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Abstract: Bis(pyridodipyrimidines) (bis-PP’s) as redox catalysts, in which two pyridodipyrimidine moieties are linked with
polymethylene chains, have been synthesized by the condensation of bis(6-chloro-5-formyluracil-3-yl)alkanes with 6-alkyl-
aminouracils. These bis-PP’s oxidized alcohols more efficiently than monomeric pyridodipyrimidines to give the corresponding
carbonyl compounds. Particularly, bis(7-methyl-10-(n-octyl)pyridodipyrimidin-3-yl)decane (5j) exhibited remarkable oxidizing
ability toward cyclopentanol as a turnover catalyst, and its maximum effective concentration (MEC) was determined. The
MEC of §j was 6.7 X 107° mmol (59 ug)/3 mL of cyclopentanol at 115 °C, and the MEC under introduction of oxygen (5
mL of oxygen/min) was 2 X 107* mmol (177 ug)/3 mL of cyclopentanol at 100 °C. Apart from the chemical yield of
cyclopemanone even an amount of only 2 X 107! mmol (17.7 pg) of catalyst 5j oxidized cyclopentanol to give cyclopentanone
in 13300000000000% yield based on the catalyst. This implies that the turnover number of catalyst 5j is 8.9 X 107 mol min™!
(mol of catalyst)™!, which would surpass that of bovine liver catalase, although the condition is quite different.

Pyridodipyrimidines (1) as new NAD-type redox catalysts have
been found to oxidize a variety of alcohols under neutral conditions
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to yield the corresponding carbonyl compounds, and a considerably
high autorecycling turnover in the oxidation was observed.! In
order to obtain more efficient redox organic catalysts, we have
planned to manipulate the above oxidizing ability in terms of the
linking of two pyridodipyrimidine moieties with polymethylene
chains. Such linked bis(pyridodipyrimidine) (bis-PP) derivatives
would be expected to have enhanced reactivity, because it is
assumed that one pyridodipyrimidine moiety in the molecule
accepts electrons to give the reduced-type pyridodipyrimidine
moiety which would immediately form the intramolecular
charge-transfer complex or radical pair with the other pyrido-
dipyrimidine moiety. The formation of the intramolecular complex
or radical pair must heighten the reactivity for alcohol oxidation
and furthermore the sensitivity to oxygen for autorecycling
turnover. There are a few examples of this type of intramolecular
electron interaction in the bis-NAD and bis-flavin model reac-
tions.>® In the present paper, we describe the synthesis of a series
of bis(pyridodipyrimidines) along this line and their autorecycling
turnover oxidation of alcohols.
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Synthesis of Bis(pyridodipyrimidines)

We have developed a new general synthetic methodology for
the preparation of bis(pyridodipyrimidin-3-yl)alkanes (5) as one
of the bis-PP’s. Thus, nitrourea* was treated with a,w-diamino-
alkanes in boiling methanol to give the corresponding a,w-diur-
eidoalkanes (2), which were condensed with malonic acid in acetic
acid-acetic anhydride® under reflux to afford the corresponding
3,3'-alkanediylbis(barbituric acids) (3). The key intermediates,
3, thus obtained were treated with Vilsmeier reagent (DMF-
POCl,)¢ to give the corresponding bis(6-chloro-5-formyluracil-
3-yl)alkanes (4), which were unstable and used for the next step

$This paper is dedicated to Professor Haruaki Yajima on the occasion of
his retirement from Kyoto University in March 1989.
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Scheme I. New General Synthesis of Bis-PP’s (5)
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without purification by recrystallization. Finally, compounds 4
were condensed with 6-(alkylamino)uracils to give rise to a variety
of the respective bis(pyridodipyrimidin-3-yl)alkanes (bis-PP’s, 5;
Scheme I, Table I).
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Table I. Bis(pyridodipyrimidin-3-yl)alkanes (§)

Yoneda et al.

