
J. Am. Chem. Soc. 1993, 115, 901-905 901 

We acknowledge the use of a VG 70-S mass spectrometer pur
chased through funding from the National Institutes of Health, 
S10-RR-02478, and 300-MHz and 360-MHz NMR instruments 
purchased through funding from the National Science Foundation, 
NSF CHE-85-16614 and NSF CHE-8206103, respectively. Some 

mass spectral determinations were made at the Midwest Center 
for Mass Spectrometry with partial support by the National 
Science Foundation, Biology Division (Grant No. DIR9017262). 
We thank Mr. John Miller and Ms. Stacey Johnson for their 
preliminary efforts on the project described in this manuscript. 

Mechanism of the Reaction of Methylene with Benzene: A 
Study of Kinetic Hydrogen Isotope Effects and Theoretical 
Calculations 

Nikolai Hartz, G. K. Surya Prakash, and George A. Olah* 

Contribution from the Donald P. and Katherine B. Loker Hydrocarbon Research Institute and 
Department of Chemistry, University of Southern California, 
Los Angeles, California 90089-1661. Received February 19, 1991. 
Revised Manuscript Received November 10, 1992 

Abstract: The reaction mechanism of singlet and triplet methylene with benzene and related aromatic compounds was investigated 
by kinetic isotope effects (KIEs), solvent effects, and product studies. The results are further rationalized by a series of ab 
initio calculations at MP2/6-31G*//RHF/6-31G* and UMP2/6-31G*//UHF/6-31G* levels of theory. The proposed Ic 
intermediate for the triplet reaction was found by means of the calculations, whereas no singlet analog 1 could be found. 

Introduction 
The reaction of diazomethane with aromatic compounds is 

well-known in organic chemistry.' Various ratios of cyclo-
heptatriene (via norcaradiene) and toluene are obtained depending 
on the reaction conditions. Although the reactivity of benzene 
with electrophiles and the mechanism of many methylene reactions 
are well established in the literature,2 no detailed study of this 
particular reaction mechanism has been reported so far. 

:CH, 

In general, two possible pathways are conceivable for the attack 
of singlet methylene on the aromatic ring: (i) direct C—H and 
C=C bond reaction giving products by two independent concerted 
mechanisms (similar to the singlet methylene reaction with ali
phatic and olefinic compounds),3 and (ii) a multistep reaction 
mechanism involving a distinct intermediate that subsequently 
rearranges to the products. The intermediate in the latter path 
would resemble the Wheland intermediate of the typical elec-
trophilic aromatic substitution mechanism. It can be depicted 
as a neutral zwitterionic species, 1 (i.e., benzeniummethylide). 

(1) (a) Meerwein, H.; Disselnkotter, H.; Rappen, F.; v. Rimelen, H.; van 
de Vloed, H. Liebigs Ann. Chem. 1957, 151-154. (b) Lemmon, R. M.; 
Strohmeier, W. J. Am. Chem. Soc. 1959, 81, 106-108. (c) Doering, W. v. 
E.; Knox, L. H. J. Am. Chem. Soc. 1950, 72, 2305-2306. (d) Doering, W. 
v. E.; Knox, L. H. J. Am. Chem. Soc. 1953, 75, 297-303. 

(2) Lowry, T. H.; Schueller Richardson, K. Mechanism and Theory in 
Organic Chemistry, 3rd ed.; Harper & Row; New York, 1987; pp 553-562, 
623-639. 

(3) (a) Doering, W. v. E.; Prinzbach, H. Tetrahedron 1959, 6, 24-30. (b) 
Dobson, R. C; Hayes, D. M.; Hoffmann, R. J. Am. Chem. Soc. 1971, 93, 
6188-6192. (c) Hoffmann, R. J. Am. Chem. Soc. 1968, 90, 1475-1485. (d) 
Skell, P. S.; Woodworth, R. C. J. Am. Chem. Soc. 1956, 78, 4496-4497. 
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The effect of different solvents on the reaction of methylene 
with a variety of substrates has been studied4 previously. The 
changes in product distribution in aromatic and aliphatic solvents 
were discussed in terms of the formation of complexes between 
the carbene and the solvent. Schoeller5 has calculated structures 
analogous to 1 as possible transition states for the 1,5-walk re
arrangement of norcaradienes, but so far no stable intermediate 
with a comparable structure has been reported. At this point it 
should be mentioned that the concerted thermal walk rear
rangement does not show toluene derivatives as significant side 
products.4b However, experimental evidence for a distinct in
termediate was found in pyrolysis studies of norcaradiene6 and 
norbornadiene,7 where toluene was predominantly formed. The 
pyrolysis reactions carried out at temperatures around 475 0C 
in the gas phase suggest the presence of a diradical intermediate.8 

