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Despite the specific importance of four-membered heterocycles with a caheteroatom double bond at

the 3-position in organic and medicinal chemistry, little attention has been given up to now to theoretical
computational studies on these molecules. However, the overall geometry, and degree of ring puckering
especially, could significantly influence the reactivity and biological properties of these four-membered ring
compounds. In this paper, focus is made on the influence of different substituents on the equilibrium geometry,
ring puckering potential, and thermodynamic quantities. It was found that these properties are mainly affected
by the heteroatom (oxygen, nitrogen, sulfur, phosphorus) contained in the ring skeleton. Moreover, the correct
description of the puckering potential with the hindered rotor treatment leads to substantial corrections on the
thermodynamic properties in the harmonic oscillator approximation.

1. Introduction and thietane-3-ond4, where information is given on the
geometry of these compoungi<.

In this paper, the puckering potential and thermodynamic
properties of a variety of sixteen four-membered ring compounds
is studied (Chart 1). These four-membered heterocycles have a
carbon-heteroatom double bond at the 3-position: azetidine-
3-imine 1, azetidine-3-one, azetidine-3-ylidenephosphirg
azetidine-3-thiond, oxetane-3-imin&, oxetane-3-oné, oxe-
tan-3-ylidenephosphing, oxetane-3-thion®, phosphetane-3-
imine 9, phosphetane-3-orkd, phosphetan-3-ylidenephosphine
11, phosphetane-3-thionk2, thietane-3-iminel3, thietane-3-

Four-membered heterocycles occupy a prominent place in
organic and medicinal chemistry due to their synthetic potential
in numerous ring transformation reactions and important
biological properties, respectively? Their specific reactivity
is a result of the high ring strain of the four-membered ring
skeleton, promoting various ring opening and ring expansion
reactions. In addition, the forces that induce this high ring strain
also have impact on the conformational properties of these
compounds. In that respect, it is known that numerous four-

_lrpﬁmbtere(il rin?? a(tjopt a pulctkgre?h(butterfly-like) c?nformdétion.. Ione14, thietan-3-ylidenephosphiri, and thietane-3-thionks.
és s ru%ura ebtl u_rel resqt_s In ﬁ. or(]:currenfcfe (t) psetl_J oaxtla The ring puckering angle is defined as the angle between the
and pseudo-equatorial positions, which may affect reaction ral esplanes 41-2 (CXC) and 2-3—4 (CCC), as shown in the fig-

in elimination reactions or induce stereoselectivity in various ure. The sign of the angle is only important for the species where

”P.g trantsformguonsaA!so,l thhe ggotmeéry of the ring S';)?"f“”.‘ ISI the symmetry is broken by an out-of-plane NH or PH group on
0 {_m_[t)_or ?jnce |ndme tlhcma Cf emlst_ry (l-:-cause tr_nanyf tfl10 og|tc_a the 1-position. The negative sign is given to the geometries with
activities depend on the conformational properties of the active ring folding toward the out-of-plane hydrogen.

compoun.d g, keyllock n;tferactlons ;wthderrl]zymes). | All these molecules with a four-membered ring moiety have
.dAS an |mp(|)1rtant class Od our-membered heterocyc es_'bfiz_e'potential applications in heterocyclic chemistryThey are
tidin-2-ones have received immense attention as antibiolic gy 4ineq cyclic species, characterized by one ring vibration, the
compounds, e.g., monobactams, penicillins, cefalosporing, etc. g, -ajieq puckering mode, which can exhibit various minima.
Cpmpared tp thesﬁ-lactams, azgtldln-?f-ones are .much Ies_s For the description of this vibration, the standard harmonic
widespread in thr_e Ilterature_ despite their potentlal_ in synthetic < .ijator (HO) approximation is no longer viable because, in
and pharmaceuucgl chemistry. E\_/en less atten_tlon has beer1his approach, only one minimum is considered. In a previous
devoteﬂ.to the various hdetehrocyﬁllc analogues, |.ead<_)>§etan-3l- aper of the presenting authors, the one-dimensional hindered
ones, thietan-3-ones, and phosphetan-3-ones. In addition, only. . (15 HR) scheme was extended to and tested on a variety
very few _da_ta_ are avallab!e concerning the correspon_dlng of four-membered rings in which only one GHragment of
heterocyclic imines, phosphines, and thiones. For the majority ye cyciobutane ring was substitute@his 1D-HR method has

of these molecules, neither experimental data nor previous o merit of incorporating the true puckering potential into the

theqlregllcgl s:]udl[es are ava|IabIe'.d'L|ttIe experimental work is ca\cylation of thermodynamic properties, resulting in more
available in the literature on azetidin-3-oReoxetane-3-oné, accurate predictiorfslo11

