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THEORETICAL STUDY ON STRUCTURES AND INTERNAL

ROTATIONS OF METHYL N,N-DIMETHYLCARBAMATE AND ITS

SULPHUR, SELENIUM, AND TELLURIUM HOMOLOGUES
Me,NC(O)YMe, Y=0,8S, Se, Te)
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A theoretical study on the structures and internal rotations of methyl N,N-dimethylcarbamate and its sulphur,
selenium and tellurium homologues [Me,NC(O)YMe, 1 (Y=0), 2 (Y=8), 3 (Y=Se), 4 (Y=Te)] was
performed by means of ab initio molecular orbital calculations at the MP2/3-21G (*)//HF/3~21G(*) level.
These calculations indicate that 1-4 are all planar with Z-conformation with respect to the central bonds of
their O=C—Y—Me units, whereas the corresponding E-forms are transition states for rotation about Y—C(Q)
bonds which have energies higher than the E-forms by 20-6, 15-4, 13-9, and 9-6 kcalmol -, respectively. The
energy of 1 increases monotonically from the Z-form to the E-form with rotation about the Y—C (O) bond, but
in 2-4 a transition state and a local minimum were found between the two forms. This different phenomenon for
1 compared with its homologues 2—4 arise mainly from the large steric repulsion between a methyl group on the
nitrogen and that on the oxygen in E-1. Optimization of the transition states (TS, and TS,) for rotation about
N—C(O) bonds showed that TS, is favoured by 2—4 but disfavoured by 1 owing to the repulsion between lone
pairs on the nitrogen and oxygen atoms in its TS,. The barriers for rotation about N—C(O) bonds were

estimated to be 161, 14-7, 14-7, and 15-7 keal mol ! for 1, 2, 3, 4, respectively.

INTRODUCTION

Hetcroatomic compounds have been widely employed
as important reagents in modern synthetic reactions,
allowing novel transformations with the aid of the
characteristic chemical properties of the heteroatoms. In
the course of our studies on the chemistry of chalcogen
elements, we have developed unique preparative
methods for thio-,' seleno-2 and tellurocarbamates’® and
also demonstrated the potent synthetic utility of telluro-
carbamates as nucleophilic carbamoylation reagents.®*
In this paper, we report the results of a theoretical study
on the structures and conformations of methyl N,N-
dimethylcarbamate and its sulphur, selenium, and
tellurium homologues [Me,NC(O)YMe, 1 (Y=0), 2
(Y=5),3(Y=Se),4(Y=Te)].

As related compounds to carbamates, amides have
attracted much attention from their conformational aspects
inasmuch as they serve as prototypes of important poly-
peptides and proteins.* Many experimental and theoretical
studies on amides have shown that they are planar or very
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close to planar.’~" This phenomenon has been explained
by the conjugation between the carbonyl group and the
nitrogen.” However, recent theoretical calculations
revealed that the rotation about N—C(O) bonds causes
little change in the C=0 bonding, suggesting that such a
resonance contribution may not be important.*®

Esters have two stable planar structures, i.e. E- and
Z-forms with respect to the central bond of the
O=C—O—R unit.’ In contrast to amides, it is difficult
to measure the rotational barrier or energy difference
between these two forms since the equilibrium is
generally biased far to the Z-form. However, for some
simple compounds, E—Z energy differences and bar-
riers  between them have been  estimated
experimentally ® and theoretically,'" showing for
example that Z-forms are more stable than the others by
about 3-9'® or 4-8'® kcalmol ! (1 kcal = 4-184 kJ) for
methyl formate and about 8-5 kcalmol ™' for methyl
acetate !0 with barriers of ca
7-15 kcalmol 7'.'%-%!"* The E—Z energy differences
decrease appreciably in polar solvents.''®

Carbamates, which include both amide and ester
frameworks, are also important compounds since the
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NCO, skeleton often appears in bioactive compounds,
such as anticonvulsants, local anaesthetics, sedatives,
hypnotics and muscle relaxants,'”” and in significant
industrial materials such as polyurethanes.”> However,
in contrast to the extensive studies on amides and esters,
much less attention has been given to the structures of
carbamates.'>'* X-ray '*1%® and theoretical'“-" studies
have shown that carbamate frameworks are also planar
or nearly planar. Conformational interest in carbamates
is focused mainly on the rotation about their N—C(O)
bonds, for which several theoretical'*™ and
experimental '~° data are available, but little attention
has been paid to rotation about their O—C(O) bonds.
As for their analogues, several thio- and dithiocarba-
mates, which also have interesting pharmacological
activities, such as antibacterial, anticholinergic, antido-
tal, antifungal, antivirial, herbicidal, local anaesthetic
and tuberculostatic activities,'*"*!® have been
studied, "***-° but selenium'#* and tellurium analogues
have scarcely been reported.