We wish to report now an investigation of the reaction between 
methylene and benzene as well as some other aromatics. Kinetic 
isotope effects (KIEs), reaction product ratios for different sub
strates and spin states, and solvent effects were studied to in-

(4) (a) Russell, G. A.; Hendry, D. G. J. Org. Chem. 1963, 28, 1933-1934. 
(b) Neugebauer, S. M.; DeLuca, J. P. Tetrahedron Uu. 1989, 30, 7169-7172. 
(c) Tomioka, H.; Ozaki, Y.; Izawa, Y. Tetrahedron 1985, 41, 4987-4993. 

(5) Schoeller, W. W. J. Am. Chem. Soc. 1975, 97, 1978-1980. 
(6) Klump, K. N.; Chesick, J. P. J. Am. Chem. Soc. 1963, 85, 130-132. 
(7) Woods, W. G. J. Org. Chem. 1958, 23, 110-112. 
(8) Wentrup, C. Reaktive Zwischenstufen; Georg Thieme Verlag: 

Stuttgart, 1979; Vol. 1, p 55. 
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Figure 1. Plot of mole fraction of benzene in different halogenated 
solvents versus the observed reaction product ratio. 

vestigate the existence of a benzeniummethylide intermediate. A 
series of ab initio calculations were also carried out in order to 
find structures similar to 1 as stationary points on both the singlet 
and the triplet surface of the system. On the basis of these results 
a mechanism is proposed that best fits the available data. 

Results and Discussion 
Isotope effects were measured by photolysis of diazomethane 

in equimolar solutions of deuteriated and nondeuteriated solvents 
at 25 0C (see Experimental Section for details). Diazomethane 
was generated by hydrolysis of A -̂nitroso-̂ V-methylurea and 
subsequently dried over KOH pellets. Triplet methylene was 
generated by photolysis of diazomethane with 313-nm light in the 
presence of benzophenone as sensitizer. The quantitative mea
surement of the isotope effects as well as the product ratios was 
made by integration of the GC peaks. The response factors for 
the correctly labeled and unlabeled toluene were determined with 
independently obtained reference compounds. In the reaction of 
benzene with methylene, the kinetic isotope effect (kH/kD) for 
toluene was measured to be 1.34 ± 0.04. For the formation of 
cycloheptatriene (CHT), the kH/kD was 1.05 ± 0.04. Investigation 
of the isotope effects for the reaction of methylene with toluene 
gave the following results: &H/fcD(ethylbenzene) = 1.31 ± 0.04, 
kH/kD(o-xylenc) = 1.16 ± 0.04, kH/kD(m,p-xy\enes) = 1.46 ± 
0.04, and ^/^(methylated cycloheptatriene) = 1.02 ± 0.04. 

The kinetic isotope effect for the formation of cycloheptatriene 
from benzene is not conclusive since none of the C-H bonds need 
to be broken. The observed effect can thus only be secondary in 
nature. Assuming that the formation of 1 occurs in the rate-
determining step, the isotope effect would be secondary for the 
formation of toluene. However, previous investigations suggest 
that the transformation of a trigonal carbon into a tetrahedral 
center in the transition state should lead to a reverse kinetic isotope 
effect.9 This is not observed in this case. The relatively small 
value of the measured primary isotope effect can be rationalized 
in terms of an unsymmetrical nonlinear transition state due to 
the high reactivity of methylene. Comparably small primary KIEs 
were already reported for methylene reactions with substrates that 
are not able to form distinct intermediates.10 The rate-determining 
formation of a single intermediate from singlet methylene and 
benzene can be further excluded since two different isotope effects 
are being observed for the two products. 