analysis, %

mp,  yield, caled found 8(CF,CO,H) for
no. n R °C % formula H N C H N Cs-H and Cs-H
5a 6  n-CgH, 206 37 CyuHgNjiOs 5698 563  19.54 5685 581  19.62 9.68 (2 H, s)
5b 6 n-CgH, 225 50  Ci,HgNOs 6085 681 1690 6081 671 1688 9.76 (2 H, s)
Sc 6 nCpHy 152 18 CoHuN;gOs 6381 771 1488 6398  7.90  14.90 9.75 2 H, 5)
5d 6 n-CgHy 112 3] CoHeN; O 6712 872 1262 6705 881 1281 9.78 (2 H, s)
Se 8  n-CeH, 219 22 CyuHuNiOs  58.05 595 1881 5795 586  18.67 9.78 (2 H, s)
sf 8 nCgH,, 212 42 CyuHeNOs 6166 7.06 1634  61.19 732 1645 9.79 2 H, s)
5g 8 nCpuHy 166 20 CqHyNgOp 6443 790 1445 6466  7.86  14.62 9.72 (2 H,s)
Sh 8 nCgHy 99 24 CuHioNiOs 6757 886 1231 6732 868  12.08 9.77 2 H, s)
5i 10 n-C.H, 145 30 CygHugNgOs  59.06 626 1812 5883 642  18.26 9.72 (2 H,s)
5§ 10 nCgH, 169 35 CiuHeNigOs 6242 729 1583 6204 7.05 1573 9.72 (2 H,s)
S5k 10 nCpHy 146 40  CgHgNiOg 6504 809 1404 6496 8.14 1412 9.69 (2 H, s)
5 10 nCyHpy 98 42 CeHNOy 6801 899 1202 6770 885 12.10 9.75 (2 H, 5)
Sm 12 n-C4Hy 232 20 C4oHs,N100s 59.99 6.54 17.49 60.12 6.34 17.31 9.76 (2 H, s)
Sn 12 n-CgH, 175 45 CisHegN10Os 63.14 7.51 15.34 63.22 7.59 15.28 9.76 (2 H, s)
S0 12 nCpHy 195 47 CgHgNjOs 6562 826  13.67 6573  8.69  13.70 9.71 2 H, s)
Sp 12 nCgHy 93 39 CeHigNigOs 6842  9.12 1173 68.51 906  11.67 9.72 (2 H, s)

Table II. Autorecycling Oxidation of Cyclopentanol (3 mL) by
Bis(pyridodipyrimidin-3-yl)alkanes (5a—p) at 115 °C for 25 h

Table IIl. Autorecycling Oxidation of Cyclopentanol (3 mL) by
Bis(pyridoidpyrimidin-3-yl)decanes (5i-1) at 115 °C for 25 h

yield (%)** of cyclopentanone for (CH,),

yield (%) of cyclopentanone

R n==6 n=28 n=10 n=12 no. R catalyst = 7.5 mg catalyst = 15 mg
n-CsHy 16739 (10.6) 10666 (6.5) 11128 (6.5) 2117 (1.2) 5i n-C4H,q 211714 (6.2)* 111287 (6.5)®
n-CgH,; 22464 (12.3) 25491 (13.5) 29325 (15.0) 31987 (15.9) 5j n-CgH 4 58190 (14.9) 29325 (15.0)
n-Cj;Hys 10161 (4.9) 8542 (4.0) 24115(11.0) 21227 (9.4) 5k n-C3Hys 41184 (9.4) 24115 (11.0)
n-CigHy; 38378 (15.7) 39098 (15.6) 34573 (13.5) 24201 (5.4) 51 n-C,sHs, 60513 (13.4) 34573 (13.5)

?Based on the catalyst. ®Based on the starting cyclopentanol given
in parentheses.

Scheme II. Alternative Synthesis of Bis-PP’s (5)
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The bis-PP’s (5) can alternatively be synthesized stepwise from
3-unsubstituted pyridodipyrimidines (6). The treatment of 7-
methylpyridodipyrimidines (6) with dibromodecane in HMPA
in the presence of potassium carbonate gave 3-(bromodecyl)-
pyridodipyrimidines (7). Compounds 7 were further condensed
with the other 6 compounds in HMPA in the presence of po-
tassium carbonate to afford the same bis-PP’s (5) as above
(Scheme II).

