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D. C. Biefko," D. Michalska,*™ S. Roszak} and W. Wojciechowski
Institute of Inorganic Chemistry and Institute of Physical and Theoretical Chemistry, Technicarsity of
Wroctaw, Wybrzez Wyspiaskiego 27, 50-370 Wroctaw, Poland

M. J. Nowak and L. Lapinski
Institute of Physics, Polish Academy of Science, Al. LomiB@/46, 02-668 Warsaw, Poland

Receied: February 27, 1997; In Final Form: May 30, 1997

Infrared spectra of glutarimide isolated in low-temperature Ar apdnitrixes are reported. The molecular
structure, vibrational frequencies, and infrared intensities of glutarimide are calculated with ab initio Hartree
Fock and second-order MgllePlesset perturbation (MP2) methods as well as with density functional theory

Introduction

(DFT) using the nonlocal gradient corrected functional (BP86). The best overall agreement between the
calculated and experimental spectra has been obtained at the MP2/D95V** level. Unequivocal assignment
of the experimental infrared bands is performed on the basis of the potential energy distribution (PED). A
striking similarity is noted for frequencies of the corresponding CO and NH vibrations in glutarimide and in
uracil, thymine, and their methyl derivatives. Furthermore, the significant flattening of the glutarimide ring,
predicted by calculations, indicates its structural resemblance to pyrimidine bases. It is suggested that some
glutarimide drugs are able to intercalate between nucleic base pairs in the DNA helix or they may act as
antagonists of uracil and thymine in biological processes.

documented work concerning the structure and vibrational

Glutarimide, G (2,6-piperidinedione), is a structural part of SPectra of glutarimide. Recently, Xu and Clérbave per-

a number of molecules with interesting biochemical activity. formed expgrimental and theoreti(.:al' studies on the electronic
Several glutarimide derivatives have been reported to possess$Pectra of single crystals of glutarimide. The infrared spectra

significant anticancer activity. For example, PCNU(Ehloro- of glutarimide in solutions have been_reporteq by Thomp_son et

ethyl)-3-(2,6-piperidinedione)-1-nitrosourea] can easily cross the al.;*> however, the proposed band assignment is very ambiguous.
blood—brain barrier, and it shows activity against brain tunfors; ~ Knowledge of the molecular structure and vibrational spectra

aminoglutethimide is a strong inhibitor of steroid biogenesis Of glutarimide is very important for the investigation of

and is used in the treatment of metastatic breast c&naed;
antineoplaston A1ON-phenylacetyle-aminoglutarimide), which

intermolecular interactions using vibrational spectroscopic
methods. Itis expected that these normal modes of glutarimide

has recently been introduced into experimental chemotherapy,which involve vibrations of the imide group should reveal
has a remarkable anticancer activity, particularly against brain substantial changes in frequency due to the formation of
tumors, and it shows very low toxicif{# In vitro studies hydrogen bonding with other molecules. Therefore, a clear
employing the thermal denaturation of DNA as well as understanding of the vibrational spectrum of a bare glutarimide
fluorescence spectroscopy have revealed that antineoplaston A16s indispensable for a correct assignment of the spectra of
may bind weakly and noncovalently with DNA.Eriguchi et hydrogen-bonded systems.
al® suggested that the A10 molecule may enter into DNA since  In this work we report, for the first time, the infrared spectra
it showed significant chemopreventive effects against various of monomeric glutarimide, measured in low-temperature argon
carcinogens in mice. and nitrogen matrixes. Extensive calculations of the structure

Glutarimide is also a component of newly synthesized and infrared spectra of glutarimide have been performed at three
antibiotics which exert antiviral and antifungal activity? theory levels: ab initio HartreeFock, MP2, and density
Cycloheximide, the best known member of glutarimide antibiot- functional (DFT).
ics, is a very strong inhibitor of protein synthe¥islt has been To get detailed information on the nature of normal modes,
reported that the biological activity of cycloheximide is due to the potential energy distributions (PEDs) were calculated at each
a specific binding interaction of the glutarimide moiety with a theory level. These combined spectroscopic and theoretical
site on the 60 S ribosomal subufit!? Of particular interestis  investigations allowed us to obtain unequivocal and complete
the fact that replacement of hydrogen in the -©@@H—-CO vibrational assignment of the infrared spectrum of glutarimide.
(imide) group with the methyl or acetyl group results in complete It is hoped that these results will be helpful for further studies
loss of activity of glutarimide drugs This indicates that the  on interaction of glutarimide drugs with biological molecules
biological activity of these drugs is determined by the specific and may shed some light on the possible mechanism of the
hydrogen bonding between glutarimide and other molecules in biological activity of glutarimide.
biological systems.

