in the electron-diffraction

analysis. To perform the electron-diffraction refinements,
vibrational parameters €& root-mean square of vibrationdt

= perpendicular amplitude correction§= centrifugal distor-
tions) are also needed and these were calculated, with the force
. field obtained in the MP2/6-31G(d,p) calculation (scaled by
Experimental a factor of 0.9), and the program ASYM40.

Analysis of the Gas-Phase Electron Diffraction Data

The theoretical calculations, using MghePlesset level of
theory, gave evidence for two stable conformers, both ®ith
symmetry. The significant difference between the two conform-
|| ers is the orientation of thesNHg bond, which can be in either
Il the axial or the equatorial position relative to theNgCs plane.
cel cle Difference The conformers are depicted in Figure 1, which also shows the
atom-numbering scheme. From the evidence provided by the
T T T calculations a model for the electron-diffraction study consisting
! 2 3 A of two conformers was adopted.

Figure 3. Rladial dismb““‘i” ICur‘ée? for ﬁv5'dihydr°Py”°'fe-hThe The parameters used to define the GED model for the axial
experimental curve was calculated from the composite of the two . —

average intensity curves with the use of theoretical data for the region g:/onforrgerccs SymCmetry) zla/re aé follows: r“(((::s C(Z:A),
0 < gA! < 2.75 andB/A? = 0.002. The difference curve is 2[1a(Co=Cq) + ra(Ca=No)], Yo [ra(Co=Ny) = 1o(Co=Cy)l,