The primary goal of this paper is to unravel the effect of the
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CHART 1
/ \ b., }
(¢ =ring
Y puckering angle
X=NH X=0
Y=NH (1) azetidine-3-imine (5) oxetane-3-imine
Y=0 (2) azetidine-3-one (6) oxetane-3-one
Y=PH (3) azetidin-3-ylidenephosphine (7) oxetan-3-ylidenephosphine
Y=8 (4) azetidine-3-thione (8) oxetane-3-thione
X=PH X=8
Y=NH (9) phosphetane-3-imine (13) thietane-3-imine
Y=0 (10) phosphetane-3-one (14) thietane-3-one
Y =PH (11) phosphetan-3-ylidenephosphine (15) thietan-3-ylidenephosphine
Y=8 (12) phosphetane-3-thione (16) thietane-3-thione

The standard ab initio procedures systematically predict esti-
mates for the latter properties in the HO approach. The nature
of the ring puckering potentials suggests some substantial
corrections of the partition functions with regard to the HO

values when the real potential shape is taken into account. This

methodology (of the 1D-HR scheme) is outlined in ref 5.

All ab initio calculations were performed with Gaussiak03
at the mPW1B95/6-3tG(d,p) level of theory. This level is
expected to be a reliable method for reproducing accurate
geometries and energy values of molecules with heteroele-
mentst* Moreover, it was found to be the most appropriate level
to describe simple four-membered rirfgs.

2. Equilibrium Geometries and Puckering Potential

The shape of the potential function associated with the ring
puckering depends on the structural features inhibiting the ring
vibration. This function is calculated by pointwise geometry
optimizations at fixed out-of-plane angles and thereby relaxing
all other degrees of freedom. The resulting ring puckering
potentials are shown in Figure 1 (black lines) for all molecules.
Itis readily clear that the shape of the potential energy function
is determined by the heteroatom contained within the ring: for
each row of plots, almost identical shapes are found.

(i) For X = NH (1—4), an asymmetric azetidine-like shape
is found, and the equilibrium geometry has an average puckering
angle of 18 (equatorial position). This is in good agreement
with the equilibrium puckering angle of 15ound in 1p-
toluenesulfonyl-2-ethylazetidine-3-one, the closest related mol-
ecule for which experimental data are found.

(ii) For X = O (5—8), a nearly quadratic energy behavior is
obtained for each of these heterocycles. This is not surprising

because the “parent” molecule, i.e., oxetane, already exhibits a

very small puckering angle and barrier to planarity. The
additional exo double bond at the 3-position forces the equi-
librium geometry of the ring to be entirely planar.

(iii) For X = PH (9—12), the equilibrium geometry is strongly
puckered, with the angle ranging from30.8 to —39.9.
Contrary to the azetidines, the hydrogen of the PH group
contained in the ring is oriented toward the carbon atom at the
3-position, and the resulting puckering angle is therefore in the
axial position. Apparently, the lone pairs of the phosphorus
atom, which are more spread out than the nitrogen lone pairs,
cause more steric hindrance and prefer to be oriented away fro
the ring. Still, for phosphetan-3-ylidenephosphidé and
phosphetane-3-thiori, a second energy minimum (equatorial
conformer) is found ap = 38.24 andg = 34.77, respectively,
with a relative energy of 8.88 kJ/mol and 13.32 kJ/mol.
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(iv) Finally, for X = S (13—16), the thione compounds are
characterized by a widespread low-energy plateau. The width
of this plateau (energy smaller than 2 kJ/mol), spans a range of
about 44 [¢: —22° — +22°] for thietane-3-onel4, 50° for
thietane-3-iminel3, 64° for thietane-3-thiond 6, and up to 72
for thietan-3-ylidenephosphinkb.