The effect of different solvents on the reaction was investigated 
by measuring the product ratio ([CHT]/[toluene]) as a function 
of the benzene concentration in different halogenated solvents. 

(9) (a) Streitwieser, A., Jr.; Jagow, R. H.; Fahey, R. C; Suzuki, S. J. Am. 
Chem. Soc. 1958, 80, 2326-2332. (b) Olah, G. A. Ace. Chem. Res. 1971, 
4, 240-248. 

(10) (a) Cheswick, J. P. J. Am. Chem. Soc. 1962, 84, 2448. (b) Kirmse, 
W. Carbene Chemistry; Academic Press: New York, 1964; Vol. I, p 23. (c) 
Seyferth, D.; Cheng, Y. M. / . Am. Chem. Soc. 1973, 95, 6763-6770. (d) Su, 
D. T. T.; Thornton, E. R. J. Am. Chem. Soc. 1978, 100, 1872-1875. (e) 
Barcus, R. L.; Hadel, L. M.; Johnston, L. J.; Platz, M. S.; Savino, T. G.; 
Scaiano, J. C. J. Am. Chem. Soc. 1986, 108, 3928-3937. (f) Hadel, L. M.; 
Platz, M. S.; Scaiano, J. C. / . Am. Chem. Soc. 1984, 106, 283-287. 
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Table I. Product Ratios of Singlet Methylene Reaction with 
Different Aromatic Substrates 

Substrate 

O 
CH3 

H3CykyCH3 

H3C
/S^SCH3 

CH3 

CH3 

Q 
H 

6 

C-H addition product 

CH5 

i 

CH2CH3 
H 3 C Y ^ Y C H 3 

H3C-S-^CH3 
CH3 

1 

3 CH, 
1 0.4 0.8 ' 

CH3 

Q"CH30 
O O 

1 12.8 
CH3 

1 2.5 11.0 

C=C addition product 

O 
4.1 

H3CV=^CH3 
H3C CH3 

3.2 

Q 
7.5 C H 3 

V H 

q, 
i 

C=C addition 

2.7 

C=C addition 

<<1 

Rather inert perhalogenated solvents such as C6F6, CCl2FCClF2, 
and C6Fi4" are known to lengthen the lifetime of methylene and 
therefore favor intersystem crossing (ISC).12 The results, as 
shown in Figure 1, indicate that the formation of toluene increases 
at low benzene concentrations. Since different halogenated 
solvents give nearly identical plots, the effect should be attributed 
to the spin states of methylene rather than the stabilization of an 
intermediate or transition state. Triplet methylene was subse
quently generated selectively by benzophenone-sensitized photolysis 
of diazomethane in benzene.12 The product ratio ([CHT]/[tol
uene]) was measured to be 0.6, which is in accordance with the 
previous experiments. The KIE for CHT was found to be 1.06 
± 0.04, and a very large isotope effect of 12.1 ± 1.0 was measured 
for toluene. The reaction mechanism apparently changes from 
the singlet to the triplet species. Triplet methylene seems to give 
C-H insertion products preferentially, whereas singlet methylene 
adds more readily to the aromatic ring. An alternate mechanism 
for the formation of toluene by an isomerization of cycloheptatriene 
can be clearly ruled out, as it occurs only at high temperatures.6 

Different aromatic substrates were further investigated to 
measure the regioselectivity of the singlet methylene reaction 
(Table I). Naphthalene and anthracene are expected to give 
preferentially the 1-methyl and 9-methyl regioisomers, respectively, 
in the presence of an areniummethylide. However, steric factors 
seem to determine the reaction products, and in both cases the 
2-methyl isomer is formed more readily. Electron-rich aromatic 
systems favor ring expansion, whereas electron-withdrawing 
substituents lead to more C-H addition products. Steric effects 
can again modify the ratio, as in the case of hexamethylbenzene. 
These results indicate that a common areniummethylide inter
mediate is not involved in the reaction of singlet methylene with 
aromatics. 