Oxidation of Alcohols with Bis-PP’s (5)

All of the bis-PP’s (5) oxidized alcohols more efficiently than
the corresponding monomeric pyridodipyrimidines (1), as was
expected.” Table II shows the relationship between the length
of the 3,3’ chain or the 10- and 107-alkyl groups and the reactivity
in the autorecycling oxidation of cyclopentanol. On the average,
decane (n = 10) has turned out to be the best among the 3,3’
chains (n = 6, 8, 10, 12). Table III shows the autorecycling

(7) Compounds 5 oxidized effectively almost all kinds of alcohols, such as
allylic and benzylic alcohols and aliphatic secondary alcohols, while they
oxidized poorly aliphatic primary alcohols, such as octyl alcohol. In this paper,
we chose cyclopentanol, which was most resistant against air oxidation among
the aliphatic secondary alcohols, for detailed experiments.

?Based on the catalyst. ®Based on the starting cyclopentanol.

Table IV. Autorecycling Oxidation of /-Menthol and d/-Menthol
(each 3 g) by Bis(pyridodipyrimidin-3-yl)decanes (5i-1) (15 mg) at
120 °C for 25 h

yield (%) of products

no. R I-menthone dl-menthone
5i n-C,H, trace trace
5) n-CgHy; 125272 (11.1)® 219859 (19.4)®

5k n-C,Hys trace 8337 (6.5)
51 n-CigHj, 30616 (20.5) 37052 (23.8)

%Based on the catalyst. ®Based on the starting /- and 4/-menthol.

Scheme III
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oxidation of cyclopentanol by the bis-PP’s (5i-l) fixed with a
decane chain. As seen from the table, the bis-PP (5j) bearing
an n-octyl group at the 10 and 10’ positions exhibited the best
oxidizing ability. The yields of cyclopentanone based on the
amount of starting cyclopentanol (3 mL) were almost the same
with the use of 15 or 7.5 mg of the catalyst. However, the turnover
number, which corresponds to the oxidation yield based on the
catalsyt, increased with 7.5 mg of the catalyst. This suggests that
7.5 mg or less of the bis-PP’s acted efficiently as a turnover catalyst
under these conditions. This phenomenon means that the bis-PP’s
oxidized cyclopentanol rapidly and the bis-PP’s themselves were
reduced to dihydro-bis-PP’s, which, however, are oxidized slowly
to the original bis-PP’s by adventitious air. The concentration
of the dissolved oxygen may be crucial for the autorecycling of
the catalyst (Scheme III).
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Table V. a,w-Diureidoalkanes (2)
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analysis, %
caled found
no. n mp, °C yield, % formula C H N C H N
2a 6 211 49 CgHsN,O, 47.50 8.97 27.70 47.31 8.73 27.51
2b 8 193 80 CoH2:NLO, 52.15 9.63 2433 51.98 9.56 24.15
2c 10 196 93 C,;HyN,O, 55.78 10.14 21.69 55.56 10.33 21.50
2d 12 185 80 C,4sH3oN,O, 58.71 10.56 19.56 58.63 10.70 19.63
Table VI. 3,3’-Alkanediylbis(barbituric acids) (3)
analyis, %
caled found
no. n mp, °C yield, % formula C H N C H N
3a 6 160 66 C14H,sN.Og 49.70 5.36 16.56 49.70 5.11 17.43
3b 8 147 45 C6H1,N4O6 52.45 6.05 15.29 52.11 5.86 15.16
3c 10 128 50 CgH16N 4O 54.81 6.64 14.21 54.64 6.56 14.36
3d 12 113 65 C4H3oN,Og 56.86 7.16 13.26 56.81 7.45 13.05

In the meantime, the bis-PP’s (5i-1) oxidized /-menthol and
dl-menthol to give /-menthone and d/-menthone, respectively
(Table 1V). Of unusual interest is the fact that the oxidation
yields changed drastically according to the length of the 10- and
10’-alkyl groups and furthermore, d/-menthol was oxidized in
higher yield than /-menthol. At the moment, it is not clear why
the difference in 10- and 10’-alkyl substituents has a big effect
on the oxidative ability of the bis-PP’s (5i-1) toward menthols.
Moreover, it is interesting to note that the bis-PP’s appear to have
a sign of chiral discrimination toward the chiral substrate. This
phenomenon would be closely related to an approach and inter-
action of the substrate to the bis-PP’s. However, in order to
elucidate the chiral discrimination of the bis-PP’s, much more work
is necessary.