Despite the wealth of published papers on pharmacological Experimental Section
and biochemical studies on glutarimide drugs, there is very little

Glutarimide (Aldrich) was purified by vacuum sublimation
M ) . prior to the matrix experiment. The matrix gases, argon (Linde
Institute of Inorganic Chemistry. . . .2 .
*Institute of Physical and Theoretical Chemistry. AG) and nitrogen (Technische Gase, Leipzig), were of purity
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were the same as described elsewhgréhe sample was placed  TABLE 1: Geometry (Bond Lengths in Angstroms, Angles
in the microoven in the vacuum chamber of a continuous-flow gae:i?ai?ee;)\/v?t%?nﬂllﬁear?rlgglsF'\gglr?eglt:'?f(ggggrmggtional)
liquid helium cryos_tat. The vapors of the_ sample coming out and MP2 Approaches. Experiméntal Data Are from the
from the heated microoven were mixed with the matrix gas, Ar x_ray Crystal Structure of Glutarimide (Ref 38)

or N, (precooled in a liquid nitrogen trap), and deposited on a

Csl window on the coldfinger (10 K) of the cryostat. Gluta- parameter HF BP86 MP?2 expl
rimide diluted in the matrix gas was deposited until the Ci-Co 1513 1526 1516  1.508,1.502
absorbance of the most intense carbonyl band was close to 1. C1-Co 1.527 1.540 1.530 1510, 1.486
The matrix gas/dopant ratio was experimentally adjusted to Ca-Ns 1.384 1.408 1.400 1.391,1.387
C-Oy 1.195 1.231 1.228 1.224,1.215
ensure that only the bands due to the monomer were recorded. N,_H;5 1.002 1.029 1.017 0.88
The concentration of glutarimide in the matrix was sufficiently ~ C;-Hio 1.082 1.102 1.092 0.98
low that no bands due to associated species (known from the Ci-Hiz 1.088 1.108 1.097 1.103
studies with more concentrated matrixes) were observed. The gG-:B 1-82‘71 i-igi i-ggi é-éé
temperature of the cold window was maintained at 10 K. Such Ci—c;u—tN3 1162 1153 1153  116.9,116.1
a low temperature prevented any diffusion and association ¢, N, C, 128.2 129.0 128.7 126.9
during the matrix formation. No sign of thermal decomposition Cs_C,_C, 112.5 113.0 112.1 113.7,114.0
was observed during the experiment. The infrared spectra were Ci-Cs-Cs 110.2 110.6 109.9 111.8
recorded on a Perkin-Elmer Model 580B grating spectropho- ©O7-C2-C: 1234 1243 1243  123.8,124.0
tometer operating at a resolutior-2 cnt . Integral intensities E'f*c'\zbézcs 8105'9 3%5'5 0%5'6 1141
of the absorption bands were measured by numerical integration. o ¢, ¢, c. 179.0 178.7 178.8
N3-C>-C1-Cs 0.2 0.5 0.7
Theoretical Methods and Computational Details His-N3-Co-Cy 178.9 179.2 179.0
DHe 132.6 133.0 130.3 130.2
All calculations have been carried out using the Gaussian 94 ud 395 3.37 421

codé’ running on a Cray J916 (XMP) supercomputer. The

geometry optimi;at?ons and calculations of thg vibratipngl hasC, symmetry with the mirror plane passing through Nas, Co
spectra of glutarimide have been performed with ab initio His, and H4 atoms.P Due to H-bonding in the crystalline gluta’rimi’de,
Hartree-Fock (HF) and second-order MaliePlesset perturba-  he structure of a molecule is significantly distorted and the corre-
tion (MP2) methods (using the frozen core approximati®as sponding bond lengths and angles on the left and right side of the ring
well as with density functional theory (DFJ. The basis set have different experimental valugsDH is the dihedral angle between
contained the Huzinaga’s (9s5p) primitive $&tontracted to  the plane defined by {CeCs atoms and the plane defined by@3C.Cs

the valence doublé- collection, according to the scheme atoms.¢ Dipole moment in debyes.

proposed by Dunning and H&y. The basis set was augmented ) ) . ) )

with a set of six-component d Gaussian polarization functions coordinate analysis, as described in ref 31. The potential energy
for heavy atoms and p polarization functions for hydrogen distributions (PEDSF were calculated using our own program,
atoms, proposed by Hariharan and PdleThis basis set, which follows the formulas_ for PED maitrix elgments,_glven in
denoted as D95V**, has been successfully used in previous ref 33. Perhgps the most |mportant_||_1format|or_1 obtal_ned _from
calculations of vibrational spectra for molecules of a similar PED calculations is the extent of mixing of various vibrations

size2324 The above choice of basis set leads to 155 molecular (€xpressed in percent contribution of internal coordinates to the
orbitals for glutarimide. normal mode). This allowed us to make a detailed description