A series of ab initio calculations were carried out to investigate 
benzeniummethylide structure 1 as a possible intermediate on the 
pathway to toluene. Both singlet and triplet wave functions were 

(11) Methylene addition products with the halogenated solvents could not 
be identified above our GC detection limits. 

(12) Turro, N. J.; Cha, Y.; Gould, I. R. J. Am. Chem. Soc. 1987, 109, 
2101-2107. 
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Figure 2. Energetics (in hartrees) of the reaction of singlet methylene 
with benzene based on MP2/6-31G*//RHF/6-31G* calculations. 

0*?s< 
5 -S^ ^ 

-270.45981 

CH, 

6 

H2C H 

0 
" ~r^Ms/-' v|sc 
\ / -270.45883 \ 

\ / / -270.55978 

\ l -270.56640 

-270.62705 f "| 

T 
b 

a 
reaction coordinate 

Figure 3. Energetics (in hartrees) of the reaction of triplet methylene 
with benzene based on UMP2/6-31G*//UHF/6-31G* (5, 7, Ic) and 
MP2/6-31G7/RHF/6-31G* (2-4) calculations. 

considered using the restricted and unrestricted Hartree-Fock 
formalisms, respectively. Geometries were typically optimized 
with the 3-2IG basis set and subsequently further improved at 
the (U)HF/6-31G* level. Electron correlation was taken into 
account with second-order perturbation theory using (U)HF/6-
31G* optimized geometries ((U)MP2/6-31G*//(U)HF/6-31G*). 
Stationary points were characterized as minima or transition states 
with frequency calculations at the (U)HF/3-21G level. Table 
II summarizes the energies of all structures involved in this study. 

Two stationary points were located for the singlet system at 
RHF/6-31G* (la and lb). Both turned out to be the two possible 
transition states for the 1,5-walk rearrangement in norcaradiene 
and are not involved in the reaction of methylene with benzene. 

Ia(C5) H . ^CH, 

However, a minimum structure was found at the UHF/6-31G* 
level for the triplet system Ic. The (S2> expectation value of 2.108 
at this level indicates some spin contamination. A second triplet 
structure, Id, was located as the transition state for the rotation 
of the CH2 group in Ic. 

JX(C5) 

H ^ C H 2 

M(C5) 

The structure Ic is slightly destabilized compared to the 
reactants (0.6 kcal/mol) at the UMP2/6-31G*//UHF/6-31G* 
level. If Ic was involved in the C-H addition mechanism and its 
formation is not rate limiting, then the 1,2 H-shift from the ring 
to the methylene carbon is responsible for the measured isotope 
effect. In order to estimate the theoretical kinetic isotope effect 
for this process (eq 1) as well as for the alternative abstraction-

CC or (D 

l £ 13. 

< > , • 

CH2 

1 if 

(2) 

recombination mechanism (eq 2), the corresponding transition 
states (Ie, If) were calculated at the UHF/3-21G//UHF/3-21G 
level and the frequencies were determined at the same level for 
the deuteriated and unlabeled isotopomers. 

All frequencies were subsequently scaled by a factor of 0.9 to 
correct the systematic error at this level of theory.'3 The kinetic 
isotope effects were then calculated to be 3.81 for the H-shift 
reaction and 8.97 for the H-abstraction step in the alternate 
mechanism.14 The involvement of Ic is therefore supported 
neither by the calculated isotope effect nor by the lower energy 
of the transition state for the H-abstraction (If) compared to the 

(13) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; John Wiley & Sons: New York, 1986; pp 
228-261. 