experimental minus theoretical. Yo [ra(Ni—He) + ro(Ca—Hg)], [ra(Ni—He) — ro(Cs—Ho)],
[I’a(CQ_H7) - ra(C3—Hg)], DC2N1C5, DH7C2H8, DC4C3H9, ring
apparatus at the University of Reading, using Kodak Electron puckering,o (the angle between the,R;Cs plane and the
Image plates. Four plates from each camera distance (shortC,Cs=C4Cs plane), and the angle between-Hg and the
camera ca. 25 cm and long camera ca. 50 cm) were recordedC;N;Cs plane,f3 (see Figure 1 for a depiction of anglesand
and the optical densities were measured using a commercialf).
AGFA Il scanneft314 Each plate, apart from one of the long The structure of the equatorial conformer was defined by
camera plates, was scanned twice. Nozzle temperatures ofapplying the calculated differences between related parameters
between 40 and 50C were used. The electron wavelength for the axial and equatorial forms (ab initie- MP3/6-
(0.058561 A) was calibrated against diffraction patterns of 311+G(d,p)) to the experimentally determined parameters of
benzene. The data covering the ranges %G04 < 14.75 and the axial conformer. Constraints were put on temodel,
8.00= s/A < 28.00, withAs = 0.25 A (wheres = 4711 sin assuming thatAr, is equal toAre, and that the vibrational
0 and @ is the scattering angle) were processed as previously correction is negligible.
described® The experimental intensity curves are shown in ~ The GED refinements were carried out by the least-squares
Figure 2. The data are available as Supporting Information. method?! adjusting a theoretical(s) curve simultaneously
Radial distribution (RD) curves (Figure 3) were calculated in to the two average intensity curves (one from each camera
the usual way by Fourier transformation of the functions distance) using a unit weight matrix. The geometries were
I'(S) = ZNZCANACSIM(S) exp(—B<?) with B = 0.0020 A2 and calculated on the basis of parameters. These were converted
where A = s°F and F is the absolute value of the complex to ther, type required by the scattering intensity formula by
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- % HE TABLE 2: Structural Parameters for the Axial Conformer
pllodovaoYotN©oO N g of 2,5-Dihydropyrrole
> |S883880g8a808¢€082, g
Flldddadoaaa99933S8 S 38 TIJ Independent Parameters
@ 2 I° 5 electron diffraction
| = parametefs ro/Uq
<t kel
~ E - r(C3=C4) 1.353 (7)
°4S) N © 1/2'[|'(C2—C3) + I'(CZ—N]_)] 1.498 (2)
=~ IMANNTOND OO O©N o
IINER R PR S g Yr[r(CoNy) — 1(C—C)] —0.033 (13)
Fd|ddddddd SSS9SS3S9cRs :vl.) N ; Y5:[r(N1—He) + r(Cs—Ho)] 1.004 (6)
=Q AR B r(N1—He) — r(Cs—Ho) [~0.072]
© P g 1(Ca—H7) — r(Ca—Hy) [0.013]
_ o & OCN;Cs 108.3 (13)
> R I OHC,H [107.4]
e T|5gug8ENagTaney N8 & g pucker 515 @)
o COM—d—N© oD = ring puckering o .
+ | xOMmMO MO ) ) ©
- Sl i pufu R i R s Bufa i R RN SRR < N—Hs out of CNC planep [120.1]
.8 @ INAale)
| © [ Dependent Parameters
5] o = - -
= = 58] = electron diffraction initi
| o > o ab initio
5} s ©
3 5w SEQCBTNONONNS o o parameters ro/0a rg lcalculated ro/Ue
sf|SorIm8ogddNds8xst r(C—N;)  1.481 1.487 (7) 0.051 1.479
R R AR A ke N ST = r(Co—Cs) 1.514 1.518 (8) 0.052 1.520
& T8 e r(Cs=Ca) 1.353 1.357 (7) 0.043 1.337
o ® r(N1—He) 0.968 0.971 (6) 0.073 1.012
N Q I r(Co—H-) 1.053 1.075 (6) 0.078 1.094
2 @ 3 r(Cs—He) 1.040 1.060 (6) 0.077 1.084
Lo|ldomNomMN—doaN~NOnmao ~O r(Co+Cy) 2.401 2.403 (13) 0.067 2.372
o ]
Ir|$8R8n5degnddgs 2Xs Z r(Ca+*Ny) 2.354 2.356 (7) 0.056 2.372
F|dSddddddadadaa3Ng o r(Cs.a*N) 2.349 2.351(9) 0.058 2.377
| < ON1CCs 103.3 (6) 104.87
= 2 c 0C,CsCs 110.2 (3) 109.90
= [ee]
=) 3 % aDistances () and amplitudesl) are in Angstrgms and angles)
e $ MIVRAQLORAXANO Iy S 2 are in degrees. Values in parentheses awveplus estimates of
319383885428 NddsEnNS ® uncertainties in voltage/nozzle height and of correlation in experimental
g A0 ddAdd A A A A AT ?1 %’ data. Thus the figures in parentheses are closet&8lues in square
brackets were kept constant at the calculated valugi®3 level of
a E theory and 6-311G(d,p) basis set used.
) S
& (U] b = TABLE 3: Correlation Matrix ( x100) for Parameters
- & yodEgu~ouNoaYo OF g Refined in the Final Least-Squares Refinements for
N (IohemoS8ITI8L2LIH o 2,5-Dihydropyrrole
“')\—IHHHHHHHHHHHHHHHCTIOI\ (6]
N D oLs? r o ra O Os o
q) —
= Q
o = S c 1 [r(N1—Hg) + r(Cs—Hg)]-0.5 0.00191 100-12 —12 -2 17 —24
S| |93 2 o 2 r(C=C) 0.00231 100 51 14-38 74
o N~ ) r(C= .
sl |3 o g £ 3 [1(C;—Cs) + r(C—N1)]-0.5 0.00066 100-39 5 69
) Fh|lg¥owQuomasxstona of e 4 1(C,—Nj) — r(C,—Cs) 0.00488 100-76 -8
> 0N 0 o C 2 1, 2 3
£ |25|I50S70B8IBESABEG/ES ©  50GNG 0.44924 100-43
T = © ring puckering 1. 7 1
S = o @ 6 ri kering &) 32679 00
=% Q - ) .
N 3 =) E 2 a Standard deviations from least-squares refinements. Distarjces (
ke ) = © and amplitudesl are in Angstroms, angle€)j in degrees.
™ c
%) a© o £
= r @ o . . . . .
2 = J(2g S8hdaetrodnsegs g using values of centrifugal distortio), perpendicular am-
S S|adddaaa333333332439Ys 8 plitude corrections ) and root-mean-square amplitudes of
e k= vibration ().2223
[ — c .
O = © o It was found that by GED alone it was not ible t
S = Qo ) ! y GED @ _ possible to
E= NG 3 5 determine the conformer ratio with any certainty. The composi-
a = ﬁ POONRNOOONAMONS _ '; g tion was therefore constrained to the composition found in the
© ® SSn3H8z38I5SNzgYANE & theoretical calculation (MP3/6-33#G(d,p)). It was possible to
2 Clddddddadaddda-4qd 1o © refine all bond distances and angles associated with the ring,
= = °§ whereas most of the distances and angles involving hydrogen
2 = o atoms had to be constrained (see Table 2). The amplitudes were
%) A @ constrained at the values obtained from the ASYM40 calcula-
= £
= © 2, QE 3 tions.
g o 568. &
4 £ o o o S5 E }’_ % Results from the final refinements are given in Table 2.
x B § _moeRSifio8o805: 2 i i [
= o227 TOSSETITILTS s<g © Intensity curves calculated for the final models are shown in
w Z| $ L|> LO UEZ:LEZ:LEQ:C)“@: 3325 & Figure 2, together with experimental and difference curves.
@ 6206b5e0Z0ZSIC oT Sy & Figure 3 contains the corresponding RD curve, and the cor-
< N A T R I = . . . . .
[ YT EYhooooboono=Ezodd relation matrix for the refined parameters is given in Table 3.
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Discussion TABLE 4: Comparison of Geometric Parameters for
) o ) Isoelectronic Five-Membered Rings (GHeX), Cyclopentene?®
Refinement of a model containing both conformers with the 2,5-Dihydropyrrole,? and 2,5-Dihydrofuran®’2