The DFT studies of glutarimide were performed employing ©f the nature of the observed infrared bands. -
three energy functionals: BP86 (Becke’s exchange with Perdew ~The calculated frequencies of all normal modes within the
correlation functionalSP26BLYP (Becke-Lee—Yang—Parr)25:27 HF method were scaled down by 0.90. For MP2 calculations

and B3LYP (the combination of the Becke's three-parameter W& have used the factor of 0.96 for all normal modes, except
hybrid exchange functior®#20 with the LYP correlation o the modes @-Q7, which were scaled by 0.935 for the

functional). The results obtained applying these functionals are following reason: it is known that frequencies of the-N,
comparable. The B3LYP functional tends to overestimate all ©~H. and O-H stretching vibrations calculated with both HF
frequencies. The BP86 results turned out to be the most accuraténd MP2 methods are considerably overestimated when com-
and quite similar to those obtained with the MP2 calculations, Pareéd with the experimedt:+"® This indicates that the

especially for &0 stretching modes and in the low-frequency harmonic approximation in ab i_nitio calcula'_tions is unable_ to
region. Thus, the BP86 results have been listed in Table 2. reproduce_expenmental str_etchlng frequencies for these highly
For each level of theory the geometry optimization of anharmonic vibrations. This problem cannot be resolved by a

glutarimide was performed assumi® symmetry (with the uniform scaling of all calculated vibrational frequencies since
symmetry plane passing throughs,NHis, Cs, His, and H these modes are more anharmonic than the others. Therefore,
atoms). The atom numbering is S}']OV]\-IF;"I in ’Scﬁgme 1 a;d theWe have introduced a new scaling factor of 0.935 for the MP2

optimized geometry parameters are compared in Table 1. Thecalculated frquenmes Of-hH and. C._H stretchlng modes to
harmonic vibrational frequencies and eigenvectors as well asaccqunt for their large anharmqnlcny. The scaling factor was
the infrared intensities were subsequently calculated using theObta'ned. by a least-squares fit to the infrared and Raman
analytical second derivatives for ab initio methods and numerical _frequenmes of NH and G- I;Lssgretches observed for glutarim-
differentiation of analytical gradients in the DFT method. To ide and related moleculés:

express the normal modes in a molecule-fixed coordinate
system, the nonredundant set of internal coordinates was define
as recommended by Fogarasi and Pdfaylhese coordinates A. Geometry. The optimized geometrical parameters and
are listed in Table 2. Then the force constant matrices obtainedthe experimental data from the single-crystal X-ray analysis of
in Cartesian coordinates at each theory level were transformedglutarimidé® are listed in Table 1. The calculated data
to internal coordinates, which allowed us to perform normal correspond to a molecule &s symmetry in the gas phase.

aThe atom numbering is shown in Scheme 1. The calculated structure

d?esults and Discussion
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TABLE 2: Internal Coordinates Used in the Normal-Mode Analysis of Glutarimide (Atom Numbering as in Scheme 1)

definition? Description Symbol
S=riztrs4 v(CoCy) + v(CyCs) vS(CCy)
Sz:rl,z—r5,4 V(CzC]_) — ’V(C4C5) ’Va(Cny)
S=ra3tra3 (CoN) + »(C4N) v$(CN)
Si=r23—43 (CoN) — v(CsN) 13(C\N)
S=ri6trse v(C1Cg) + v(CsCo) (GG
S=r16"Is6 v(C1Cs) — v(CsCs) 13C,Cy)
S=rartrag v(C507) + v(C4Os) v¥(C0)
S=r27-T4g (C207) — v(C4Os) 13(C0)
S=r315 v(N3H1s) v(NH)
Sic=r1,10ts9 v(CiH10) + v(CsHo) Vi CHy; (Cy)
S11=r110~rs9 v(CiH10) — v(CsHy) Vi CHy; (C)
S5 11 v(CiHi2) + v(CsHa11) v5 CHy; (Cy)
Si3=r1,12- 511 v(CiH12) — v(CsH11) v CHy; (C)
Si14=r6,13t 16,14 v(CeH13) + v(CsH14) 1S CHz; (C)
Si5=r6.15 16,14 v(CsH13) — ¥(CeH1a) 12 CHy; (C)
Si6=P354P243tB137Pe21P516 P45 ring def | B(Ry)
Si7=2f2435 137 Pe21T2B156 Pe45 354 ring def Il B(R2)
Si5=P1,37Pe21Pea5 354 ring def Ill B(Rs)
S10=Pa,155 P2153 B(NsH) B(NH)
S=P372P17.7-P384 Pss4 B(C207) + B(C4Os) BY(C0)
S1=P377 P17 B384 P84 B(C207) — B(C4Os) BHCO)
S=P13146 sciss GHH sciss CH; (Cy)
S3=P1012HPo115 sciss GHH (in-phase) sCisCHy; (Cy)
S4=P1012Po115 sciss GHH (out-of-phase) SCISKCHy; (Cy)
S5=P5,13,6 514,611,136 L1146 rock GHH rock CH; (C)
S6=Ps,1361P5146 L1136 P1.146 wag GHH wag CH; (C))
S7=P5,13.6 P5146 P1,136 L1146 twist CsHH twist CH,; (C)
S=A1— Aot As— Ayt As—Ast+Ar—Ag rocké CHy; (Cy)
So=A1— Aot As—As—AstAs—ArtAg rock® CHy; (C,)
S0=A1 A~ As— Ayt AstAs—Ar—Ag wagf CH;; (C,)
S1=A1HAe—As— Au—As—Ast+Ar+Ag wag CHy; (Cy)
So=A1—Ao—AstAstAs—As—ArtAg twist® CHg; (C,)
Ses=A1— Ao~ AstAs—AstAst+A—Ag twistt CHy; (C,)
S4=Y15,4,32 y(N3H) (NH)