(14) A semiclassical rate ratio of the form 

3,'V #-7 ^H I he , _ 
-r- = expj- — [ E 

3.V-6 

E (Kj1H) _ "/(D))I 

Ul (C5) 

was used to estimate the theoretical isotope effect. The calculated values are 
lower limits since thermal excitation and tunneling are not taken into account. 
Including thermal excitation, the isotope effect for reaction 1 at 298 K does 
not exceed 4.30: Melander, L.; Saunders, W. H., Jr. Reaction Rates of 
Isotopic Molecules; John Wiley & Sons: New York, 1980; p 27. 
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Table II. Total Energies, Zero Point Vibrational Energies (ZPE), Point 

compd 

la 
lb 
Ic 
Id 
Ie 
If 
2 
3 
4 
5 
6 
7 

PG 

C1 

C, 
C1 

C, 
C, 
C1 

C1 

C 
C, 

Ot„ 
C21 

C2, 

(U)HF/3-31G// 
(U)HF/3-31G (ZPE) 

-268.063 09 (84.5) 
-267.998 73 (84.8) 
-268.15396 (80.9) 
-268.153 57 (80.8) 
-268.049 45 (78.5) 
-268.09316 (75.7) 
-268.24107 (86.6) 
-268.163 77 (86.9) 
-268.18146(86.8) 
-229.41946 (68.3) 
-38.65185 (11.0) 
-38.70907(11.4) 

"Molecules lc-f, and 7 were treated as triplets with the unrestricted 

H-shift transition state (Ie) (A£UMP2/6-3IGV/UHF/3-2IG« = 5 - 9 

kcal/mol. 

H 

On the basis of these results, the singlet and triplet C = C and 
C—H bond reaction mechanisms can be rationalized with the 
diagrams shown in Figures 2 and 3. 

The mechanism for the singlet methylene reaction seems to 
follow the concerted pathway, giving the products via direct in
sertion into the bonds. Initial formation of ^-complexes cannot 
be excluded from our results since this process is not rate de
termining. 

An intermediate can be formed in the triplet methylene reaction 
according to our calculated results. The isotope effects for the 
formation of toluene suggest, however, that an abstraction 
mechanism is more likely. The presence of Ic in the formation 
of CHT is possible, but the isotope effect suggests again that it 
is not formed in the rate-limiting step. Pyrolysis studies of 
norcaradiene and norbornadiene have shown that the formation 
of a structure similar to Ic is most probably involved in the 
formation of toluene at high temperatures.67 It should be noted 
that facile intersystem crossing between singlet and triplet species 
can in fact affect the mechanism. 

Conclusion 

The study of the reaction between methylene and benzene using 
isotope and solvent effects suggests distinctly different reaction 
mechanisms for the singlet and the triplet species. The proposed 
intermediate for the triplet reaction, Ic, is supported by ab initio 
UMP2/6-31G7/UHF/6-31G* calculations. No stable singlet 
analog 1, however, could be found. These observations are con
sistent with other carbene addition reactions.4bJ 5 

Hartz et al. 

Groups (PG), and (S2) Values for Structures 1-7° 

(U)HF/6-21G*// 
(U)HF/6-31G* 

-269.563 25 
-269.501 14 
-269.653 90 
-269.652 87 
-269.556 96» 
-269.587 68» 
-269.74013 
-269.67209 
-269.682 33 
-230.703 14 
-38.872 37 
-38.92150 

(U)MP2/6-31G*// 
(U)HF/6-31G* ((S2) 

-270.482 34 
-270.39075 
-270.458 83 (2.108) 
-270.458 37 (2.101) 
-270.382 72* (2.112) 
-270.392 11» (2.297) 
-270.627 05 
-270.559 78 
-270.56640 
-231.456 50 

-38.872 37 
-39.003 31 (2.000) 

Hartree-Fock formalism. "Based on UHF/3-21G* optimized structure. 

Experimental Section 

HPLC grade benzene (Aldrich), benzene-d6 (Cambridge Isotope 
Laboratories), HPLC grade toluene (Aldrich), and toluene-d8 (Aldrich) 
were used after distillation over sodium. 

All 13C- and 1H-NMR spectra were recorded with a Varian (VXR 
200) superconducting NMR spectrometer. Chemical shifts were refer
enced relative to TMS as an internal standard. GC-MS spectra were 
obtained with an INCOS-50 spectrometer coupled to Varian 3400 GC. 
Quantitative analysis of the reaction products was exclusively performed 
on a Varian gas chromatograph (Model 3700) equipped with a quartz 
silica capillary column coated with DB 5. Solvents (Aldrich) were used 
exclusively after being dried and purified by following standard proce
dures. Products were identified by comparison of their retention times 
with pure samples. Diazomethane generation was carried out in an 
all-glass apparatus without any ground-glass joints following published 
procedure16 with utmost care. The triplet-sensitized photolysis of a so
lution of diazomethane in benzene was carried out in the presence of 
benzophenone (0.015 M). 