Maximum Effective Concentration as a New Expression Mode
for the Efficiency of the Catalysts

On the basis of the above experiments, bis(7-methyl-10-(n-
octyl)pyridodipyrimidin-3-yl)decane (5j) was selected as the
catalyst for further experiments, and its maximum effective
concentration (MEC) has been determined for the oxidation of
cyclopentanol at 115 °C for 25 h (Figure 1). When the use of
the catalyst increased, the oxidation yield increased up to a use
of 6.7 X 1075 mmol of the catalyst, after which the use of even
more catalyst did not raise the yield of cyclopentanone. Therefore,
6.7 X 107 mmol (59 ug)/3 mL of cyclopentanol is considered
to be the MEC for this catalyst under those conditions. At this
point, the yield of cyclopentanone was 6970000% based on the
catalyst, which means that this catalyst recycled 69 700 times.
The yield based on the starting cyclopentanol was about 13%.
Under these conditions, the above amount of compound 5j acted
efficiently as a turnover catalyst without waste of the catalyst.

Taking into consideration that dissolved oxygen affects the yields
of the products, 5 mL of oxygen/min was introduced to the
reaction mixture at 100 °C. In this case also, the yield of cy-
clopentanone increased up to a use of 2 X 107 mmol (177 ug)
of catalyst §j toward 3 mL of cyclopentanol, which can be con-
sidered its MEC under aerobic conditions. This was about three
times the MEC under the conditions without introduction of
oxygen. The yield of cyclopentanone was about 50% based on
the starting cyclopentanol (Figure 2).

Apart from the chemical yield of cyclopentanone, even an
amount of only 2 X 107! mmol (17.7 pg) of catalyst §j oxidized
cyclopentanol to give cyclopentanone in 13300000000000% yield
based on the catalyst. This means that the turnover number of
catalyst 5j is 8.9 X 107 mol min™! (mol of catalyst)™. This turnover
number would surpass that of bovine liver catalase (2.8 X 10® mol
min™ (mol of catalyst)™!),? although the condition is quite different.

(8) Walsh, C. Enzymatic Reaction Mechanisms, W. H. Freeman and Co.:
San Francisco, 1979; p 489.

(9) Goldner, H.; Dietz, G.; Carstens, E. Liebigs Ann. Chem. 1966, 691,
142-158.
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Figure 1. Autorecycling oxidation of cyclopentanol by various amounts
of compound §j at 115 °C for 25 h. The numbers in parentheses show
the yield based on the catalyst.
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Figure 2. Autorecycling oxidation of cyclopentanol by various amounts
of compound 5j at 100 °C for 25 h under introduction of oxygen (5
mL/min): (—) under introduction of Oy; (- - -) without introduction of
O,. The numbers in parentheses show the yield based on the catalyst.

Experimental Section

All melting points were determined on a Yanagimoto hot-stage ap-
paratus and are uncorrected. The IR spectra were obtained on a Jasco
IRA-1 spectrometer and the 'H NMR spectra on a JEOL JNM 3H-60
spectrometet (tetramethylsilane as internal standard).

a,w-Diureidoalkanes (2a-d). General Procedure. A mixture of ni-
trourea (0.2 mol) and «,w-diaminoalkane (0.1 mol) in methanol (100
mL) was refluxed for 1 h. The reaction mixture was evaporated to
dryness, and the residue was recrystallized from water to give colorless
needles (Table V).