S5=y8,543 Y7321 (C207) + (C40s) y%(Cx0)
S6=Y8,543 V7321 (C207) — (C409) y3(C0)
S37=74,32,17 732,167 721,65 71,654 76543 754,32 7(Ry)
S6=T4321 72165071654 T5432 7(Ry2)
S$=2732,1,67 7432, 72,1650 276543 71,654 75432 7(Rs)

aThe normalizing factors are omitted for clarity;, the distance between atorinandj; fi;x, the angle between vectoks-i andk—j; yij«i, the
angle between the vect&r-i and the plane defined by atork,l; 7, the dihedral angle between the plane defined by aigpksand the plane
defined by atom;k,l; Alzﬂﬁ’loll; A2:ﬂ6,12,1; A3:ﬂ2,10|1; A4:ﬁ2,12,1; Aszﬂe,g,f,' A5:ﬂ6,11|5' A7:,34,g,a' A8:ﬁ4,11,5 Abbreviations: a, antisymmetric (OUt-
of-phase); s, symmetric (in-phase) with respect to the plane perpendicular to the molecular plane and passing $hFagg8sNH13, and Hs
atoms.v, stretching3, in-plane bendingy, out-of-plane bending; def, deformation; sciss, scissoring; rock, rocking; wag, wagging; twist, twisting;
7, torsion.

SCHEME 1: Atom Numbering in Glutarimide lengths are understandable, since these bonds are the most

susceptible to intermolecular interactions.

The best agreement with the X-ray data has been obtained at
the HF level for C-C, C—N, and N—H bond lengths. However,
the calculated €0 bond distance is too short, while it is much
better predicted with the MP2 method. The BP86 functional
considerably overestimates all experimental bond lengths. It
should be noted that the calculated bond angles are well
reproduced regardless of the theoretical method applied.

It is apparent that the calculated conformation of the molecule
may be described as a half-chair, with one carbon atogh (C
slightly out of the essentially coplanar system, formed by five
atoms of the glutarimide ring and two oxygen atoms. The
Unfortunately, the experimental gas-phase structure of gluta- calculated dihedral angle between theCgCs plane and the
rimide is unknown, whereas the structure of the molecule in molecular framework is in excellent agreement with the
the Crystal is Signiﬁcantly distorted, due to a Strong.'ﬂl...o expel’imental Value, as is shown in Table 1. It can be concluded
hydrogen bonding, which perturbs the geometry of the ring. that such significant flattening of the glutarimide ring, predicted
Comparison of the calculated and experimental data indicatesPy theory and also confirmed by experimental data, enables
that the largest discrepancies are encountered for th€,C  some glutarimide drugs to intercalate between nucleic base pairs
C—0, and N-H bond distances. The conformational lability in the DNA helix.
of the ring may affect the experimentally determined@@bond B. Vibrational Spectra. The infrared spectra of glutarimide
lengths, as it has been demonstrated in our recent X-ray measured in low-temperature argon and nitrogen matrices are
studies?®® while the differences in the €0 and N-H bond compared with the theoretical spectra in Figure 1. The
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Figure 1. Comparison of the experimental IR spectra of glutarimide isolated in nitrogen (A) and argon (B) matrices, with the spectra predicted
theoretically at the MP2/D95V** (C), DFT(BP86)/D95V** (D), and HF/D95V** (E) levels.

experimental and calculated (HF, DFT, and MP2) frequencies calculated at the HF level (as will be shown later). It should
and infrared intensities are listed in Table 3. Mode description be emphasized that these three theoretical methods yielded very
(vibrational assignment) given in this table is based on potential similar PED values for all corresponding normal modes but these
energy distribution obtained at the MP2 level, except for the two. Different PEDs have been indicated in the footnotes of
modes Qs and Qg, which are better described with PED Table 3. The overall agreement between the experimental and
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TABLE 3: Experimental Wavenumbers (¥, cm™1) and Integral Intensities (1) of Infrared Bands of Glutarimide in Ar and N »
Matrixes Compared with the Theoretical Harmonic Frequencies {, cm™) and Infrared Intensities (A, km/mol). Theoretical
Results Are Calculated with ab Initio HF, Density Functional Theory (BP86 Functional), and MP2 Methods. Vibrational
Assignment Is Based on the Calculated Potential Energy Distribution (PED)