2,3,4,5,6-Pentadeuteriobenzyl Bromide.17 Perdeuteriobenzene (10.00 
g, 119 mmol, 9.50 mL) was added to a mixture of 48% aqueous HBr 
(22.0 mL) and glacial acetic acid (10 mL), followed by 1,3,5-trioxane 
(21.41 g, 238 mmol, 2 equiv) and tetradecyltrimethylammonium bromide 
(0.6 g). The mixture was then stirred rapidly and heated to a gentle 
reflux for 24 h. After the mixture cooled to 20 0C, the acid was neu
tralized with NaHCO3, and the organic phases were separated. The 
aqueous layer was then washed with ether, and the combined organic 
phases were dried over anhydrous Na2SO4. After evaporation of the 
ether, the product was distilled under vacuum: 1H-NMR (CDCl3) S 4.46 
(s, 2 H); 13C-NMR (CDCl3) 6 137.5, 128.5, 128.2, 127.8, 33.4; MS (50 
eV) m/z 176 (0.5) [M+], 96 (100) [M - Br], 69 (14), 68 (15), 42 (9). 

a,2,3,4,5,6-Hexadeuteriotoluene.18 2,3,4,5,6-Pentadeuterio-benzyl 
bromide (5.00 g, 28.4 mmol) in 5 mL of ether was added to a mixture 
of LiAlD4 (1.40 g, 28.4 mmol) in 10 mL of ether. After 5 h all starting 
material was consumed. Ice was added to the cooled solution until 
hydrogen evolution stopped. After the aluminum hydroxide was dissolved 
with aqueous sulfuric acid, the organic layer was separated and washed 
with saturated NaCl solution. The aqueous layer was washed with ether, 
and the combined organic phases were dried over Na2SO4. After evap
oration of the ether, the product was distilled twice under vacuum: 1H-
NMR (CDCl3) a 2.40 (t, 2 H); 13C-NMR (CDCl3) a 137.5, 128.6, 127.7, 
124.8, 20.9; MS (50 eV) m/z 98 (100) [M+], 96 (97) [M - D], 69 (18), 
54 (16), 42 (21). 

Typical Experimental Procedure for the Measurement of Isotope as 
Well as Solvent Effects. (CAUTION! Diazomethane is extremely 
hazardous. For proper care for its generation see ref 16). 

(15) (a) Roth, H. D. J. Am. Chem. Soc. 1972, 94, 1761-1762. (b) Roth, 
H. D. J. Am. Chem. Soc. 1972, 94, 1400-1402. (c) Homberger, G.; Dorigo, 
A. E.; Kirmse, W.; Houk, K. N. J. Am. Chem. Soc. 1989, / / / , 475-477. (d) 
Griller, D.; Hadel, L.; Nazran, A. S.; Platz, M. S.; Wong, P. C; Savino, T. 
G.; Scaiano, J. C. J. Am. Chem. Soc. 1984, 106, 2227-2235. (e) Griller, D.; 
Nazran, A. S.; Scaiano, J. C. J. Am. Chem. Soc. 1984, 106, 198-202. (f) 
Wright, B. B.; Platz, M. S. J. Am. Chem. Soc. 1984, 106, 4175-4180. 

(16) de Boer, T. J.; Backer, H. J. Organic Syntheses Collect. Vol. IV, pp 
250-253. 

(17) Mitchell, R. H.; Iyer, V. S. Synletl 1989, /, 55-57. 
(18) Organikum, Autorenkollektiv; VEB Deutscher Verlag der Wissen-

schaften: Berlin, 1977; p 614. 
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KOH/H20 (40%, 10.0 mL) was added slowly to A'-nitroso-A'-methyl 
urea (1.0 g, 9.6 mmol). The evolving gas was then purged through a 
column filled with KOH pellets into a Pyrex vessel containing 2 mL of 
a 1:1 mixture of perdeuteriobenzene and benzene. After all the diazo-
methane dissolved, the vessel was cooled and irradiated until the color 
of the solution disappeared (30 min). Control experiments indicate that 
prolonged irradiation does not alter the product distribution. 

