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HYDROGEN BONDED COMPLEXES--II' 

THE LACTAM-PHENOL RATIOS AND 
STRUCTURES IN LACTAM-PHENOL COMPLEXES 

JOHN E. BARRY, NED E. CIPOLLINI, MANUEL RNKELSTEIN and SIDNEY D. ROSS* 

Research and Development Center, Sprague Electric Company, North Adams, MA 01247, U.S.A. 

(Received in U.S.A. 22 August 1980) 

Abstraet-Lactams form solid, isolable complexes with the three dihydroxybenzenes, o,o’-bipbenol and 2.3 
naphthalenediol, in which lactam-phenol ratios of I : I, 2: I, 3: I and even 4: 3 were observed. These ratios can be 
determined with precision by a gas chromatography method which is described. IR spectroscopy indicates that the 
bonds linking lactam and phenol are O-H.. . 0 and/or N-H.. ,O hydrogen bonds. Structures for the complexes 
are suggested. 

In a previous study’ it was shown that amides and 
lactams form solid, isolable complexes with the more 
acidic phenols, e.g. picric acid and pentachlorophenol, 
and that, depending on the amide structure, the amide- 
phenol ratio in these complexes may be 1: I, 2:1 or 3 : I. 
Complexing of amides or lactams with phenols has been 
studied in dilute solution with both IR spectroscopy”’ 
and UV spectroscopy.M These studies permit deter- 
mination of the equilibrium constants for 1:1 complexing 
and provide evidence that the chemical interaction in- 
volved is H-bonding, with the phenolic OH providing the 
donor and the amide or lactam CO oxygen serving as the 
acceptor. 

These spectroscopic studies afford no evidence for the 
existence of complexes with ratios greater than 1:l. 
Evidence for complex formation at ratios other than 1:l 
between pairs of organic solutes in solution can be 
obtained, in suitable cases, from dielectric constant 
measurements9 or from measurements of the square of 
the refractive index,” but the most unambiguous evi- 
dence for such complexes comes from cases where the 
complex can be isolated as a crystalline solid and where 
the chemical composition of that solid can be determined 
by precise analytical methods. 

Our interest in complexing between lactams and 
phenols was reawakened when, in another connection, it 
was observed that the addition of 3% catechol to N- 
methylpyrrolidinone (NMP) lowers the 25” resistivity of 
that solvent by an order of magnitude and that it is 
possible to isolate from catechol-NMP solutions a crys- 
talline complex (m.p. 4143”) in which the lactamate- 
chol ratio is 2: 1. The 2 : I ratio was not unexpected, since 
the phenol moiety, catechol, is bifunctional, but a quick 
experimental investigation of complexing between lac- 
tams and the dihydroxybcnzenes indicated that solid 
complexes in ratios of 1: I, 2 : I,3 : I and, in one case, even 
4:3 were formed. Some of these complexes had been 
reported previously,“* ‘* but with experimental evidence 
to support the assignment of the lactam-phenol ratios 
provided for only a very few of them. In the present 
work crystalline complexes were prepared from lactams 
and phenol itself, the three dihydroxybenzenes, o,o’- 
biphenol and 2,3-naphthalenediol. The lactam-phenol 
ratios were determined by elemental analysis and 
confirmed by a gc method to be described. The evidence 
for the structures of these solid complexes is discussed. 

RJBULTS Ah’D DISCUSSION 

The complexes that were prepared are listed in Table 
1, which includes the lactam-phenol ratios, the m.p. and the 
results obtained by elemental analysis. The complexes 
were generally prepared in excellent yield by dissolving 
the lactam and phenol, usually in a molar ratio of 2:1, in 
ether or ether-acetone and then adding hexane at room 
temperature until the solution became just slightly 
cloudy, Cooling resulted in sIow crystallization. With one 
exception, a single complex having the lactam-phenol 
ratio indicated in Table 1 was obtained, and this result 
was independent of the initial la&am-phenol ratio (]:I, 
2:l or 3:l) used in the preparation. 