Thietane has an equilibrium puckering anglet#5.8.5 As
for the oxetanes (X% O), an additional exo double bond forces
the ring to a planar configuration and removes the energy barrier
between the original thietane minima. The width of the low-
energy plateau is therefore approximately the difference of the
two equilibrium puckering angles 2 x 25.8). The only
(slight) exception to this rule is thietan-3-ylidenephosphit. (
This molecule does not have a planar equilibrium geometry but
has its ring puckered by 2£.0The barrier to planarity is a mere
1.32 kJ/mol, allowing to state that the shape of all thietane
puckering potentials is very similar.

The nature of the exo substituent determines only the height/
width of the potential energy plot without affecting its shape.
An important parameter for the influence of the heteroelement
on the ring puckering is the=€Y double bond length. It has
approximate values of 1.474, 1.434, 1.891, and 1.834 A for
ICN], |CQ, |CPH, and|CS), respectively. For large<€Y bond
lengths, the potential energy variation will be limited. The
carbonyl and imino bond lengths are about the same, but the
NH-group induces additional ring strain because of the pre-
sence of a hydrogen atom and the lone pair of nitrogen, which
is much more spread out than the oxygen lone pairs. The latter
can a fortiori be said about the PH group. However, its long
double bond length with the carbon atom reduces its steric
hindrance to the same order of magnitude of the carbonyl
group. The combination of both effects leads to the curves of
Figure 1, where the largest energy variations are observed in
the imino compounds, while the thione species exhibit the
smaller variations.

As the heteroatom within the ring only determines the shape
of the puckering potential, one may expect that the equili-
brium geometry is also mainly determined by that substi-
tuent. This is indeed true (except for thietan-3-ylidenephosphine
(19)), as can be seen in Tables 1 and 2. The imino substituent
is oriented in plane with the ring structure and causes a slight
asymmetry. Therefore, averaged values for|@¥| , |CC|, and
XCC geometric parameters are presented. The same applies to
Y=PH.

Changing the Y substituent leaves the ring nearly unaffected.
Change of the X substituent leads to large variationf0o{|
bond lengthsand affects the CXCand CCChond angles. It is
interesting to note that the influences exerted by Y and X are
nearly independent of each other. This is also reflected in the
bond lengthgCX| and|CY/| of the single heterosubstituted four-
membered rings studied in ref 5, also shown in Table 1 in the
“no exo-substitution” column (azetidine, oxetane, phosphetane,
and thietane) and the “no endo-substitution” row (cyclobutyl-
ideneamine, cyclobutanone, cyclobutylidenephosphine, and cy-
clobutanethione).

Comparison with experiment is only possible for oxetane-3-
one6® and 3-thietane-3-onk4° and is also presented in Tables
1 and 2 (values between brackets). The calculated and experi-
mental data are in good agreement.

ms, Thermodynamic Properties

In this section, we discuss the thermodynamic properties of
all four-membered compounds taken into consideration. More
precisely, we investigate the influence of the ring puckering



Four-Membered Heterocycles J. Phys. Chem. A, Vol. 111, No. 14, 2002799

Y=NH Y=0 Y=PH Y=S
1) (2) (3) (4)

300 - ‘ 300 - 300 - ) 300 -

"“ 250 250 - I“' 250 -

I ‘ 200 200

% 150 - “\\ 150 -
x R R ‘\‘ 100

\ . 50 .50 -

90 60 -30 0 30 60 90

(5) (6) (7) (8)
300 300 A 300 A 300 A

250 -

(13) (14) (15) (16)
300 300 300 300
250 - 250 - 250 - 250 -
200 - 200 - 200 -
150 150 -
100 100 -
50 - 50 HO
BRI G : r T — e \

90 60 -30 0 30 60 90

Figure 1. Ring puckering potential for all investigated compounds (full lines). The dotted lines are the quadratic (HO) energy variations calculated
from the second derivative at the equilibrium. Energy values in kJ/mol, angle values in degrees.

potential on these properties with regard to the HO approach. will deviate from those calculated in the HO approximation.
It has already been reported that the harmonic oscillator potential First conclusions on a qualitative basis can already been drawn
(dotted line in Figure 1) can significantly differ from the true from a comparative study of Figure 1.

puckering potential. Hence, it can be expected that the partition For theoxetanes(X = O), the correction is expected to be
functions, and derived thermodynamic properties, calculated very small, as the real potential is very close to the HO potential
with the 1D-HR model and therefore based on the real potential, based on the second derivative in the equilibrium geometry.
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TABLE 1: Structural Data (Bond Lengths) of the Equilibrium Geometry of the Studied Molecules?

