
cleavage was shown (11) to he a significant reaction in the hydrolysis of 
I1 in water. 

Samples were analyzed using the three methods described (Table I). 
The total of I plus I1 calculated as I determined using Method A agrees 
with the total content of I determined after complete hydrolysis.This fact, 
together with the observation that 111 is the only reaction product formed 
from I1 and aniline, strongly indicates that  Method A provides an accu- 
rate measurement of I and 11. With the exception of Sample a, only small 
deviations can be observed between the content of I1 determined by 
Methods A and B. This result may indicate that the value of t520 = 6200 
M-’ cm-’ for I1 (4) is not correct and that using a value of ~ 5 2 0  = 6020M-’ 
cm-I leads to improved agreement between the results of Methods A and 
B. 

The methods described are intended to be applied to I1 and I in a 0.8 
M solution of sodium gentisate (4). The present work shows that the re- 
action between I1 and aniline is applicable for the determination of a 
mixture of I and I1 in parenteral solutions and that spectrophotometric 
analysis of the reaction mixture appears to be a simple and reliable 
method of analysis. 
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Abstract The IR-X-ray method for determining solution conforma- 
tion was used to compare the conformations of the antitumor agents 
hydroxyurea and its 3-ethyl analog in solutions with conformations in 
the solid state. X-ray crystal analysis data for hydroxyurea obtained from 
the literature and the 3-ethyl analog data determined experimentally 
indicated that similar conformations are present in both compounds, with 
a car bony1 bond of mostly double bond character and intermolecular 
hydrogen bonding. The ethyl analog also possessed inter- and intramo- 
lecular hydrogen bonding involving the I- and 3-hydrogens and the 
carbonyl and hydroxyl oxygens. Comparison of IR spectra (1780-1550 
cm-’) of the solid state (mineral oil mulls) with solution spectra (taken 
in dry octanol, in octanol equilibrated with water and dried, and in wet 
and dry acetonitrile) indicated that only in dry acetonitrile did the 
spectrum of hydroxyurea resemble that of the solid. The ethyl analog 
possessed absorptions similar to the solid only in dry octanol, while 
spectra of all other solutions for both compounds had strong C=N 
character and diminished C=O double bond character. The IR solution 
data were rationalized according to the conformational system of hy- 
droxyureas, which is represented by canonical forms possessing a C=O 

bond or strong C=N bonds and a CO bond. Hydroxyurea appears to 
prefer hydrogen bonding to a solvent (water) to bonding with itself, while 
the ethyl analog possesses internal hydrogen bonding which changes the 
conformational preferences and conformational equilibrium. In solvents 
where this inter- or intramolecular hydrogen bonding competes with 
bonding with the solvent, interconversion of conformers takes place; but 
this interconversion cannot occur when strong hydrogen bonding (with 
solvate formation) exists with water. Hydroxyurea tends to exhibit this 
behavior only when hydrogen bonding to solvent or water is not possible, 
allowing interconversion through a form possessing a C=O bond. Hy- 
droxyurea and its 3-ethyl analog thus have different solution confor- 
mational equilibria depending on the solvent. 

Keyphrases 0 Hydroxyurea and 3-ethyl analog-comparison of solid 
and solution conformations 0 Conformations-solid and solution com- 
pared, hydroxyurea and 3-ethyl analog 0 Antineoplastic agents-hy- 
droxyurea and 3-ethyl analog, comparison of solid and solution confor- 
mations 

The structure or conformation of drugs in solution is a 
significant property to scientists studying the molecular 
dynamics involved in absorption, i n  vivo transport, site of 
action, and enzymatic biotransformations of biologically 
active compounds (1). Knowledge concerning the actual 
or potential structure or conformation of drug molecules 
becomes even more relevant to the molecular pharmacol- 
ogist or medicinal chemist if a particular structure or 

conformation is essential for a biological process and that 
particular molecular species is one of many possible species 
that may be present in vivo. 