3,3-Alkanediylbis(barbituric acids) (3a—d). General Procedure. a,w-
Diureidoalkane (2; 0.1 mol) and malonic acid (0.2 mol) were added to
a mixture of acetic acid (100 mL) and acetic anhydride (30 mL), and
the mixture was heated at 90 °C for 3 h. After cooling, the reaction
mixture was evaporated in vacuo, and the residue was triturated in a
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Table VII. 6-(Alkylamino)-3-methyluracils!®

Yoneda et al.

analysis, %
caled found
compd R mp, °C yield, % formula C H N C H N
a n-C,Hy° 244 72 C,H5N,0, 54.80 7.67 21.31 54.71 7.80 21.22
b n-CgH 4 214 84 C;:HzN;0, 61.63 9.15 16.59 61.59 9.24 16.36
c n-C,Hys 213 92 C,,H4N;0, 65.98 10.10 13.58 66.22 10.23 1341
d n-CigHj; 193 83 C,;H4iN,0, 70.18 11.01 10.68 70.49 11.27 10.72
Table VIII. 3-Methylpyridodipyrimidines (6)
analysis, %
calcd found 3(CF,CO,H)
no. R mp, °C yield, % formula C H N C H N for Cs~H
6a n-C4Hy >340 87 C1sHsNsO, 52.99 4.77 22.07 53.25 492 21.90 9.60 (1 H, s)
6b n-CgH,, 298 64 C,sH3;N0, 57.90 6.21 18.76 57.92 6.44 19.24 9.50 (1 H, s)
6¢ n-Cy,Hsys 285 76 Cy,H3 N0y 61.52 7.28 16.31 61.24 7.22 16.60 9.68 (1 H, s)
6d n-CgHs, 280 94 Cy3H43NsO, 65.47 8.44 13.64 65.11 8.12 13.50 9.50 (1 H, s)
Table IX. 3-(Bromodecyl)-7-methylpyridodipyrimidines (7)
analysis, %
caled found 5(CF,CO,H)
no. R mp, °C yield, % formula C H N C H N for Cs~H
Ta n-C4H, 128 52 CH1,BrN;O, 53.73 6.39 13.05 53.39 6.14 12.82 9.79 (1 H, s)
b n-CgH,4 125 50 CyH4yBrN;O, 56.75 7.14 11.82 56.44 7.39 11.73 9.76 (1 H, s)
Te n-Ci3Hys 120 54 C4,HsoBrN;O, 59.25 7.77 10.80 59.39 7.83 11.05 9.76 (1 H, s)
Te n-CgHi, 115 40 C,3Hg,BrN;O, 62.28 8.73 9.56 62.83 8.42 9.86 9.68 (1 H, s)

small amount of ethanol to precipitate white powder as crude product.
Recrystallization from ethanol gave colorless microcrystalline powder
(Table VI).

Bis(pyridodipyrimidin-3-yl)alkanes (5a-p). General Procedure.
3,3’-Alkanediylbis(barbituric acid) (3; 2.5 mmol) was added to Vilsmeier
reagent prepared from DMF (3 mL) and POCl, (50 mL), and the
mixture was heated at 90 °C for 5 h. After reaction, POCl; was evap-
orated under reduced pressure, and the residue was treated with ice water
to precipitate crude bis(6-chloro-5-formyluracil-3-yl)alkanes (4). They
were filtered off, dried over P,Os, and used for the next step without
purification because of their instability. The compounds 4 (1.5 mmol)
and appropriate 6-(alkylamino)-3-methyluracil (1.5 mmol) were added
to DMF (20 mL), and the mixture was heated at 90 °C for 5 h. The
reaction mixture was evaporated in vacuo, and the residue was recrys-
tallized from acetic acid to give yellow microcrystalline powder (Table
1).

6-(Alkylamino)-3-methyluracils. General Procedure. 6-Chloro-3-

methyluracil (1.61 g, 10 mmol) and alkylamine (22 mmol) were added
to I-butanol (25 mL), and the mixture was refluxed for 5 h. After
cooling, the precipitated crystals were collected by filtration, washed with
water, and recrystallized from ethanol to give colorless microcrystalline
powder (Table VI1I).

10-Alkyl-3-methylpyrido[2,3-d;6,5-d"|dipyrimidine-2,4,6,8-
(3H,10H,7TH 9H)-tetrones (6a-d). General Procedure. 6-(Alkyl-
amino)-3-methyluracil (4.64 mmol) and 2,4,6-trichloropyrimidine-5-
carbaldehydef (0.98 g, 4.64 mmol) were added to DMF (20 mL), and
the mixture was stirred for 3 h at room temperature. After the reaction,
the precipitated crystals were collected by filtration and recrystallized
from DMF to give yellow microcrystalline powder (Table VIII).

