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One-Flask Synthesis of Unsymmetrical Phosphodiesters.
Selective Amine Catalysis of the Phosphorylation
of Primary vs. Secondary Alcohols
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Abstract: Two different alcohols, R'TOH and R20H, are converted into an unsymmetrical phosphodiester, (R!'0) (R20)-
P(O)OH, without isolation of intermediates. Alternatively, the two alcohols are converted into a phosphotriester, (R'0)-
(R20)P(O)OCH(CH3)COCH3, which is isolated and hydrolyzed to the phosphodiester with or without further purification.
The procedures are made possible by the efficient imidazole catalysis of the phosphorylation of alcohols by alkyl cyclic enediol
phosphates. The phosphorylation of a primary OH in the presence of an unprotected secondary OH in a diol can be performed
with a 98:2 selectivity using triethylamine as catalyst. The reagents for the new phosphorylative coupling procedures are cyclic
enediol N-phosphorylimidazoles and pyrophosphates, N-(1,2-dimethylethenylenedioxyphosphoryl)imidazole and di(1,2-di-
methylethenylene) pyrophosphate, which are readily available from biacetyl and trimethyl phosphite via a stable pentaoxy-

phosphorane.

Some of the most important biological phosphates are un-
symmetrical phosphodiesters, (RIO)(RIO)P(O)OH, derived
from two fairly complex alcohol moieties, RIOH and RIIOH.
For example, in many of the phospholipids of biological
membranes, RIOH is a 1,2-diglyceride, a monoacyldihy-
droxyacetone, or an /N-acylaminopolyol of the sphingosine
type, while RUOH is a derivative of ethanolamine, serine,

" glycerol, or myo-inositol. In the polynucleotides, R1OH and
R"OH are nucleosides with one primary and one or two sec-
ondary alcohol functions. In principle, a phosphodiester of this
type can be synthesized from RIOH and R"OH according to
the sequence R'1OH = R!OH, R20H = R!"OH, or R'OH =
R!IOH, R20OH = RIOH, where R!OH and R20H refer to the
order in which the two alcohol moieties are submitted to the
phosphorylation process. The choice of sequence depends on
the availability of suitably protected RIOH and RI!0OH, and
on the capabilities of the phosphorylating reagents at hand.

I
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We have described a series of derivatives of the 1,2-dim-
ethylethenylenedioxyphosphoryl group,

CH,— O

D

CH,—C—- 0

abbreviated? X=P(0O)-, which can be used as reagents for the
phosphorylation of alcohols. The methyl ester, X=P(O)-

OCH3, is available from the reaction of the biacetyl trimethyl
phosphite oxyphosphorane with water? or acetyl bromide.*
The pyrophosphate, [X=P(0)],0, is prepared®! by reaction
of the methyl ester with pyridine and phosgene.® The aryl es-
ters, X==P(O)OAr, are obtained from the pyrophosphate and
phenols, e.g., p-nitrophenol and pentafluorophenol.® A two-
stage synthesis of unsymmetrical dialkyl (1-methylacetonyl)
phosphates by means of the pyrophosphate has been reported
in previous papers.>” The 1-methylacetonyl group can be easily
removed from the triesters, and this sequence of reactions
constitutes a three-stage synthesis of unsymmetrical phos-
phodiesters®-!! from the alcohols, R'1OH and R20H.

This paper describes a procedure to convert a pair of alcohols
into the diester (R!O)(R20)P(O)OH without the isolation of
any intermediate (“one-flask” synthesis). Moreover, the two
alcohols can be converted into the triester, (RIO)(R20)-
P(O)OCH(CH;)COCHj3;, in “one flask”, and the triester can
be hydrolyzed to the unsymmetrical dialkyl phosphate with
or without an intervening purification step.