Vansteenkiste et al.

Y=NH Y=0 Y=PH Y=S no exo-substitution
X=NH Ppuck 15.33 13.33 18.45 14.24 29.4
acx|o 1.475 1.474 1.473 1.473 1.469
gcco 1.513 1.521 1.509 1.508 1.535
ICY] 1.257 1.196 1.667 1.604
X= Ppuck 0.00 0.00 0.00 0.00 +9.8
acx|o 1.435 1.434 (1.441) 1.434 1.433 1.433
acco 1.509 1.518 (1.524) 1.504 1.503 1.530
ICY| 1.255 1.194 (1.222) 1.666 1.601
X=PH @puck —30.76 —33.41 —36.64 —39.9 —30.0
gcx|o 1.889 1.890 1.890 1.894 1.880
accio 1.507 1.511 1.497 1.492 1.533
ICY]| 1.264 1.204 1.682 1.624
X=S Ppuck 0.00 0.00 +23.99 0.00 +25.8
acx|g 1.833 1.832 (1.826) 1.838 1.834 1.834
accio 1.512 1.518 (1.528) 1.504 1.505 1.531
ICY]| 1.258 1.197 (1.224) 1.672 1.607
X=CH (no endo-substitution) Ppuck +17.7 +12.2 +25.7 +20.1 +29.7
gcx|o 1.514 1.521 1.510 1.508 1.534
accio 1.546 1.546 1.544 1.544 1.534
ICY]| 1.260 1.199 1.671 1.609

aWe also provide the structural data of eight four-membered rings with a single heteroatom and cyclobutane. These additional data are taken
from ref 5 and are calculated on the same level of theory as the compounds studied in the present paper. Values between brackets are experimental
estimates taken from refs 8,9. Bond lengths are expressed in A.

TABLE 2: Structural Data (Bond Angles) of the
Equilibrium Geometry of the Studied Molecules*

To measure the influence of the puckering mode on the
guantitative level, a scaling factayr as the ratio of the 1D-

Y=NH Y=0 Y=PH Y=S HR partition function with the HO partition function is
X=NH  puck 15.33 13.33 18.45 1424 introduced as suggested in ref 1Qur(T) = Quo(M«kur(T), or
XccO 88.18 87.92 89.07 89.17
CXC 92.32 93.20 90.81 91.28 2V B
CCC 8932  89.46 88.08  88.63 Kr(T) = A /% = [ e™Mdy (1)
X= Ppuck 0.00 0.00 0.00 0.00 dp~lo”
XCCO  89.89  89.37(88.48)  91.25  90.81 _ _ _ _
CXC 92.98 93.95 (94.82) 91.43 91.89  whereg is the puckering angle and(¢) the puckering potential,
Cccc 87.25  87.30(88.48) 86.08 86.49 andB = 1/RT.
X=PH [%(%] _ggzs _?;3?;%13 _32-7624 _3%3076 From this factor, one can derive the corrections on entropy
CXC 7538 7587 7420 7451 ~ andheatcapacity as:
CCC 100.09  100.53 99.21 100.38 91N «
X=S @puck 0.00 0.00 +23.99 0.00 _ HR
[XCCO  90.62  90.40 89.98  91.54 AS) R(In KR T T( aT )) (2)
CXC 7853 7897 7653  77.50 )
CCC  100.23 100.24 (100.5)  98.43  99.41 dnkyr 97 Inkyg
i . AC(T) =RT|2 +T 3)
aValues between brackets are experimental estimates taken from aT oT?

refs 8,9. Bond angles are expressed in degrees.