The one exception was the NMP-hydroquinone com- 
plex. The initial preparation led to the 2 : 1 complex, m.p. 
66-69”, and this product could be recrystallized un- 
changed by adding a little NMP to the crystallization 
solution. However, repeated recrystallization without 
NMP added, or preparation with the initial lactam- 
hydroquinone ratio I : 1 or recrystallization from 2-pro- 
panol-hexane led to formation of the I:1 complex, m.p. 
9698”. Attempts to convert other 2:l complexes to 1: 1 
complexes by comparable methods were without suc- 
cess. 

Resorcinol forms a complex with 2-pyrrolidinone, 
which is a crystalline solid in the freezer but liquifies on 
standing at room temperature. It is, therefore, not in- 
cluded in Table I. Similarly phenol forms complexes 
with other lactams, but only the product with Q- 
caprolactam stayed conventiently solid at room tem- 
perature. 

Of the sixteen complexes listed in Table 1 four have 
been reported previously.” For three, the I:1 complex 
from NMP and hydroquinone. the product from 2-pyr- 
rolidinone and hydroquinone, and the complex from 
s-caprolactam and hydroquinone, the results in Table I 
are in good agreement with the values previously repor- 
ted. For the reaction of c-caprolactam and phenol we 
report a2 : I complex having m.p. 37-39”, whereas Randall el 
01.” report a 1:l complex of m.p. 34-36”, without offering 
any analytical support for the 1:l assignment. 

The lactam-phenol ratio for the c-caprolacbm-phenol 
complex listed in Table 1 is 2:l. This conclusion follows 
from the analytical values given in Table 1 and from 
analysis by gas chromatography (gc). which provides a 
simple and precise method for determining the lactam- 
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phenol ratios. The lactams and phenols in these com- 
plexes are held together primarily by relatively weak 
NH., . 0 or OH.. _ 0 H-bonds, having bond energies of 
-3.5-7.0 kcal/mol.” When dissolved, these complexes 
will dissociate at least partly into the starting materials, 
and the dissociation process will be fully completed 
when the solutions are subjected to the conditjons and 
temperatures prevalent in the injection port and on the 
column during gc. These observations provide the basis 
for a precise analytical method. The comptex is dissolved 
in acetone or methanol, and the solution is analyzed by 
gc for the lactam and phenol starting materials. The 
validity of the method was checked by analyzing the two 
N-methylpyrrolidinone-hydroquinone complexes. For 
the l:I complex, the determined lactam-phenol ratio was 
0.97-+0.01:1, and for the 2:1 complex the ratio was 
I.90 t: 0.02 :I. In the case of the ~-caprolactam and 
phenol complex, this procedure led to the observation of 
e-caprolactam and phenol in a molar ratio of exactly 
2.OO:l. 

In our previous work’ the amide-phenol or lactam- 
phenol ratio was determined by a simple neutralization 
equivalent. In that work the phenols involved were rela- 
tively strong acids, e.g. picric acid and pentachloro- 
phenol, and a simple acid-base titration precisely defined 
the ratio. In the present work the phenols involved, e.g. 
phenol itself and the djhydroxy~nzenes, are all weak 
acids. A neutrali~tion equivalent can be obtained with a 
pH titration, but the method does not provide the pre- 
cision given by the gc procedure. 

The r-caprolactam-catechol complex is of interest 
because of its atypically high lactam-phenol ratio of 3: I. 
It was first prepared from r-caprolactam (5.6511; 
0.05 mole) and catechol (5.51 g; 0.05 mole). This 
combination of starting materials can, in principfe, 
lead to 0.05 mole fi 1.16 g) of the 1:i complex, 
or 0.025 mole (8.41 g) of the 2: I complex or 0.0167 mole 
(7.49g) of the 3 :I complex or to some mixture of 
products. The crude product had m.p. S&55”, suggesting 
that it was very probably not a complex mixture, and 
weighed 7.25g a weight consistent with any one of the 
three possible complexes and representing a 96% yield of 
the 3: 1 complex. Starting with 0.04 mole of the lactam 
and 0.02 mole of catechol the yield was 5.55g (92% for 
the 3 :I complex) of the same compound; m.p. 53-55” 
after two recrys~Ili~tions. The anal~jcal results, in 
particular the value for %N, are consistent only with the 
3:I complex. The calculated %N’s are 6.27 for the I:1 
complex, 8.32 for the 2:f complex and 9.35 for the 3:l 
complex, to be compared with the 9.00 value found. Gc 
analysis of this product was in precise agreement with 
the 3 :I assignment for the lactam-phenol ratio. 