experimental calculated
mode Ar N2 HF/D95V** BP86/DI5V** MP2/D95V**
no. sym ¥ I v @ A @ A »° A assignment PEf(%)
Q. A’ 3406 59 3397 80 3440 82 3460 37 3407 63(NH) (100)
Q A 2973 2975 14 3070 9 3010 8 ¥5CH, (76),v;CH, (18); ()~
Q A" 2974 16 3068 10 3009 615CH, (83),v3CH, (17); (G)?
Q A’ 2946 39 3048 24 2993 18v3CH; (91); (C)
Qs A" 29238 2898 44 2997 33 2929 26v°CH; (94); (&)
Q A" 2896 8 2985 6 2924 5 15CH, (83),7iCH. (17); (C)
Q, A 2902 2894 7 2983 4 2922 5 13CH, (79) 5 CH. (15); (C)
1792 26 180 14 e
1759 e
Qs A 1748 1746 1804 220 1738 125 1730 101w(CO) (86)
Qs A" 1739) 710 173 723 1786 890 1731 547 1729 5#AC0) (77)
1723 1725 e
1712 171 e
1700 170 e
1652 8 1659 8 e
1619 5 1627 3 e
Qo A’ 1465 6 1465 6 1467 6 1452 9 1472 6 scCiss(98); (G)
Qu A" 1432 6 1433 8 1438 10 1418 12 1443 11 suidd, (98); (G)
Qn A" 1423 1430 3 1411 2 1433 5  scis€H, (100); (G)
Qi A" 1392 74 1398 65 1424 108 1361 76 1387  147(NH) (48),vCN) (32),v2(CO) (11)
Q. A" 1374 1370 1364 4 1327 8 1357 1 wag Q88) (C), v{C,Cy) (11)
1362 1363 e
Qis A" 1348 115 1354 102 1370 64 1325 90 1358 66%(C«Cy) (25), wag CH, (24),vS(CiN) (19), 5(C0) (11)
Qi A" 1334 38 1335 39 1346 84 1311 37 1343 41 @y (36), twist CH (28) (G), vA(CCy) (13)
Q A’ 1318 11 1321 12 1320 54 1293 12 1312 30 W@H(52),v(CN) (16),5CO) (14)
1277 7 1282 9 e
1262 29 1265 19 e
Qs A" 1246 109 1251 117 1255 186 1226 126 1249 164 a@i (32),»3CN) (21),5(NH) (20)
Qe A" f 1241 1238 7 1228 6 1244 7 twistH; (72); (G)
Qo A" 1181, 118 1181 116 1184 131 1162 82 1187 95 twist@#b); (C), v(C,C) (25),v(CN) (11)
1178
Qu A" 1144, 90 1145 86 1134 32 1118 44 1135 34 twiSH, (64); (G)
1141
Qx A" 1061 1063 1064 4 1034 0 1058 0 ré6€kH; (41), rock CH (24); (G),
¥3(Cx0) (12), twist CH;, (10)
Qs A" 1051 20 1053 18 1022 13 1039 16 1052 194C,C) (49), wag CH, (20), wag CH (14); (C)
Qu A" 968 2 969 1 951 1 942 2 956 3B(Ry) (45), rock CH (25); (Gy), rock CH; (11); (C)
Qs A" 916 4 918 5 888 7 898 5 909 4v3(C,C,) (64), rock CH, (10); (G)
Qs A" 890 0 878 1 890 0 vAC:Cy) (39),vCN) (17), 54C.0) (13), rock CH, (11)
Q; A" 858 855 0 840 0 852 0 roéCH: (53),y%CO) (19)
Qs A" 754 21 757 34 742 50 743 67 744 5 rock A7), y5(C0)(27),v5(CCy) (23), yNH (18
Qe A 720 78 732 75 714 90 733 28 722 10% NH (71),v5C:Cy) (16)
Qs A" 652 10 655 5 641 6 639 2 640 26 (Ry) (23),y(Cx0O) (17),vX(C,Cy) (15),v(CN) (12)
Qau A" 611 8 613 9 608 8 593 5 596 5y2(CO) (67), rock CH, (20)
Qs A 542 3 526 5 532 3 y¥C0) (31),5(R2) (18), rock CH; (16), 8(Ry) (11)
Qs A" 541 27 543 27 526 25 520 15 520 2@3(C,0) (76),vAC\Cy) (17)
Qs A’ 451 3 451 2 442 3 429 2 438 18(R,) (35), ¥(C:N) (17), B5(CxO) (16), rock CH, (13)
Qs A" 435 18 435 20 420 16 421 13 418  13B(Rs) (78)
Qs A’ 376 22 378 20 368 28 358 18 359 2@B5(C0) (53),4(R2) (30)
Qs A 263 239 2 238 1 250 2 1(R) (63),7(Ry) (28)
Qs A 118 6 124 6 116 4 7(Ry) (55),7(R>) (45)
Qs A" 94 0 112 0 94 0 7(Rs) (100)

a Antisymmetric.? HF frequencies scaled by 0.9MP2 frequencies scaled by 0.96 except for the modes@, which are scaled by 0.935.
4 PEDs from MP2 calculations except for modes @nd Qg; elements lower than 10% are not includeé@ombinations or overtones, see the text
for discussionf Overlapped band$.Different PED values for MP25C,C,) (40) + rock CH (28), and for DFTyNH (46) + y%(CxO) (27)+ rock
CH; (15). " Different PED values for MP2(NH) (68) + y%(CxO) (14), and for DFTyNH (53) + v%C,C,) (25). Matrix effect.] Raman data for
solid glutarimide taken from ref 4¥. Symmetric.' |, integral absorbances of absorption bands normalized in such a way that the observed intensity
sum of all bands is equal to the calculated, at the MP2 level, intensity sum of the corresponding modes.

calculated spectra is very good, particularly at the MP2 level It is interesting to note in the infrared spectra of matrix-
of theory. The calculated infrared intensities of normal modes isolated pyrimidine bases that the correspondifidsH) band
were extremely helpful in the reliable assignment of the infrared has been found at very similar wavenumbers: 3430%%fAr)

spectrum of glutarimide.