COMPUTATIONAL METHOD

Molecular orbital calculations were performed with ab
initio methods using the theoretical calculation package
Spartan Versions. 2.1 and 3.1. (Wavefunction, Irvine,
CA, USA) All structures were optimized at the
Hartree—Fock level of theory using 3-21G(") basis
sets,' since these afford sufficiently reliable structures
and energies,' although more accurate values may of
course be obtained by calculations at higher levels of
theory with larger basis sets.®*'® Structures at stationary
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points were fully optimized without any constraint and
their energies were calculated also with the second-
order Mgller—Plesset perturbation theory (MP2). 19

RESULTS AND DISCUSSION

Structures of 1-4

As mentioned above, many studies reported so far on
the structure of carbamates, amides and esters indicate
that the central framework of Me,NC(O)YMe is
(nearly) planar, having a nitrogen with sp? hybridiz-
ation. As for the geometries of their ester fragments
(03—C2—Y1—C7), both E- and Z-forms are expected
to exist as stable conformers (Figure 1). We therefore
first attempted to optimize both forms of 1-4 at the
HF/3-21G(¥) level, but no energy minima were found
for E-forms for any of the compounds. However,
structure optimization of E-forms adopting C, sym-
metry afforded transition states with one negative
frequency which corresponds to rotation about their
Y1—C2 bonds in the case of 2—4 (see below). Similar
calculations with 1 gave a structure which had two
negative frequencies corresponding to rotations about
Y1—C2 and N4—C6 bonds. However, a transition
search approach for 1 with C1 symmetry afforded a
slightly distorted E-form as a transition state for
Y1—C2 rotation. These phenomena are in great contrast
to those of esters, which usually have local minima for
E-forms.>!'®

All the compounds 1-4 have stable Z-forms, but
small geometrical differences in their optimized struc-

E-form

Figure 1. Conformations of Z- and E-forms of 1-4
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tures were observed between 1 and heavier analogues
2-4, ie. (Z)-1 is completely planar whereas the Z-
forms of 2-4 are slightly distorted, having small
dihedral angles of O3—C2—Y1—C7. Optimization of
the Z-forms of 2—4 adopting C, symmetry led to saddle
points which have a slightly higher energies than the
ground states by 0-01, 0-04, and 0-03 kcalmol ',
respectively. However, such deviations from complete
planarity in the case of 2-4 may be chemically
insignificant since the energy differences are very small.

In Table 1 are listed some geometrical parameters of
the optimized structures. The structure of (Z)-1
obtained is very close to a reported structure optimized
at the HF/6-31G™ level'™ and also to structures of
similar compounds determined by x-ray analysis.'*'%®
In the Z-forms of 1-4, the nitrogen atoms are planar
and the C5—HS8 bonds are (nearly) eclipsed to the
C2—N4 bonds. As for the conformation of C6-methyl
groups, one C—H bond is eclipsed to the C2—N4 bond
in 1, but is nearly perpendicular in 2—4.

The E-forms are all saddle points, as mentioned
above, probably owing to the steric repulsion between a
methyl group on N4 and that on Y1. The relative
energies of the E-forms in comparison with the Z-forms
are listed in Table 2. The E-Z energy difference
decreases as Y becomes heavier, 1.e. 20-6, 15-4, 13.9,
and 9-6 kcalmol ! for 1, 2, 3 4, respectively, which
might represent rotational barriers about Y1—C2 bonds
(see below).

Rotation about Y1—C2 bonds

In order to reveal the energy profile for the rotation
about Y1—C2 bonds, the structures of 1-4 were
optimized adopting constrained values for the dihedral
angle a defined by 03—C2—Y1—C7 (Figure 2),
which was increased step by step from 0° to 180° (up to
210° in the case of 1). The relative energies of these
optimized structures calculated at the Hartree—Fock

level are plotted in Figure 3. It is interesting that the
energy of 1 increases monotonically (up to ca 210° in
the local minimum search), whereas 2—4 have transition
states (TS,) with the Y1—C7 bond nearly perpendicular
to the molecular plane (a = 95°) and local minima (LM)
with a=115-6°-142.3°. The relative energies and
selected geometrical parameters of these stationary
points are given in Tables 2 and 3, respectively.