While the structure of molecules in the solid state can 
be ascertained with a high degree of accuracy via X-ray 
crystallography, the structure and conformation of mole- 
cules in simple solutions are continually being studied and 
are topics of rigorous debate (2). Various methods have 
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Table I-IR Absomtions in Carbonvl-Nitroeen Reeion of 

Figure 1-X-ray crystal structure of hydroxyurea showing hydrogen 
bonding between hydroxyl of one molecule and carbonyl oxygen of an- 
other. 

been utilized to correlate known structure in the solid state 
(from X-ray crystal data) to structure and confor'mation 
in solution uia the combination of instrumental methods 
of analysis such as X-ray crystallography with NMR 
spectroscopy (3), dipole moments (4), and circular di- 
chroism (5). 

This paper reports: ( a )  the correlation of solid and so- 
lution conformations in the hydroxyurea series of antitu- 
mor agents (hydroxyurea and 3-ethyl-1-hydroxyurea) 
utilizing the literature and experimentally determined 
X-ray crystal structures in combination with the IR 
spectra of solids and solutions according to the method of 
Byrn e t  al. (6), and ( b )  assumptions concerning the 
structure and conformations of these compounds in solu- 
tion. The hydroxyurea class was studied since it exhibits 

-r 0 

Figure 2-X-ray crystal structure of 3-ethyl-1-hydroxyurea showing 
bond distances and inter- and intramolecular hydrogen bonds [esti- 
mated standard deuiation = f0.04 A ] .  Thermodynamic disorder was 
observed in  the terminal methyl group. 

Hydroxyurea a n d  3-Ethyl- 1-hydroiyurea in-the Sobd State 
(Mineral  Oil Mulls) and  in Various Solution Conditions 

Absorptions in Carbonyl Nitrogen 
Absorption Region (1780-1550 cm-I), 

Obtained in Hydroxyurea 3-Ethyl-I-hydroxyurea 
Sample cm-I 

Mull 1625,1570 1635, 1580-1560 
Octanol (dry) 1655 1680,1560 
Octanol (after water 1650 1640 

Acetonitrile (wet) 1690 1680 
Acetonitrile (dry) 1740,1640 1680 

equilibration and drying) 

a solvent conformational dependency which may influence 
the biological action (7 ,8) .  

EXPERIMENTAL 

Compounds-3-Ethyl- 1 -hydroxyurea was synthesized according to 
the method of Dresler and Stein (9) with modifications (10, 11). Hy- 
droxyurea' was used as received. 

X-Ray Crystal  Analysis of 3-Ethyl-1-hydroxyurea-A clear, 
tabular crystal of 3-ethyl-1-hydroxyurea was mounted on an automatic 
diffractometer2 equipped with an MoKZ X-ray source (KZ = 0.71073 A) 
monochromatized by a dense graphite crystal. All measurements were 
made a t  ambient room temperature. The crystal symmetry was estab- 
lished as 2/m, space group 12/a. Unit cell parameters were a = 9.981, b 
= 8.011, c = 14.003 A, 6 = 103.32', and Z = 8 molecules/cell. The calcu- 
lated density was 1.29 g/cm3. Using the 8-28 scan technique in the range 
6 O  < 28 < 60°, 413 independent reflections with I > 30 (I) were mea- 
sured. 

The structure was solved by application of the multiple-entry tangent 
formula program MULTAN (12). The ethyl moiety was highly disor- 
dered; however, the remainder of the molecule refined well. The three 
hydrogens not associated with the ethyl group were located. The final 
R value [R = ( Z ( ( F o (  - ~ F c ~ ~ ) / E ~ F ~ \ ] o f  ll%wasadisappointingly high 
value caused by the disorder problem. Since the ethyl portion of the 
structure was not involved in the hydrogen bonding between C=O and 
OH, no attempt was made to  sort out and clarify the disorder. 

This relatively crude crystallographic determination revealed that the 
title compound has a structure quite similar to that of hydroxyurea itself 
(Fig. l ) ,  with an analogous intermolecular hydrogen-bonding scheme 
between the hydroxyl oxygens and the keto oxygens uia the hydroxyl 
hydrogens. The approximate distance between oxygens involved in the 
hydrogen bonding is 2.62 A (4). There also appears to be hydrogen 
bonding between the 3-hydrogen and oxygen of the hydroxyl group (in- 
tramolecular) and between the 1-hydrogen and carbonyl oxygen of an- 
other molecule. No unusual features were noted in the hydroxyurea 
portion of the molecule. The structure with interatomic bond distances 
and hydrogen bonds is shown in Fig. 2. 