N—H Vibrations The N-H stretching mode of the monomer
glutarimide is readily assigned to a distinct infrared band
observed at 3406 cm in argon and 3397 cnt in nitrogen
matrices.

and 3416 cm! (Ny) in 1-methyluraci?* 3435 cnt?! (Ar) in
uracil?®37and 3434 cm? (Ar) in thymine36

The strong absorption at 1392 chin the spectrum of
glutarimide in the Ar matrix has been assigned to the NH in-
plane bending(NH) vibration. In a nitrogen matrix, this band
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is shifted by 6 cm? toward higher wavenumbers. Such a shift
is typical for 3(NH) bands. From the PED shown in Table 3,
it is apparent that the corresponding normal modes)(Qas
mainly “NH-bend” character due to the predominant contribu-
tion (48%) from theB(NH) internal coordinate, although a

J. Phys. Chem. A, Vol. 101, No. 42, 1997839

infrared intensities of all other modes of glutarimide has been
obtained at the MP2/D95V** level.

It should be noted that the correspondjr(&H) band occurs
at much lower frequencies in the infrared spectra of pyrimidine
bases in an Ar matrix: 662 and 659 cinfor uraciP® and

significant mixing with the G-N symmetric stretching vibration  1-methyluracik? respectively. This is due to the fact that this
(32%) is also noted. Itis remarkable that the frequency of this pand arises from almost “pure” NH out-of-plane vibration in
mode is so close to that of the corresponding mode, at 1399these bases.

and 1395 cm*, in the infrared spectra of uracil and thymine,  c—0 vibrations Infrared spectra of monomeric glutarimide
respectively?® exhibit a very complex pattern in the region 1860600 cnt?,

As can be seen from Table 3, th#NH) vibration in where only two carbonyl stretching modes(C=0), are
glutarimide contributes also to the modgsQassigned to the  expected. It is interesting to note that similar complicated
very strong infrared band at 1246 chin Ar (1251 cnt in structures of the absorption bands arising from@stretching
N, matrix). According to the calculated PED, this band can be vibrations have been observed in the infrared spectra of matrix-
considered as an analogue of the “amide Ill band” which occurs isolated uracil, thymine, and its methyl derivativ€436-37.44-46
around 1250 cmt in the spectra of amides and peptidés. It seems that such a splitting of bands in this frequency region

The NH out-of-plane bending vibration is particularly sensi- is characteristic of the infrared spectra of all cyclic imides
tive to the environment and susceptible to matrix effects, which containing two polar €O groups in the cis position.
may account for the differences in wavenumbers of the It has been concluded that the fundamental transitions
corresponding infrared band in low-temperature gas mafficés. corresponding to the stretching motion of these two dipoles enter
It is also expected that this band will be markedly shifted in into strong and multiple Fermi resonances with several overtones
the spectra of the hydrogen-bonded systems. Thus, a definiteand combinations of similar frequencies. The possible combi-
assignment of this vibration is very important for the investiga- nation bands for glutarimide in this frequency range are 1432
tion of intermolecular interactions. In the infrared spectrum of + 376 = 1808; 1348+ 451 = 1799; 1181+ 611 = 1792;
glutarimide in an Ar matrix a strong band is observed at 720 1246+ 541= 1787; 1061+ 720= 1781; 1392+ 376= 1768;
cmL. In a nitrogen matrix this band is considerably blue-shifted 1348+ 376= 1724; 1181+ 541 = 1722; 968+ 754= 1722;

(by 12 cnl) and broadened, which indicates that it is associated 1061+ 652= 1713; 1334+ 376= 1710; 1051+ 652= 1703;

with the NH out-of-plane/(NH) vibration. The frequency of 916+ 720= 1636; 1246+ 376= 1622 cn1! (in an Ar matrix).

the corresponding mode2Qis very well predicted with three According to our calculations, the symmetric and antisym-
theoretical methods, which confirms our assignment. It follows metric G=0 stretching vibrations of two equivalent carbonyl
from PED obtained for g that they(NH) vibration predomi-  groups in glutarimide have very similar energy. The frequency
nates in this mode; however the calculated contribution from of the former is only slightly higher than that of the latter.
other vibrations is different at each theory level. Furthermore, However, the predicted infrared intensities of these tweQC
some discrepancies in PEDs have also been noted for the nearbytretching modes are very different; the antisymmetric vibration
Qzs mode. The relative infrared intensities of these two bands generates the infrared band which isBtimes more intense
predicted with theoretical methods differ significantly from each than the symmetric counterpart. It should be emphasized that
other (see Figure 1 C,D,E). The MP2-calculated infrared the theoretical results are consistent regardless of the method
intensity of the Qg mode is seriously underestimated, whereas applied.

that of Qg is overestimated with respect to the experiment. The predicted frequencies and the intensity patten(®&=0)