Local minima searches with a constrained a of 180°
afforded optimized structures having C, symmetry
which have lower energies than their E-forms by 1-5,
0-6, 0-02, and 0-01 kcalmol ™' for 1, 2, 3, 4, respect-
ively, at the Hartree—Fock level. In the cases of 1 and
2, the optimized structures are appreciably distorted
from C, symmetry. Figure 4 shows the structure of 1
optimized with a =180° in which the nitrogen loses
planarity, probably owing to steric repulsion between a
methyl group on N4 and that on O1. The importance of
such repulsion is clearly evidenced by comparison with
methyl carbamate (§,H,NCO,Me), for which such
repulsion is not expected even in its E-form. When
similar calculations were performed with 5, the E-form
having C, symmetry became a local minimum
(10-7 kcal mol ™! higher than the Z-form) and a transi-
tion state (11-4 kcal mol ™! higher than the Z-form) was
found between the E-and Z-forms, as shown in Figure
3. This energy profile is very similar to that of
O—C(O) rotation of methyl acetate reported recently,'!
where the Z-form is preferred over the E-form by
9.4 kcalmol ™' at the HF/6-31+G™ level with a
transition state ca 13 kcal mol ! higher than the Z-form.
Evidence that the curve for § is almost superimposable
on that of 1 within the range of 0° < a <90° indicates
that repulsion between these two methyl groups plays an
important role when a>90°. Another approach was
adopted in order to include this repulsion more naturally
in the energy diagram. When the structure of 1 was
optimized with a constrained dihedral angle of
C6—N4—Q1—C7 (), a very smooth energy profile

LM and TS, TS,

TS,

Figure 2. Conformations of LM, TS, TS, and TS,. Hydrogens are omitted for clarity
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Figure 3. Energy profiles for rotation about Y1—C2 bonds of 1-4 and methyl carbamate

from the E-form to the Z-form was obtained as shown
in Figure 5.

The E-Z energy differences decrease in the order
1>2>3>4, which is the opposite to the order of the
C6—C7 atomic distances of the E-forms, i.e. 2-937,
3056, 3-133, and 3-455 A, respectively. This may also
suggest that repulsion between these two methyl groups
is one of the major factors in the E-Z energy
differences.

The transition states (TS,) of 2 and 3 are apparently
more stable than their E-forms, and the TS, of 4 has
almost the same energy as the E-form, indicating that E-
forms are transition states for rotation about Y1—C2
bonds. The rotational barrier of 20-6 kcalmol ™!
obtained for 1 is larger than the corresponding rotational
barrier of 7-15 kcalmol ™! reported for esters.'®-¢i1a

However, its homologues 2-4 have similar barrier
heights to those of esters.

Rotation about Né—C2 bonds

It is known that amides have two kinds of transition
states for their internal rotation about N—C(O) bonds,
i.e. TS, and TS, which have a lone pair on the nitrogen
anti and syn to the carbonyl oxygen, respectively (Figure
2).° For 1-4, the structures of TS, and TS, were optim-
ized adopting C, symmetry. Selected structural
parameters and relative energies from their Z-forms are
summarized in Tables 3 and 2, respectively. These
calculations showed that 2, 3, and 4 preferred TS, than
the other by 3-3, 2-0, and 1-8 kcal mol ™!, respectively.
Here also 1 is unique from others, i.e. TS, is more stable
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Table 2. Relative energies in kcal mol ™' calculated at the HF (MP2) level

Structure 1 2 3 4
Z-Form 0(0) 0 (0) 0 (0) 0 (0)
E-Form 21-0 (20-6) 14-4 (15-4) 12-7 (13-9) 8-4 (9-6)
TS, 10-0 8-6 86
LM 9-8 8-4 7-4
TS, 18:5 (16:1) 17-3 (18-0) 17-3 (16-7) 18-2 (17:5)
TS, 20-2 (17-7) 13-5 (14-7) 14-2 (14-7) 14-6 (15-7)
kcal/mol 57
204
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B-180 degree

Figure 4. Optimized structure of 1 with the dihedral angle
03—C2—01—C7 (a) fixed at 180°

than TS, by 1-6 kcal mol ™', Similar calculations on N,N-
dimethylformamide (DMF) and N,N-dimethylacetamide
(DMA) showed that the TS, conformations are more
stable than the others by 0-79 and 3-8 kcalmol ™',
respectively, which are in good agreement with the
reported values of 0-23 (DMF) and 4-0 kcalmol '
(DMA), calculated at the MP2/6-31+G™" level.* The
bond angles of Y1—C2—N4 of TS, for 2—4 are larger
than those of comresponding TS, by 3-5, 42, and 6-1°,
respectively, but smaller by 1:-4° in the case of 1. This
result may suggest that the unique properties of 1 arise
from repulsion between the lone pair on O1 and that on
N4 resulting in destabilization of its TS,.