composition constrained to the results from the theoretical X CH, NH o
calculations (MP3/6-31tG(d,p)) gave excellent agreement with

the gas-phase electron-diffraction data (see Figure 3). All the :ggg:é)) 11‘213((%%)) 11'2%((2)) 11'2‘52((?)
bond lengths and angles associated with the ring were refined; ri(C=C) 1:342(10) 1:357(7) 1:345(4)
thus the geometry of the ring is well determined from the J(CXC) 111(1.2) 108.3(13) 110.8(6)

electron-diffraction data. The conformation composition was
constrained, but tests revealed that varying the composition did
not influence the other structural parameters. It is possible to
get a good fit to the experimental data with other conformational
compositions because the major difference between the two
conformers is the position of only one hydrogen atom. High

porrelat_lon betvvgen the distances ar_1d amplitudes made obtained with HF. The remaining parameters are comparable
impossible to rgflne them together with the ther structure i those obtained in the MP calculations. It is noticeable that
parameters. Using the _scaled calculated amplitudes gave AMhe ring puckering angle obtained from the electron-diffraction
excellent fit to _the expenmental data. refinements (21.8(38) compares favorably with the values
We are confident that in the gas phase two conformers are ypisined from MP3 (198 and also with that from the
present. From our calculations only the most basic HF level of ,icrowave study (219.11
theory suggests that 2,5-dihydropyrrole exists as one conformer |, Tapje 4 the structural parameters for the series of
(Table 1), which is in accord with previous repdt§ However, isoelectronic five-membered ring compounds cyclopenténe,
increasing the level of theory demonstrated the existence of t""°2,5-dihydropyrrole and 2,5-dihydrofursinare compared. The
stable conformers for 2,5-dihydropyrrole, one with an axial and garies shows the expected shortening of thextond (C-C
the other an equatorial{NHg bond. In all the MP calculations - ~_N > C—0), but there is no systematic associated increase
reported here (MP2, MP3, MP4) the axial conformer was_found in the CXC angle, as might be expected. The geometrical
to be between 1.3 and 1.79 kJ mb(108-150 cm™) lower in parameters for all three rings are indeed remarkably similar
energy than the equatorial conformer. Additionally, our calcu- \yithin the uncertainty limits on the values. The most striking