IR Spectra-Spectral data were obtained on double-beam IR spec- 
trophotometers3, utilizing liquid plates for solutions and mulls4 for solids 
taken between sodium chloride plates. Solution spectra were taken of 
hydroxyurea and 3-ethyl-1-hydroxyurea in octano15 (dry), in octanol after 
water equilibration for 24 hr and drying over sodium sulfate (anhydrous), 
in acetonitrilefi (wet), and in acetonitrile dried over sodium sulfate. 

Spectra were taken with the solvents as the blank. All spectra were 
taken with the same instrument readings and a t  90% transmission. The 
spectral data of the compounds in solution and taken as mulls are shown 
in Table I. 

DISCUSSION 

The X-ray crystal structure of hydroxyurea, a clinically effective an- 
titumor agent and the most potent member of the hydroxyurea class, was 
first determined concurrently by two groups (13.14). The initial reports 
were recently confirmed and corrected after reinvestigation a t  liquid 
nitrogen temperature (-140°), indicating the crystal structure as shown 
in Fig. 1 from the atomic coordinate data of Armagan et al. (15). Hy- 
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occur. 

droxyurea appears as chains of molecules with hydrogen bonding between 
the hydroxyl of one molecule and the carbonyl oxygen of another with 
four molecules in a unit cell. From the bond lengths and bond angles and 
with Pauling's method of determining bond order from bond length (161, 
the C=O bond was found to be about 80% double bond in character and 
both the N1-C and C-N2 bonds were found to be about 10% double bond 
in character. 

With the method of Byrn et  al. (6), the IR spectrum of solid hydrox- 
yurea (a mineral oil mull) was compared to spectra taken in solutions. 
This method compares the important absorptions in IR spectra of solids 
of known structure with spectra in solution to evaluate the equivalence 
of conformation in the two systems. Since hydroxyurea can best be 
evaluated hy the absorptions in the carbonyl-nitrogen region (1780-1550 
cm-'), only absorptions in this region were analyzed and compared. A 
powder diffraction X-ray analysis indicated that no phase change occurs 
on grinding, and thus the IR spectra of the mull represented the structure 
of hydroxyurea in the solid state. 

The IR spectrum of solid hydroxyurea appeared as a broad band from 
1650 to 1540 cm-', with peaks a t  1625 and 1570 cm-I representing the 
amide I and I1 bands of hydroxyurea. The amide I band (1625 cm-I) is 
primarily C=O stretching vibrations, while the amide I1 band (1570 
cm-') is due to NH bending and CN stretching (17). Spectra of hydrox- 
yurea in solution were limited by poor solubility in solvents such as 
chloroform, benzene, ether, tetrahydrofuran, ethyl acetate, and cyclo- 
hexane, but spectra could be obtained in alcohols such as 1-octanol. The 

IR spectrum of hydroxyurea in dry octanol showed a broad band a t  
1635-1680 cm-l with the peak a t  1655 cm-'. When hydroxyurea in oc- 
tanol was equilibrated with water and dried with anhydrous sodium 
sulfate, an identical absorption was observed which peaked a t  1645-1655 
cm-'. 

It is assumed from these data that the structure or apparent confor- 
mation(s) (which can be represented by canonical forms Ig and Ih, con- 
formers Ie, If, Ii, and Ij, and/or tautomers Ia-Id and Ik-In in Scheme 
I) present in solution is different than that present in the solid crystal, 
but the structure present in dry octanol is the same as that present in 
octanol equilibrated with water and dried. 

Since hydrogen bonding with the solvent can affect the conformations 
present in solution, IR spectral analysis with a solvent that could not 
hydrogen bond to hydroxyurea was desirable. Since hydroxyurea was not 
soluble in most solvents that  would not hydrogen bond (benzene, cyclo- 
hexane, and alkanes), acetonitrile was selected as a suitable alternative. 
Because of its miscibility with water, however, the equilibration step (as 
with octanol) with an aqueous phase was not possible. Therefore, IR 
spectra were taken in wet and anhydrous acetonitrile (dried over sodium 
sulfate); absorptions were found a t  1690 cm-l in wet acetonitrile and a t  
1640 and 1740 cm-' in the anhydrous solvent. 