From the data in Table 2, rotational barriers about
N4—C2 bonds, i.e. energy differences between the
lower transition states and the ground states (Z-forms),

Figure 5. Energy profile for 1 with variation of dihedral angle
C6—N4—O01—C7 (B)

are estimated to be 16-1, 14-7, 14-7, 15-7 kcalmol ™!
for 1, 2, 3, and 4, respectively, indicating that chalco-
gen atoms have less effect on the barrier of rotation
about N4—C2 bonds than about Y1—C2 bonds. For 1
and 2, there have been several experimental studies on
internal rotation about N4—C2 bonds, but the barrier
varies widely depending on the solvents,® concentra-
tions, and methods employed for measurements.'#™~°
For example, AH* values of 15-5-22:9 (1) and
17-2-20-1 (2) kcal/mol~','"¥"' and AE* values of
12-3-14-4 (1) and 13-0—14-5 (2) kcalmol ~',"*"° have
been reported. Concerning theoretical calculations, there
is one report which dealt with the rotational barrier of 1
but the transition state was not fully optimized.'* Hence
it may be difficult to compare the present results directly
with reported values.

Similar calculations on DMF and DMA at the MP2/
3-21G(%)//HF/3-21G(*) level gave rotational
barriers (TS,) of 20-7 and 16-1 kcal mol ™!, respect-
ively. These values are satisfactorily close to the
reported barriers for DMF and DMA, ie. 20-5 and
18-5 kcalmol ! calculated at the MP2/6-31+G™
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level® and AE* values of 20-5% and 16-5%' kcalmol
determined experimentally in the gas phase, respect-
ively. These results indicate that our calculations afford
sufficiently reliable rotational barriers.

ACKNOWLEDGEMENTS

A scholarship supported by the Ministry of Education,
Science and Culture of Japan (No. 93ER-930696) is
acknowledged.

10.

11.

REFERENCES

. (a) T. Mizuno, 1. Nishiguchi and N. Sonoda, Tetrahedron

50, 5669-5680 (1994); (b) T. Mizuno, I. Nishiguchi, T.
Hirashima, A. Ogawa, N. Kambe and N. Sonoda,
Tetrahedron Lett. 31, 4773-4776 (1990); (c) N. Sonoda, T.
Mizuno, S. Murakami, K. Kondo, A. Ogawa, I. Ryu and N.
Kambe, Angew. Chem., Int. Ed. Engl. 28, 452-453 (1989).

. (a) N. Sonoda, Pure Appl. Chem. 65, 699706 (1993);
" (b) K. Kondo, M. Takarada, S. Murai and N. Sonoda,

Synthesis 597-598 (1979).

. (a) T. Inoue, T. Mogami, N. Kambe, A. Ogawa and N.

Sonoda, Heteroat. Chem. 4, 471-474 (1993); (b) T.
Hiiro, T. Mogami, N. Kambe, S. Fujiwara and N. Sonoda,
Synth. Commun. 20, 703-711 (1990); (¢) N. Kambe, T.
Inoue and N. Sonoda, Org. Synth. 72, 154162 (1993).

. Eg., see (a) S. L. Schreiber, Science 251, 283-287

(1991); (b) G. Fischer and F. X. Achmid, Biochemistry
29, 2205-2212 (1990).

. E. L. Eliel, S. H. Wilen and L. N. Mander, Stereochemis-

try of Organic Compounds, Chapt. 9 and 10., Wiley, New
York (1994).

. For the structure of acetamide see, e.g. M. W. Wong and

K. B. Wiberg, J. Phys. Chem. 96, 668—-671 (1992), and
references cited therein.

. W_ E. Stewart and T. H. Siddal, IIl, Chem. Rev. 70,

517-551 (1970).

. K. B. Wiberg, P. R. Rablen, D. J. Rush and T. A. Keith, J.

Am. Chem. Soc. 117, 4261-4270 (1995).

. K. B. Wiberg and C. M. Breneman, J. Am. Chem. Soc.

114, 831840 (1992).

(a) S. Ruschin and S. H. Bauer, J. Phys. Chem. 84,
3061-3065 (1980); (b) C. E. Blom and Hs. H. Giinthard,
Chem. Phys. Letr. 84, 267-271 (1981); (¢) T. B. Grin-
dley, Tetrahedron Lett. 23, 1757-1760 (1982); (d) H.
Nakanishi, H. Fujita and O. Yamamoto, Bull. Chem. Soc.
Jpn. 51,214-218 (1978).