Calculations were performed on an ALLIANT FX/40 computer using 
the GAUSSIAN86" and GAUSSIAN9020 packages of programs. 

(19) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; 
Melius, C. F.; Martin, R. L.; Steward, J. J. P.; Bobrowicz, F. W.; Rohlfing, 
C. M.; Kahn, L. R.; Defrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.; 
Fleuder, E. M.; Pople, J. A. GAUSSIAN86; Carnegie-Mellon Quantum 
Chemistry Publishing Unit: Pittsburgh, PA, 1984. 

Introduction 
Molecular self-assembly is the spontaneous association of 

molecules under equilibrium conditions into stable aggregates, 
joined by noncovalent bonds, with well-defined composition and 
structure.1'2 We are developing a program whose objective is to 
design, synthesize, and characterize macromolecular aggregates 
that are the products of molecular self-assembly, using networks 
of hydrogen bonds to form these aggregates.3'4 Molecular 
self-assembly is a principle demonstrated in many biological 
systems: the hierarchy of interactions in nucleic acids and proteins 
provides examples.5 The backbone of tRNA is composed of 
covalent bonds; secondary structure (the arms of the cloverleaf 
structure of tRNA), tertiary structure, and interactions between 
tRNA and proteins rest on noncovalent interactions (hydrogen 

(1) Whitesides, G. M.; Mathias, J. P.; Seto, C. T. Science 1991, 254, 1312. 
(2) Lindsey, J. S. New J. Chem. 1991, 15, 153. 
(3) Seto, C. T.; Whitesides, G. M. /. Am. Chem. Soc. 1990, 112, 6409. 

Seto, C. T.; Whitesides, G. M. J. Am. Chem. Soc. 1991,113, 712. Zerkowski, 
J. A.; Seto, C. T.; Wierda, D. A.; Whitesides, G. M. /. Am. Chem. Soc. 1990, 
112, 9025. 

(4) Zerkowski, J. A.; Seto, C. T.; Whitesides, G. M. J. Am. Chem. Soc. 
1992, 114, 5473. 

(5) Alberts, B.; Bray, B.; Lewis, J.; Raff, M.; Roberts, K.; Watson, J. 
Molecular Biology of the Cell; Garland Publishing, Inc.: New York, 1983. 
Fersht, A. Enzyme Structure and Mechanism, 2nd ed.; W. H. Freeman and 
Company: New York, 1985. Brooks, C. L„ III; Karplus, M.; Pettitt, B. M. 
Proteins: A Theoretical Perspective of Dynamics, Structure, and Thermo
dynamics; Wiley: New York, 1986. 
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Abstract: Reaction of the tris(melamine) derivatives hubM3 (C6H3-1,3,5-[CONHC6H4-3-N(CH2C6H4-4-C(CH3)3)COC6-
H3-2-NHC3N3(NH2)(NHCH2CH2C(CH3)3)-5-Br]3) and flexM3 (C6H3-1,3,5-[C02(CH2)3OCOC6H4-2-NHC3N3(NH2)(N-
HCH2CH2(CH3)3)]3) with R'CA (neohexyl isocyanurate) and R"CA (3,3,3-triphenylpropyl isocyanurate) in CHCl3, respectively, 
yields structurally well-defined supramolecular aggregates hubM3(R'CA)3 and flexM3(R"CA)3. These structures were 
characterized using 1H NMR, 13C NMR, and UV spectroscopy, gel permeation chromatography, and vapor pressure osmometry. 
flexM3 is a conformationally flexible analog of hubM3. The greater degree of preorganization that is built into the molecular 
structure of hubM3 compared to flexM3 makes hubM3(R'CA)3 a more stable aggregate than flexM3(R"CA)3. These self-
assembling structures are the first step in a program to design, synthesize, and develop methods to characterize supramolecular 
complexes that are held together by networks of noncovalent interactions. 
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