It is worth noting that infrared intensities calculated at the absorptions have proved to be of great help in assigning the
MP2 level are usually more accurate than those calculated withspectra. In both matrices, the band of the highest intensity,
the HF method using the same basis?4é#:35443 However, located at 1739 cnt in Ar and 1737 cmitin N, is undoubtedly
in our recent MP2/6-31G** calculations we have already associated with the antisymmetrie<© stretching vibration (
encountered a similar problem, since this level of theory failed mode). The higher wavenumber band, observed at 1748 cm
to predict frequencies and intensities of two normal modes of in an Ar matrix (1746 cm! in N,), has been attributed to the
phenol#3 symmetric G=0O stretching vibration (g. A third band in this

The relative intensities of modes,§and Qg obtained with ~ cluster, observed at 1723 ct(Ar) and 1725 cm?® (Ny),
the DFT method (BP86 energy functional) are also incorrect corresponds to some combination tone (as indicated above)
since they are just opposite those of the experiment, as is showrwhich borrows infrared intensity from one of thgCO)
in Table 3. The results obtained for these modes at the Hartree fundamentals through the Fermi resonance mechanism. It
Fock level are in much better agreement with the experiment, should be noted that both the MP2 method and BP86 functional
although the calculated intensity ob§Js overestimated. It is predicted well both the frequencies and infrared intensities of
evident from Table 3 that these discrepancies are related withthese two modes, whereas the HF method overestimated these
the different PEDs, calculated at the three theory levels, fgr Q Vvalues. The corresponding=®@ stretching bands in matrix-
and Qg. The plausible explanation of these discrepancies is isolated infrared spectra of pyrimidine bases have been found
that calculated infrared intensities depend on the forms of normal at very similar wavenumbe?4:36.37
modes (which are represented by PED values). Different The CO in-plane bending vibrations have been assigned to
contributions of internal coordinates within these normal medium-intensity infrared bands at 536 and 391 &nim the
coordinates may sum up or nearly cancel the infrared intensity spectrum of uracif-37and at 538 and 389 cmin 1-methylu-
of the corresponding modes. It seems that PEDs fgraf@d racil.24 It is interesting to note that the corresponding antisym-
Q29 calculated with the HartreeFock method best describe the  metric and symmetric CO in-plane bending vibrations in
nature of these modes; therefore the HF values have been usedlutarimide give rise to the medium-intensity bands at almost
for assignment of the corresponding two infrared bands. identical wavenumbers, 541 cm(Qs3) and 376 cm? (Qzg),
However, it should be emphasized that the best overall agree-respectively. Although the calculated frequency of the former
ment between the observed and calculated frequencies ands consistently underestimated (by about-P® cnt?), at all
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theory levels, the predicted infrared intensities of these modesTable 3, the calculated frequencies of;@nd Q> are lower
are in very good agreement with experimental values. that that of the mode Q. The two former correspond to the
According to PED, the CO out-of-plane bending vibrations, methylene scissoring vibrations in thgHt groups (attached
y(CO), in glutarimide are strongly mixed with ring vibrations to G=0), whereas the latter arises from the scissoring vibration
and CH deformations; therefore they are not observed as in the GHH group. It seems that these characteristic bands
characteristic bands, but contribute to several bands in the rangecorresponding to stretching and scissoring vibrations of different
from 860 to about 500 crt. The very weak infrared band at ~ methylene groups in glutarimide can be used as the diagnostic
611 cm! corresponds to the modesQ which contains a bands in other spectroscopic studies on larger molecules (e.qg.
significant contribution from the antisymmetrig(CO). The steroids) containing methylene groups in various environments.
symmetricy(CO) vibration contributes to the modeszQ but The remaining Chldeformation modes, wagging, twisting,
the corresponding band is too weak to be observed in theand rocking vibrations, appear to be strongly coupled with
experimental spectrum. It seems that the extensive couplingdifferent ring vibrations in glutarimide. According to PED, the
of y(CO) with other vibrations is the likely reason for the CH,wagging modes have a large contribution to several bands
anomalously low intensities of the/(CO) bands” in the infrared ~ observed in the range 1374050 cnt?, as shown in Table 3.
spectrum of glutarimide. The very strong band at 1348 cin(Ar) has been assigned to
It should be noted that in 1-methyluracil the corresponding the mode @, which corresponds to the *“ring breathing
y(CO) modes have significantly higher infrared intensities and Vibration” coupled with the Ckhlwagging vibrations. This is
also higher frequencies, 802 and 761 @éi#f This can be supported by a similar assignment of the strong, characteristic
attributed to a different coupling of these vibrations in 1-me- band observed at about 1360 chin the infrared spectra of
thyluracil. antineoplaston A10, the new antitumor drug containing gluta-
CH, and Ring Vibrations The G-H stretching region in the rimide #8350 We, therefore, suggest that this infrared band can
infrared spectra of cyclic amides and alkanes is noted for being @lS0 be used as the “marker band ”, for the presence of the
strongly affected by anharmonic resonaresn glutarimide glutarimide ring m_large molecular systems. The next strong
Fermi resonances may occur between theHCstretching band at 12_46 cr‘nl_ln the infrared spectrum of glutarlm_lde in
fundamentals and overtones of €tieformation modes as well @ Ar matrix (assigned to {9) corresponds to the “amide Ili
as combinations involving the NH bending or CH bending and Pand”, as discussed earlier.
C=0 stretching vibrations, similarly as in substituted amides. ~ An assignment of the remaining bands in the range 374
It can be seen from Figure 1 that several weak absorptions1262 cnitis quite difficult since these bands are weak, broad,
appear in the region between 3000 and 2850%ivoth in argon and closely spaced. Bands at 1374, 1334, and 1318 have
and nitrogen matrices. Such a low intensity of the bands due been assigned to the fundamentalg, @16, and Q, respec-
to C—H stretching modes seems to be typical for infrared spectra tively, since they correspond to bands of similar wavenumbers
of monomeric heterocycles isolated in low-temperature matri- in the spectra of related compourfd¢?® A doublet observed
ces2436.37 Therefore, the €H stretching vibrations of gluta-  at 1277/1262 cmtin Ar, which is slightly shifted in a Nmatrix,
rimide have been assigned from the Raman spectrum oforiginates, most probably, from combination tones (for example,
crystalline glutarimidé? where these modes generate two very 611+ 652= 1263 and 5441 72 0= 1261 in Ar) which borrow
intense bands, at 2973 and 2902 ¢épand a shoulder at 2925  their intensity via anharmonic resonances with the nearly Q
cm~L. It should be noted that the calculated (and scaled) HF fundamental mode of the same symmetry. Similarly, a weak
and MP2 frequencies of these modes are quite close to theband at 1362 cmt may arise from Fermi resonance between
experimental values, as shown in Table 3. In the assignmentthe combination (613 754= 1365 cnt?) with the fundamental
of the C—H stretching modes we were guided by the fact that Qi at 1374 cm?. The methylene twisting vibrations ¢gand
in compounds where the GHjroup is attached to a carbonyl Q1) have been assigned to the strong infrared bands observed
group the corresponding symmetric €stretching vibration is at 1181 and 1141 cm. Band splitting observed for these
observed as a strong Raman band around 2910.¢t8 Thus, modes in an argon matrix disappears in a nitrogen matrix;
it has been concluded that a very strong band at 2902 am therefore, it is ascribed to a matrix effect. As follows from
the Raman spectrum of glutarimide corresponds to stretching calculations, the third Citwisting vibration (Qg) in glutarimide
vibrations in the GHH groups, adjacent t0,£&0 (Qs and Q generates a band of very low infrared intensity. Furthermore,
modes). These two modes have almost identical frequencies,its frequency is very similar to that of the;€mode; therefore
as revealed by calculations; therefore they may give rise to only it is probably hidden under the strongd@bsorption. Theoreti-
one band observed in the spectrum. The next strong band atcal data indicate that the Giocking vibrations are extensively
2973 cnt? in the Raman spectrum may result from an overlap coupled with the ring deformation modes and contribute to
of three modes, QQs, and Q, since their frequencies, predicted extremely weak infrared bands in the range 10860 cnt?
at the MP2 level, are very similar. A shoulder at 2925¢m  and also to several bands in the low-frequency region.