10-A1kyl-3-(10-bromodecyl)-7-methylpyrido[2,3-d ;6,5-d'1di-
pyrimidine-2,4,6,8(3H,10H,7TH 9H)-tetrones (7a-d). General Proce-
dure. Compounds 6 (0.35 g, 0.478 mmol), 1,10-dibromodecane (0.36 g,
0.973 mmol), and potassium carbonate (0.77 g, 1.947 mmol) were added
to HMPA (5 mL), and the mixture was heated at 100 °C for 5 h under
stirring. The reaction mixture was neutralized with acetic acid and
diluted with a small amount of water and extracted with ether. The ether
extracts were evaporated to dryness, and the residue was diluted with a
small amount of water to precipitate crystals, which were filtered off and
recrystallized from ethanol to give yellow microcrystalline powder (Table
IX).

Bis(pyridodipyrimidin-3-yl)alkanes (5i-1). General Procedure. Com-
pounds 7 (0.35 g, 0.478 mmol), compounds 6 (0.277 g, 0.478 mmol), and
potassium carbonate (0.1 g, 0.716 mmol) were added to HMPA (5 mL),
and the mixture was heated at 100 °C for 5 h under stirring. After the
reaction, the mixture was neutralized with acetic acid, diluted with a
small amount of water, and extracted with ether. The ether extracts were
evaporated to dryness, and the residue was diluted with a small amount
of water to precipitate crystals, which were collected by filtration. Re-
crystallization from acetic acid gave a yellow microcrystalline powder of
compounds 5i-1in 40-50% yield based on compounds 6. The products
thus obtained were identical in all respects with the authentic samples
prepared by the former method.

General Procedure for Alcohol Oxidation. A mixture of the catalyst
5 (15 mg) in an appropriate alcohol (3 mL or 3 g) was stirred in a flask
joined with a refluxing condenser at an appropriate temperature. The
reaction mixture was analyzed by gas chromatography. Furthermore the
reaction mixture was diluted with ether and filtered. The filtrate was
treated with a 2 N HCl solution of 2,4-dinitrophenylhydrazine to give
the 2,4-dinitrophenylhydrazone of the corresponding carbonyl compound,
which was filtered off, dried, and weighed.

Registry No. 2a, 2188-09-2; 2b, 93227-42-0; 2¢, 6968-52-1; 2d,
24667-86-5; 3a, 123463-93-4; 3b, 123463-94-5; 3¢, 123463-95-6; 3d,
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94566-50-4; Se, 94590-73-5; 5f, 94561-92-9; Sg, 94566-49-1; Sh,
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89-4; Sm, 94590-74-6; Sn, 94561-94-1; S0, 94561-96-3; 5p, 94566-52-6;
6a, 87624-52-0; 6b, 87624-43-9; 6¢, 87624-53-1; 6d, 87624-54-2; 7a,
123464-01-7; b, 123464-02-8; Tec, 123464-03-9; 7d, 94589-14-7; NH,-
CONHNO,, 556-89-8; NH,(CH,)¢NH,, 124-09-4; NH,(CH,)sNH,,
373-44-4; NH,y(CH,),(NH,, 646-25-3; NH,(CH,),;NH,, 2783-17-7;
CH,(CO,H),, 141-82-2; BuNH,, 109-73-9; CH;(CH,);NH,, 111-86-4;
CH;(CH,);;NH,, 124-22-1; CH4(CH,),;NH,, 124-30-1; Br(CH}),oBr,
4101-68-2; 6-(butylamino)-3-methyluracil, 123463-97-8; 6-(octyl-
amino)-3-methyluracil, 123463-98-9; 6-(dodecylamino)-3-methyluracil,
123463-99-0; 6-(octadecylamino)-3-methyluracil, 123464-00-6; 6-
chloro-3-methyluracil, 4318-56-3; 2,4,6-trichloropyrimidine-5-carb-
aldehyde, 50270-27-4; cyclopentanol, 96-41-3; cyclopentanone, 120-92-3;
L-methanol, 2216-51-5; pL-menthol, 15356-70-4; L-menthone, 14073-
97-3; pL-menthone, 1074-95-9.