Analysis and comparison of the IR spectral data in the solid state uersus 
solutions, for hydroxyurea indicate that the conformational or structural 
species in solution is similar to that of the solid state in solvents that 
cannot hydrogen bond (dry acetonitrile). In the solid state, the amide I 
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and I1 bands are of equal intensity; in dry acetonitrile, the amide I band 
is more intense and a t  a lower wavelength, indicating a C=O bond is of 
greater double bond character and with less hydrogen bonding occurring 
with the carbonyl oxygen. This finding might be accounted for by the fact 
that hydroxyurea molecules in the solid state possess intermolecular 
hydrogen bonding (at a distance of 2.627 8, from C=O to HO) whereas 
hydrogen bonding of this type in a nonbonding, dry solution is less like- 
ly. 

In the presence of water or in solvents that can hydrogen bond (such 
as octanol), the predominant structural or conformational species has 
minimal double bond CO character because of strong hydrogen bonding 
with water or solvent and maximal C=N bond character as observed by 
the intense absorption at  1650 cm-I. This type of structural species could 
be represented (Scheme I) by tautomers la-Id and Ik-In or by a con- 
former such as I;, which would hydrogen bond strongly to water or sol- 
vent. Tautomeric forms were ruled out through an NMR study7. This 
study showed that the NH protons exchanged slowly in deuterium oxide, 
which would not occur if tautomeric species were present in solution. 

The substitution of groups on the hydroxyurea molecule, such as alkyl 
addition at  the 1- or 3-nitrogen, produced analogs with appreciably less 
antitumor activity than hydroxyurea (18). It was of interest to determine 
if substituted analogs exhibit similar or different structural or confor- 
mational characteristics in comparison with hydroxyurea. Since no lit- 
erature reports of X-ray crystal studies of 1- or 3-alkyl-substituted hy- 
droxyureas could be found, an X-ray crystal analysis of a representative 
member of the class was initiated. 

The physical properties of some substituted hydroxyureas precluded 
routine crystallographic analysis. For example, the 1-substituted methyl 
and ethyl analogs have low melting points and require low temperature 
analysis; and while the methyl analog produces suitable crystals for 
analysis, the ethyl analog is an amorphous powder unsuitable for crys- 
tallographic study. With the higher melting 3-substituted analogs, which 
could be analyzed a t  room temperatures, difficulties arose in finding a 
solvent for optimal growth of suitable crystals. Crystals grown from most 
solvents (methanol, ether, tetrahydrofuran, and acetone) produced plates 
or flakes that were too thin for X-ray analysis, as was the case with the 
biologically inactive 3-n-butyl analog. The 3-ethyl analog could be 
crystallized from acetone, producing crystals suitable for X-ray analysis; 
the derived data indicate that the structure is remarkably similar to that 
of hydroxyurea. 

The crystal structure of 3-ethyl-1-hydroxyurea indicated hydrogen 
bonding between the hydroxyl hydrogen of one molecule and the carbonyl 
oxygen of another a t  a distance of about 2.62 A8 and internal hydrogen 
bonding between the 3-hydrogen and the hydroxyl oxygen a t  a distance 
of about 2.60 An (distances calculated between heavy atoms). The car- 
bony1 bond was shorter in length than the bond in hydroxyurea crystals 
(1.25 8,s compared to 1.267 A), which indicated a double bond character 
approaching 90%. However, with the relatively high estimated standard 
deviations8 accompanying the ethyl disorder, little weight can be given 
to this figure. The CN’ bond was slightly longer, indicating that any 
double bond character in this region was most likely between the CN3 
bond. 

The IR spectrum of the ethyl analog in the solid state (taken as a 
mineral oil mull) showed absorptions a t  1635 cm-’ (amide I) and in the 
1540-1580-cm-’ range (amide II), with peaks a t  1560 and 1580 and a 
shoulder peak a t  1540 cm-l. The intensity of the amide I band was 
slightly stronger than that of the amide I1 band, and the peak a t  1560 
cm-I was the strongest in the amide I1 range. 