has been assigned to the stretching vibratiog) (@the GHH The frequencies of ring deformations£QQss, and Qg are

group, which is supported by the presence of a similar band in quite well predicted by theory. As is seen in Table 2, a high

the spectrum of cyclohexart. level of conformity between the BP86/D95V** and MP2/
The methylene scissoring vibrations (sciss;0H glutarimide D95V** results is observed in the range below 640¢émThe

have been assigned by comparison with the spectra of relatedemaining three modes, 3@ Qss, and Qg, corresponding to
compounds. In cyclohexane, these modes generate weaklorsion vibrations, were below the range covered by the matrix
absorptions in the range 1473450 cnt1.4® Bellamy* has experiment. The predicted frequencies of these modes are in
noted for the compounds containing the methylene group the range 25690 cntl. A band observed at 263 crhin the
adjacent to a carbonyl group that the position of this band is Raman spectrum of solid glutarimide, which was asssigned to
shifted to lower wavenumbers (1428400 cm~1) while its the ring torsion vibratiod! corresponds very well to the
infrared intensity increases. A similar effect has also been frequency of 250 cnt?, calculated at the MP2/D95V** level.
observed in the matrix-isolated infrared spectrum of glutarimide, It should be mentioned that for uraétsbtorsion vibrations of

and it was confirmed in our calculations. As can be seen from the ring contribute to the normal modes of higher frequencies.
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For 2(1H)-pyrimidinoné>2 or 4(3H)-pyrimidinoné> torsional
modes give rise to infrared bands near 700-EmThe very
low frequencies of the torsion vibrations of glutarimide cor-
respond to a greater flexibility of the glutarimide ring when
compared to the above-mentioned compounds.

Conclusions

The important conclusions from the present study can be

summarized as follows.

1. A good agreement between the calculated (HF, MP2, and
DFT/BP86) and experimental infrared intensities and frequencies

of glutarimide confirms the reliability of the presented vibra-
tional band assignment.

2. The best overall agreement between the calculated and
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