(a) K. B. Wiberg and K. E. Laidig, J. Am. Chem. Soc.
109, 5935-5943 (1987); (b) K. B. Wiberg and M. W.
Wong, J. Am. Chem. Soc. 115, 1078—-1084 (1993).

12.

13.

14.

15.
16.
17.

18.
19.

20.
21.

W.FERRAZ DE SOUZA, N. KAMBE AND N. SONODA

E.g. see (a) M. E. Wolff (Ed.), Burger's Medical Chem-
istry, 4th ed. Wiley, New York (1981); (b) A. Goth and P.
A. Shore, Medical Pharmacology, 9th ed., Mosby, St
Louis (1978).

(a) J. Blackwell, J. R. Quay, M. R. Nagarajan, L. Bomn
and H. Hespe, J. Polym. Sci., Polym. Phys. Ed. 22,
1247-1259 (1984); (b) J. Blackwell and M. R. Nagarajan,
Polymer 22, 202~208 (1981).

(a) B. Sepehmnia, J. R. Ruble and G. A. Jeffrey, Acta
Crystallogr., Sect. C 43, 249-251 (1987); (b) B. H.
Bracher and R. W. H. Small, Acta Crystallogr. 23,
410-418 (1967); (c) M. Remko, Chem. Pap. 44,
825-832 (1990); (d) M. Remko and S. Scheiner, J. Mol.
Struct. Theochem 180, 175—188 (1988); (e) W. Caminati,
A. C. Fantoni, L. Schafer, K. Siam and C. Van Alsenoy,
J. Am. Chem. Soc. 108, 4364-4367 (1986); (f) R. Hilal,
M. M. Hamed and H. Moustafa, Biophys. Chem. 25,
17-25 (1986); (g) M. Remko, I. Sekerka and P. T. van
Duijnen, Arch. Pharm. 317, 45-53 (1984); (h) C. H.
Bushweller, P. E. Stevenson, J. Golini and J. W. O’Neil,
J. Phys. Chem. 14, 1155—1159 (1970); (i) C. Yamagami,
N. Takao and Y. Takeuchi, Aust. J. Chem. 39, 457-463
(1986); (j) M. L. Martin, F. Mabon and M. Trierweiler, J.
Phys. Chem. 85, 76-87 (1981); (k) T. Liljefors and J.
Sandstrom, Org. Magn. Reason. 9, 276-280 (1977); (1)
S. Hoogasian, C. H. Bushweller, W. G. Anderson and G.
Kingsley, J. Phys. Chem. 80, 643648 (1976); (m) A. E.
Lemire and J. C. Thompson, Can. J. Chem. 53,
3732-3738 (1975); (n) P. T. Inglefield and S. Kaplan,
Can. J. Chem. 50, 1594-1596 (1972); (o) C. H. Yoder,
A. Komoriya, J. E. Kochanowski and F. H. Suydam, J.
Am. Chem. Soc. 93, 65156518 (1971).

O. Andersen, J. B. Nielsen and M. M. Jones, Pharmacol.
Toxicol. 64, 239-243 (1989).

C. Safak, H. Erdogan and M. Ertan, Arch. Pharm. 321,
859--861 (1988).

(a) 1. S. Binkley, J. A. Pople and W. J. Hehre, J. Am.
Chem. Soc. 102, 939-947 (1980); (b) M. S. Gordon, J.
S. Binkley, J. A. Pople, W. J. Pietro and W. J. Hehre, J.
Am. Chem. Soc. 104, 2797-2803 (1982); (¢) W. J.
Pietro, M. M. Francl, W. J. Hehre, D. J. DeFrees, J. A.
Pople and J. S. Binkley, J. Am. Chem. Soc. 104,
5039-5048 (1982); for third- and fourth-row elements,
see (d) K. D. Dobbs and W. J. Hehre, J. Comput. Chem.
7, 359-378 (1986).

E. T. Knight and L. C. Allen, J. Am. Chem. Soc. 117,
4401-4402 (1995).

(a) C. Mgller and M. S. Plesset, Phys. Rev. 46, 618622
(1934); (b) J. S. Binkley and J. A. Pople, Int. J. Quantum
Chem. 9, 229--236 (1975).

B. D. Ross and N. S. True, J. Am. Chem. Soc. 106,
2451-2452 (1984).

B. D. Ross, N. S. True and G. B. Matson, J. Phys. Chem.
88, 2675-2678 (1984).