Comparison of the crystal structure of the ethyl analog and its IR 
spectrum with the data for hydroxyurea indicates a good correlation with 
theoretical principles. The amide I band was shifted to a higher frequency 
in the ethyl analog, and this compound possessed a greater double bond 
character in the C=O bond. The amide I1 band was shifted to a lower 
frequency, indicative of the lower amount of C=N character in the ethyl 
analog. Differences in the observed hydrogen bonding of the 3-hydrogen 
(intramolecular) and I-hydrogen (intermolecular) in the two compounds 
might explain the complex absorption in the amide I1 region (two peaks 
plus a shoulder peak) in comparison to a broad single absorption for 
hydroxyurea (with a slight shoulder ridge a t  1550 cm-l). 

The IR spectra of solutions of the ethyl analog in solvents that  could 
hydrogen bond to the molecules (dry octanol) showed two characteristic 
peaks observed in all substituted hydroxyurea analogs in dry octanol(8). 
For the 3-ethyl analog, the two absorptions peaks were at  1680 and 1560 
cm-l; with the absorption a t  the lower frequency being significantly more 
~ 

Unpublished data. 
Estimated standard deviation = f0.04 A. 

intense. These absorptions in dry octanol indicated an identifiable amide 
I band (for C=O) besides a strong amide I1 band and thus indicate that 
the structure(s) or conforrnation(s) present in dry octanol is different than 
that of hydroxyurea in the same solvent (a single intense absorption at  
1650 cm-I). 

I t  also can be deduced from these data that the structure in dry octanol 
is similar to that observed in the solid state for the ethyl-substituted 
analog in that i t  has a definite degree of C=O character (although less 
than in the solid state). When the ethyl analog in octanol was equilibrated 
with water and separated and then the octanol was dried with anhydrous 
sodium sulfate, the IR spectrum showed only a single absorption (similar 
to that observed with hydroxyurea in dry octanol) at 1640 cm-’. Spectra 
taken of the ethyl analog in wet acetonitrile showed a broad band with 
the peak a t  1680 cm-I and a distinct shoulder at  1630 cm-’. When the 
spectra was taken in dry acetonitrile, the peak remained at  1680 cm-l 
but the shoulder disappeared. 

From these IR spectral data, it is assumed that, for the 3-ethyl analog, 
the structural or conformational species present (with a definite C=O 
character) is different in dry octanol from that present in dry acetonitrile 
(which lacks C=O character) but that the species present does not change 
appreciably in wet acetonitrile as was observed with hydroxyurea. The 
species present in the octanol solution after water equilibration, observed 
uia the IR spectra, also appears to resemble the form(s) present in ace- 
tonitrile whether water is present or not. 

I t  is apparent from these IR spectral data that, while the structural 
forms of hydroxjurea and its 3-ethyl analog are quite similar in the solid 
state, the species present in solutions differ appreciably. The spectral 
data can be visualized as due to changes in the equilibrium proportions 
of Ie, If, Ii, and Ij  and canonical forms Ig and Ih.  These canonical forms 
depict the extreme structural forms where C=O character is 100% and 
the CN bonds are single bond in character, allowing free rotation and thus 
fast interconversion through conformers Ie, If, Ii, and I; (form Ih),  or 
where the CO bond is substantially single bond in character and the re- 
maining electron density is distributed across the CN bonds, producing 
restriction of rotation and separation of charge (form Ig). 

For hydroxyurea (where R = H),  a structural form similar to Ig is 
present in octanol regardless of whether the solvent is dry or has been 
equilibrated with water and dried. In dry acetonitrile, a form similar to 
Ih appears to be present; but when water is added, the structural form 
reverts back to a species similar to Ig. With the ethyl analog (where R = 
CzHs), the equilibrium is shifted in the direction of Ih in dry octanol; but 
after contact with water (water equilibration), the equilibrium is shifted 
to a form resembling Ig. In acetonitrile, a form similar to Ig is present 
whether water is present or not. 