Of even greater interest is the complex from 2-pyr- 
rolidinone and catechol, with its 4:3 lactam-phenol ratio, 
a value which properly induces skepticism, The complex 
was prepared from ether-hexane or ether-acetone-hex- 
ane with 2-pyKoIidinone and catechol in initial molar 
ratios of l:2, 1:1,3:2 and 2:l and recrystallized from the 
same solvent combinations. All the preparations led to 
the same solid complex: m.p. 4646” after recrystal- 
lization. The yields were in all cases reasonable, e.g. 79% 
when starting with the reactants in a I:1 molar ratio and 
57% when the starting materials were in a molar ratio of 
2:l. The analytical values shown in Table 1 are con- 
sistent with the 4:3 lactam-phenol ratio, and this ratio 
was confirmed by gc analysis. 

It is conceivable that the complex as prepared above is 
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a constant mixture of the I:1 complex and the 2:l 
complex, with the two present in a molar ratio of 2:l. To 
assure ourselves that this is not the case, the complex 
was prepared from acetonitrile-hexane and recrystallized 
from acetonitrile-bexane. In addition samples of the 
complex, originally prepared from ether-hexane, were 
recrys~ljzed from acetone-hexane, from 2-propanol- 
hexane and from ~nzene-hexa~. In these recrystal- 
lizations, seeds were needed to induce crystallj~tion, 
but the amount of hexane added was limited to ensure 
slow crystallization and prevent the amount recovered 
from exceeding 75% of the starting materials. In no case 
was the melting point or composition of the complex 
altered. By gc analysis the complex prepared from ether- 
acetone-hexane was found to have a lactam-phenol ratio 
of 3.98 + 0.01 to 3. For the preparation from acetonitrile- 
hexane the ratio obtained from gc was 3.93 2 0.02 to 3. 
The sample prepared in ether-hexane gave lactam- 
phenol ratios of 3,972 0.01 to 3 after recrystalli~tion 
from acetone-hexane and 3.95 + 0.02 to 3 after recrystal- 
lization from 2-propanol-hexane. These results support 
the conctusion that the 2-pyrrolidinone<atechol complex 
is a single, pure compound having a lactam-phenol ratio 
of 4:3. 

To obtain structural information on these complexes 
attention was focused on the lower melting complexes, 
where the IR spectrum of the complex could be obtained 
NEAT as a melt. In addition, IR spectra of the starting 
materials for these compiexes and the complexes them- 
selves were obtained in carbon tetrachloride using a 
l.Omm sealed cell. In these studies attention was 
focused on the range 4000-3wI cm-‘. 

The simplest case is represented by the 2:1 NMP- 
catechol complex. In carbon tetrachloride NMP shows 
no absorption in the 4000-3OOOcm-’ range. At half the 
above NMP concentration catechol shows two sharp 
absorption bands of almost equal intensity (free OH at 
3617cm-’ and H-bonded OH at 3568cm-if. In the spec- 
trum of the complex, the intensity of the doublet due to 
the OH groups in catechol is decreased significantly, and 
a new, broad absorption band, with a maximum at 
-32OOcm-‘, appears in the spectrum. In the spectrum of 
the complex as a melt, the bands due to the catechol OH 
groups have disappeared and only the broad band cen- 
tered at 3200cm-’ remains. 

These observations are fully consistent with a struc- 
ture for the complex in which catechol and two NMP 
molecules are held together by two “weak” O-H . . . 0 
H-bonds” as shown in I. 