Figure 2 displays these correctiohS andAC and the scaling

o N ) . factorskpr for all studied compounds. As argued above, only
For theazetidines(X = NH), the partition function will increase  ihe thietanes (X S) and the phosphetanes £XPH) are subject

in the 1D-HR model, as for negative values of the puckering o |arge corrections. In Table 3, the entropy and heat capacity
angle, the energy is overestimated by the harmonic potential. 3t 298 15 K are presented for all compounds in the HO and
For thietanes the low-energy plateau is well described by the 1p.HR model. Oxetane-3-or& oxetane-3-thion&, thietane-
quadratic energy variation, but the “walls” of the potential are 3.one 14, and thietane-3-thion&6 have a symmetry number
missing in the HO approach. As a result, the real potential of two, while for the other compounds, the symmetry number
energy is higher than the quadratic estimate, and the 1D-HRis unity.

partition function may be expected to be lower than its HO  The largest negative corrections are noticed for thietane-3-
counterpart. As already mentioned, thietan-3-ylidenephosphinethijone 16, where the low-energy plateau is widest and the
15 is an exception and follows more or less the pattern of quadratic HO potential has the smallest curvature. The largest
azetidines. The last series of molecules, phesphetanegX positive correction (both on entropy and heat capacity) is found
= PH), is characterized by a completely inappropriate harmonic for phosphetan-3-ylidenephosphitié. For the heat capacity,
potential. For all values of the puckering angle, it overestimates the changes are smaller and seem to converge to akiRit,

the real potential and, moreover, it “misses” the second (near) very well in agreement with the results obtained in our previous
minimum of the puckering potential. The 1D-HR treatment is paper on four-membered rin§salthough this topic was not
expected to generate a substantial increase of the partitionexplicitly discussed. At high temperatures, the contribution to
function compared to the HO predictions. the heat capacity of a single HO vibration K& for an



Four-Membered Heterocycles J. Phys. Chem. A, Vol. 111, No. 14, 2002801
Y=NH Y=0 Y=PH Y=S

(1) (2) (3) 4)

/1‘,

S 0\ . | Om

>”< 300 \wo 300 1500 | 300 1500 | 300 1500

NH

'
N
L
N
I
' '
N
/
' '
LS
I

-3 - -3 - 3 - 3 -
(8) (6) (7) (8)
21 2 1 2 1 2 1
1 1 14 1
|O| 0 , ‘ : o ‘ ‘ : o ‘ ‘ ‘ |l o ‘ : : ‘
X 390\1500 1500 || 300 1500 SWO
- \ - AT |4
2 - N B _\ 24
-3 - 3 - 3 - 3 -
© (10) (11) (12)
10 10 10 10

o N A OO o
T 7
o N A OO o
T}
o N A OO @
m
o N A OO
.~ 7"

o
w
o

300 1500 300 1500 300 1500

(13) (14) (15) (16)

o S
1

o »

[=] N
{r

[=] A
' )

306— 4600 3w0 300 1500 300 1500
-8 _\‘N‘M -8 - -8 - -8

-12 A -12 A -12 -12
-16 - -16 - -16 - 16 7\\\

Figure 2. Plots of the entropy differenc&S(T) in J/mol/K (diamonds line) and the heat capacity differeA€£T) in J/mol/K (black line) in terms
of the temperature (K). Also the scaling factats&(T) (dimensionless) are given as gray lines.

X=S
"
"

anharmonic vibration with finite potential energy barriers, such extended hindered rotor (EHR) method. This methodology
as internal rotations, the contribution to the heat capaci®/ds incorporates any rotationalibrational coupling effect and the
Because the shape of the ring puckering potential is not quite influence of the variable moments of inertia into the HR
quadratic but still with barriers going to infinity, it is not very  formalism!! This EHR formalism is now applied to thietane-
surprising that this mode contributes abol/8 to the heat 3-thione 16 because it is one of the best candidates for
capacity. substantial influence of (pseudo)rotationaibrational coupling.

To investigate the coupling of the puckering mode with other In this EHR model, an additional factor appears in the integrand
vibrations, it is instructive to apply the recently developed of eq 1 which comprises the variation of the puckering moment
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TABLE 3: Entropy and Heat Capacity (at Constant Pressure), Both in J/mol/K, According to the HO and 1D-HR Modek

Sho (298.15 K)

Cho (298.15 K)

Sir (298.15 K)

Cir (298.15 K)