This behavior could he attributed to the ability of the ethyl analog to 
have strong enough inter- or intramolecular hydrogen bonding when 
hydrogen bonding is not possible with the solvent (dry acetonitrile) so 
that the species present is similar to Ig and, therefore, the addition of 
water would not change the species present. With respect to the IR re- 
sults, hydroxyurea does not seem to possess the internal hydrogen 
bonding seen in the ethyl analog, and interactions with octanol and/or 
water predominate (form Ig). In solvents that do not hydrogen bond (dry 
acetonitrile), interconversions through the conformers uia a form such 
as Ih would occur; this process would not continue when strong hydrogen 
bonding with water occurred (wet acetonitrile). Another possible ex- 
planation is that differences in solvation of hydroxyurea and the 3-ethyl 
derivative exist and change the relative stability of the conformers. 

In conclusion, it is apparent that  the addition of an ethyl group to the 
hydroxyurea molecule adds a property that influences the conformational 
preferences in solutions besides the added lipophilicity and bulk ex- 
pected. The effect could influence the species present in uiuo a t  various 
biological sites (at membranes, at site of action, etc.) and thus influence 
the process involved, depending on which species is stabilized due to the 
ability of hydrogen bonding with the hydroxyurea molecule by macro- 
molecules or water. 
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Abstract 0 A GI,C method for phenylbutazone a t  concentrations down 
to 10 ng/ml in human plasma is described. After addition of an internal 
standard, phenylbutazone is extracted a t  pH 5 into benzene. The dry 
extract is dissolved in benzene, and phenylbutazone is determined by 
GI,C using a fi.iNi-electron-capture detector. 

Keyphrases Phenylbutazone-GLC analysis in human plasma 0 
GLC-analysis, phenylbutazone in human plasma Antirheumatic 
agents-phenylbutazone, GLC analysis in human plasma 

Many methods have been proposed for the quantitative 
assay of phenylbutazone’ (I) in biological fluids. The first 
UV method (1, 2) (extraction of phenylbutazone with 
heptane in acidic medium) was modified (3 ,4)  and auto- 
mated (5), for the serial determination of phenylbutazone 
in human plasma. The UV determination of phenylbuta- 
zone after oxidation to azobenzene by alkaline perman- 
ganate was described (6) and applied to small-volume 
samples (7). The method of Burns (1,2) was also applied 
to 1 drop of capillary blood (8). Stevens (9) determined 
phenylbutazone by UV absorption after fast extraction in 
hexane from an acidic medium. 

Several investigators studied the determination of 
phenylbutazone by GLC. McGilveray et al. (10) described 
a procedure using 1 N HCl and heptane for extraction and 
diphenyl phthalate as the external standard. Midha et al. 
(11) published an elaborated method for determining 
phenylbutazone and oxyphenbutazone. These two com- 
pounds were derivatized by flash-heater methylation with 
trimethylanilinium hydroxide, but each yielded two 
peaks. 

A GLC technique was also used to determine phenyl- 
butazone and oxyphenbutazone in the plasma and urine 
of horses and dogs (12). The extraction was performed with 
2 N H2S04 and 3 X 20 ml of benzene. Phenylbutazone was 

assayed by GLC without derivatization, but oxyphenbu- 
tazone was separated as its heptafluorobutyryl deriva- 
tive. 

Tanimura et al. (13) determined phenylbutazone, ox- 
yphenbutazone, and y -hydroxyphenylbutazone in human 
or rabbit plasma, using fluoranthene as the internal stan- 
dard and N,O- bis(trimethylsily1)trifluoroacetamide as the 
silylating reagent. A GLC method in rat serum or urine, 
using promethazine as the external standard, was also 
described (14). The retention times were between 15 and 
18 min. This method was checked for its specificity. Fi- 
nally, a high-pressure liquid chromatographic (HPLC) 
technique was recently reported (15). 

The GLC method described here is simple and fast, and 
it specifically determines phenylbutazone in human 
plasma with a high sensitivity. A phenylbutazone analog, 
4-butyl-1,2-bis(p-tolyl)-3,5-pyrazolidine (11), is used as the 
internal standard. 

EXPERIMENTAL 

Reagents-A pH 5 buffer2 was prepared by diluting the contents of 
seven vials with 1000 ml of water. Benzene was analytical grade3. The 

I 

X H CH,CH,CH,CH, 
11 

i Active incredient of Butazolidin (Geigy) 
2 Titrisol, Merck. 
3 Mallinckrodt. 
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