CH3 
I 

For the 2:1 t-caprolactam-phenol complex as well, 
only a H-bonded structure is probable. In dilute carbon 
tetrachloride phenol shows a single absorption at 
3614cm-’ (free OH stretching). rCaprolactam shows 
four abso~tions in the N-H stretchjng region-a very 
sharp abso~tion at 3430cm” (free N-H) and sli~tly 
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broader absorptions at 3300, 3215 and 3085 cm-’ (H- 
bonded NH). In the solution spectrum of the complex, 
the absorption at 3614cm-’ is greatly decreased, the 
absorption at 3430cm-’ is not noticeably changed, and 
the remaining three bands in the 33W3085 cm-’ region 
are broadened. In the spectrum of the melt the ab 
sorptions due to free OH and free NH are gone, and a 
single broad band from 3300 to 3200cm-’ is observed. 
All of these lactam-phenol complexes are held together 
by weak H-bonds,” and a reasonable representation for 
the 2:l ecaprolactam-phenol structure is II. 

c N-H 

‘O..,H 

The 3:l r-caprolactam-catechol complex in solution 
shows spectral characteristics which are superficially 
similar to those observed with the above phenol com- 
plex. There is a significant decrease in the intensity of 
the catechol doublet, the free N-H absorption at 
3430 cm-’ is not noticeably altered, and the bands in the 
330&3OtMcm-’ region are broadened. In the melt the 
catechol doublet and the band for free NH are absent. 
One observes three centered at 3290, 3230 and 
3080cm-’ effectively merged into one broad band. A 
reasonable structure would have one catechol OH H- 
bonded to an c-caprolactam molecule and the other OH 
H-bonded to an e-caprolactam dimer. 

The 2-pyrrolidinone-2,3_naphthalenediol complex and 
the 2-pyrrolidinone-catechol complex have similar IR 
spectral characteristics despite the fact that the former is 
a 2:l complex and the latter a 4:3 complex. In carbon 
tetrachloride the 2,3_naphthalenediol spectrum is similar 
to the catechol spectrum in the region 4OOO-3OM cm-‘- 
two peaks of nearly equal intensity at 3605 cm-’ (free 
OH) and 3563 cm-’ (H-bonded OH). 2-Pyrrolidinone 
shows three bands in the NH stretching region-a very 
sharp absorption at 3460 cm-’ (free NH) and two slightly 
broader bands at 3200 and 31 IOcm-’ (H-bonded NH). In 
the solution spectra for both complexes the OH ab- 
sorptions are significantly diminished in intensity and the 
remaining bands (3460-3110cm-‘\ are broadened. As 
melts, the two complexes provide spectra in the 4OW- 
3OOOcm-’ region similar enough to be superposable. In 
both cases the OH bands are not seen, and a strong, 
broad absorption band at 330&32OOcm-* appears. 

These results suggest that the lactams and phenols in 
these complexes are held together by bonds of the same 
general type and strength, and that these bonds are weak 
H-bonds (O-H.. 0, OH.. . N or N-H.. . N). For the 
2 : I, 2-pyrrolidinone-2,3_naphthalenediol complex, III, 
which has two O-H.. . 0 H-bonds, or IV, which has one 
O-H . . . 0 bond and one N-H . . .O bond, can be sug- 
gested. 

H H 

‘0 d 

# 

0 

0 

IV 

In either case, the joining bonds are weak H-bonds, 
and our results do not permit a choice between III and 
IV. For the 4:3 2-pyrrolidinone-catechol complex we 
would suggest V, where P is a 

P-C-P-C-P-c-P 
V 

2-pyrrolidinone and each C a catechol. Each P-C bond 
would be an 0.. . H-O bond, and each C-P bond would 
beanOH . . . N bond. It should, of course, be recognized 
that other modes of organization for the lactams and 
phenols in the complex are possible, and that the actual 
organization is determined by crystalline dimensions and 
geometric considerations not presently available to us. 
The one thing clearly indicated by the results is that the 
joinings are via weak H-bonds. 

Structures 11, III, IV and V all have be-en written with 
a free NH or OH bond, despite the fact that no free NH 
or OH is observed in the IR spectra of the melts. It is 
conceivable that these structures should contain an ad- 
ditional H-bond so that no free NH or OH remains. It is, 
however, more probable that these free NH or OH bonds 
are tied up in intermolecular rather than intramolecular 
H-bonds. 