2) azetidine-3-imine 291.85
2 azetidine-3-one 290.70
?3) azetidin-3-ylidenephosphine 306.76
(4) azetidine-3-thione 301.69
5) oxetane-3-imine 290.78
(6) oxetane-3-one 283.31
@) oxetan-3-ylidenephosphine 307.02
(8) oxetane-3-thione 294.47
9) phosphetane-3-imine 304.19
(20) phosphetane-3-one 303.04
(11) phosphetan-3-ylidenephosphine 316.75
(12) phosphetane-3-thione 311.65
(13) thietane-3-imine 311.51
(14) thietane-3-one 300.90
(15) thietan-3-ylidenephosphine 319.20
(16) thietane-3-thione 321.53

a Corrections due to symmetry are included.
(16)
2,0

1,8
1,6 1
1,4
1,2
1,0 ¢
0,8 -

06 -
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Figure 3. The EHR factofenr(e, T) (eq 4) of thietane-3-thion&6 at
three different temperatures. Also, the puckering potential (bold line)
and its quadratic approximation (dotted line) is shown; energy values
in kJ/mol.

0,4 T ’/’Ii‘

0,2 -

of inertia and the variations of the vibrational temperatures in
terms of the puckering angle:

o=/

Thefenyr scaling function is normalized to unity at the potential
energy minimum: fepr(¢ = @puck T) = 1, OT. For most
potential energy variations, the exponential Boltzmann factor
will be relatively small. Only for (very) low-energy values will
this factor be close to unity, and the integrand will be dominated
by the value ofgpr. Figure 3 show$spr(e,T) at some different
temperatures. It is a slowly decreasing function for the angles
of interest and should have only a minor influence on the scaling
factor k. The additional corrections (EHR versus HR) are less
than 0.5 J/mol/K for entropy, and less than 0.2 J/mol/K for the
heat capacity.

v
8(02

i "t e ™V dp ()

77.11 291.94 77.37
74.47 291.77 74.74
84.41 304.71 85.43
77.65 302.06 78.34
73.24 290.12 72.73
70.50 282.87 70.16
80.74 306.06 80.06
73.76 294.10 73.47
86.93 310.52 90.87
83.91 307.60 87.37
94.06 321.18 98.50
86.66 312.45 89.14
79.94 305.45 78.16
77.17 298.51 75.92
87.37 323.10 84.71
80.70 308.92 78.51

TABLE 4: (a) Structural Data of the Equilibrium Geometry
of Methylenecyclobutane? (b) Entropy and Heat Capacity of
Methylenecyclobutane, Both in J/mol/K, According to the
HO and 1D-HR Model®

(@) mPW1B95 experimental
Ppuck 23.08 21.6
gcx|o 1.545 1.557
gcco 1.510 1.524
ICY| 1.326 1.331
XccOo 87.56
CXC 88.83
CCC 91.47 92.0
(b) HO HR exp
S (298.15 K) 291.54 289.70 298.9
C (298.15K) 85.29 82.92 87.40

a Experimental estimates are taken from ref 16. Bond lengths are
expressed in A and bond angles are expressed in de§i@esections
due to symmetry are included. The experimental values were taken
from the NIST Databas¥.

From these data, it can be concluded that, in four-membered
rings, the puckering mode is almost completely uncoupled from
the other vibrations, and the 1D-HR treatment is the most
appropriate model for their description.

4. Methylenecyclobutane

As the last topic, we also calculated the structure, puckering
potential, and thermodynamic properties of methylenecyclobu-
tane. Compared to the previous heterocyclic molecules, there
is much more experimental and ab initio data available for this
compound->16 Again, the puckering potential is calculated
(Figure 4a), along with the 1D-HR scaling factepr and
resulting correctiondSandAC on entropy and heat capacity
(Figure 4b). An important remark concerning the entropy of
methylenecyclobutane is the difference of symmetry number
of the molecule in the HO approximation (puckered structure)
versus the HR description. As explained in ref 5, in the HR
approach, the highest symmetry along the puckering path has
to be chosen. This results in a symmetry number of two (planar
structure), while it is unity for the bent HO geometry. This,
combined with the HR correction, results in a slight entropy
decrease. The heat capacity is not affected by this additional
symmetry.

The calculated equilibrium geometry is compared with
experiment in Table 4a, while the resulting values for the
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(a) (b) to calculate the molecular partition function. Especially for the
300 7 57 thietane derivatives, the HR method generates major corrections
250 44 as compared with the standard HO scheme. This is shown using
3 ] the thermochemical quantities entropy and heat capacity.
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