lated energy difference between the axial and equatorial gitference on going across the series is in the deviation of the
conformers (108 cm) compares well with that obtained from  yinaq from planarity. Cyclopentene and 2,5-dihydropyrrole have
the microwave study (75 cm).!* In contrast, only the DFT g5 angles over twice the size of that found for 2,5-dihydro-
calculation (B3LYP/6-313G(d,p)) found the equatorial con- g,ran The puckering of the ring in 2,5-dihydropyrrole could
former to be 0.3 kJ mot (27 cnt) lower in energy than the  pe enhanced by interactions of the-N moiety with the

axial one. Ou_r observations at the MP Iev_el of thec_>ry are in methylene groups as invoked above, a phenomenon not acces-
agreement with those of Dommiérand earlier experimental  gjpje 1o 2 5-dihydrofuran. The flap angle found in 2,5-dihydro-
studies>® They are, however, in contrast with the conclusions pyrrole (21.8(38)) is still considerably smaller than that found

made in a theoretical study by Nyst&'? where it was claimed iy oy rrolidine (39.0(149) where the CNC angle is slightly lower
that of the two possible conformers for this molecule the (105.2(35) in pyrrolidine2s cf. 108.3(13) in 2,5-dihydro-
equatorial one is the more stable form. Discussions with the pyrrole) leading to a moré strained ring. '

author suggest that this conclusion is in error and arises from "~ N—C; distance (, = 1.481(7) A) is comparable to those

incorrect labeling of the conformers in the original pagfer. found in (CH)NH (rs =1.475(3) A)8 (CHp)sNH (r° =
Both electron-diffraction results and ab initio calculations on 1 473(3) A)2% (CH,),NH (r. = 1.469(10) A% and (CH)sNH

the equivalent saturated N ring compound, pyrrolidine, both (r, = 1.472(11) A$° whereas the &-C,4 double bond distance

showed that an envelope conformation with the N atom out of 4t = 1.353(7) A is slightly longer than that for cyclopentene

the CCCC plane and an axial amino hydrogen was the most(y, = 1.343(10) A$® and longer than the distances obtained

stable conformation for the molecifiéln the case of pyrrolidine  from MP3/6-311G(d,p) calculations. In contrast theyNHs

the preferred stability of this conformer has been rationalized gistance at 0.968(6) A is shorter than the distance obtained in
by invoking short-range interactions of the-N moiety with the calculation.

the adjacent methylene groups of @nd G. The situation is

analogous to that reported here for 2,5-dihydropyrrole where  Acknowledgment. This work has received support from The
inspections of Newman projections along the-G, axis Research Council of Norway (Program for Supercomputing)
demonstrate that the interactions favor the axial configuration through a grant of computing time. We thank Mr. Alan Adams
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The distances and angles obtained from MP2, MP3 and MP4  Supporting Information Available: Tables giving total
calculations show a remarkable consistency (see Table 1). Therescattered intensities'l(s), from each plate and average mo-
is very little variation between the parameters in the axial and lecular intensitiessly(s), from each camera distance for 2,5-
equatorial conformers except for the angle formed by the N dihydropyrrole. This material is available free of charge via the
He vector and the NC,Cs plane. This has values in the range Internet at http://pubs.acs.org
92.4-96.3 for the axial conformer and 138-8.46.8 for the
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