l?XPEitlMENTAL 
Mureriols. 2-Pyrrolidinone. Eastman practical grade. was dis- 

tilled in UPCUO; b.p. 121” a( 8 mm. N-Melhylpyrrolidinone, Baker 
analyzed. was distilled at 14mm; b.p. 92-94”. E-Caprolactam. 
Eastman practical, was crystallized from hexane: m.p. 68-70’. 
Catechol, Eastman, was crystallized from benzene: m.p. 103- 
1OY. Hydroquinone. Eastman, was crystallized from water; m.p. 
174-176”. 2,SNaphthalenediot. Aldrich, was crystallized from 
MeOH-water: m.p. l&165”. Phenol. Mallinckrodt AR, was 



sublimed in uacrro; m.p. 3740”. o,o’-Biphcnol, Aldrich, was warming under an IR lamp until the complex melted. The sample 
crystallized first from McOH-water and then from toluem; m.p. was then treated as a normal liquid sandwiched between NaCl 
I@-1 IO”. Resorcinol, Eastman, was used as received. plates. The spectra were taken immediately, and heat in the 

771e N-methylpyrrolidinone~,o’-biplunol complex. This pro- sampk compartment was suITicient to maintain the liquid state 
cedure is typical. A soln of o,o’-biphenol (9.3 g; 0.05 mole) in throughout the IR scan. 
ether was treated with N-mcthylpyrrolidinone (10.3 g; 
0.104 mole). Hexane was added until a slight turbidity appeared. -NCF3 

The soln was cooled in the freezer. where white crystals slowly ‘For the first paper in this series see, J. E. Barry, M. Finkelstein 
appeared. The yield was 12.7~ (89%) of the 1:l complex; m.p. and S. D. Ross, Tetruhrdron 32,223 (1976). 
65-67”. q. Gramstad and W. J. FugIevik. Ado Chem. Scud. 16, 1369 

Gc studies. A Hewlett-Packard Model 5840 microprocessor (1962). 
based gas chromatograph was used. The column, a 6 ft X I/S in. 3C. D. Schmulbach and D. M. Hart, J. Org. Chem. 29, 3122 
OD SS. 10% OV-101 on SolloO chromosorb WHP was used (1964). 
isothermally at either 150” or 180’ with helium at 25 mllmin as the ‘M. D. Joesten and R. S. Drago, 1. Am. Chem. Sot. 84, 3817 
carrier gas and flame ionization detection. (1962). 

For quantitative studies standard solns of the starting materials ‘R. L. Middaugh, R. S. Drag0 and R. J. Niedzielski, Ibid. 86,388 
were prepared in a suitable solvent, either acetone or MeOH, and (1964). 
compared chromatographically to a soln of the complex in the ‘P. 0. I. Virtanen and M. Jarva. Acfu Univ. Oul. Al4 Chem. 3 
same solvent. The HP584KX is a self-calibrating instrument (1973). 
requiring only that a standard be run and the composition entered ‘C. Dorval and Th. Zeegers-Huyskens, Speclrochimicu Actu 
through the keyboard for calibration. A standard soln was pre- 29A, 1805 (1973). 
pared containing each of the components of interest at known ‘M. D. Joesten and R. S. Drago, 1. Am. C/urn. Sot. 114. 2037, 
concentrations approximating those expected on the sample 26% (1962). 
being analyzed. A response factor normalization technique was ‘C H. Giles, T. J. Rose and D. G. M. Valiance, 1. Chem. Sot. 
used to correct for differences in detector behavior, and area 3i99 (1952). 
rejection coupled with time proflmming was used to reject the *OF. M. Arshid. C. H. Giles, E. C. McClure, A. Ogilvie, T. J. Rose 
solvent peak. and J. C. Eaton, Ibid. 67 (1955). 

IR measurements. A Perkin-Elmer Model 28lB IR Spec- “D. I. Randall, E. M. Smolin and J. P. Copes, Nature 244, 389 
trophotometer was used. The soln spectra in Ccl, were obtained (1973). 
using a l.Omm sealed liquid cell. Spectra were obtained of the ‘*J. P. Copes and D. I. Randall, VS. Pd. 3.988,318 (1976). 
complexes and of the individual components, “A. Aihara, Bull. Chem. Sot., lapon 33, I l8g (1960). 

For those complexes, which are low-melting solids the spectra “For excellent discussions of H-bonding and distinctions be- 
were also obtained NEAT as melts. Samples were prepared by tween weak and strong H-bonds see, J. Emsley, Chem. Sot. 
placing a small amount of the complex on a NaCl plate and Rev. 9, 91 (1980); D. Hadzi. fun Appl. Chem. 11. 435 (1965). 
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