Results

Preparation of N-(1,2-Dimethylethenylenedioxyphospho-
ryljimidazole (2). The pyrophosphate® 1 reacts with imidazole
to give the stable,'2-!7 crystalline phosphorylimidazole,!® 2,
in 90% yield. The structure of 2 rests on the data given in Table

CH, CH,
o)
| CH, + 2 HN \
O—P—O—P
18P =15 ppm
CHg CH3
— CHBJ_T CH3‘<L | —\
\
0—p—N " —P—O HN ., NH
| N
O
2,6 P = 6.1ppm 3
| 4
H,0

I; note, in particular, the presence of one 'H NMR signal due
to the two methyl groups on the 1,3,2-dioxaphosphole ring. The
structure of the pyrophosphate 1 has been confirmed by x-ray
crystallography.!®
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In agreement with structure 2, the phosphorylimidazole
reacts instantaneously with 1 mol equiv of water in aprotic
solvents and generates imidazolium (1,2-dimethylethenylene)
phosphate (3), i.e., the product of hydrolysis with complete ring
retention.

One-Flask Phosphorylative Coupling of Two Different Al-
cohols. The phosphorylimidazole 2 is a reagent for the direct
conversion of two different alcohols into an unsymmetrical
phosphodiester without the isolation of any intermediate
(“one-flask™ reaction). The synthesis is carried out in aceto-
nitrile solution as described in the Experimental Section
(procedure 1) and is made possible by two properties of the
system: (i) alcohols react much faster with the phosphoryli-
midazole 2 than with the alkyl cyclic enediol phosphate, 4,
which is the product of their reaction; and (ii) imidazole au-
tocatalyzes the reaction of the first alcohol, R1OH, with 2 and
is also a very effective catalyst for the reaction of the second
alcohol, R20H, with the cyclic triester 4. This point will be
discussed subsequently. Several examples of this new and
convenient phosphodiester synthesis are given in Table II.

The phosphorylimidazole 2 can also be utilized for the
conversion of the two alcohols into the acyclic triester S in one
laboratory operation; 5 is subsequently hydrolyzed to the
diester 6 with or without an intervening purification step. The
synthesis is carried out in dichloromethane solution, as detailed
in the Experimental Section (procedure 2A). Several examples
of the synthesis are included in Table II.

CH,
0
R'OH
2 —> Cﬂajil + ml N
0—P—OR' 7

4,6 P = —10 to —14 ppm

R;?E* (RX0)(R20)P(0)YOCH (CH,)COCH;,
u 5,6"P=0-35ppm
— (R'O)(R20)P(0)OH + HOCH(CH,)COCH,
6

The phosphorylimidazole 2 need not be isolated in the
phosphotriester synthesis because it is generated rapidly and
quantitatively from imidazole and the pyrophosphate 1 in di-
chloromethane solution, and because the salt 3, which is
formed as by-product, does not react with alcohols at appre-
ciable rates.20 The salt 3 is readily separated from the triester
5 in the work-up. Several applications of this procedure 2B are
listed in Table IT.

The crystalline pyrophosphate® 1 is a convenient reagent for
the one-flask conversion of two alcohols into the dialkyl (1-
methylacetonyl) phosphates 5. The synthesis is carried out in
dichloromethane solution in the presence of triethylamine
according to procedure 3 (Experimental Section). The syn-
thesis is possible because the triethylammonium (1,2-di-
methylethenylene) phosphate (7) formed as by-product does
not react with the alcohols at any appreciable rate,?? and be-
cause triethylamine is an effective catalyst for the reaction of
certain alcohols with the cyclic triesters 4 (see below). Ex-
amples of procedure 3 are given in Table II.

CH, CH,
o
ROH
1 —— CH3~%-(|J + CH /
(GHN O—h’——ORl 0—1”>
+
O 0 HN(CzHa)s
4 7

R:OH
—— (R!OXR20)P(0)OCH(CH,)COCH,
(C,H,)N 5
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Triethylamine catalyzes the reaction of primary alcohols,
R20H, with the cyclic triesters 4, but it does not catalyze the
reaction of secondary alcohols with 4., This remarkable
specificity permits the synthesis of compound 6a’” (M =
CsH | NH;3™) from cyclopentanol (R!OH) and unprotected
trans-2-hydroxymethylcyclopentanol (R2OH) by procedure
3. The selectivity in the phosphorylation of the primary vs. the
secondary hydroxyl functions of the diol is 98:2; the previous
synthesis® of 6a’ without triethylamine involved a 90:10 se-

4
0— FI’— ¢}
. )k
M {=) OH
EE'
lectivity and required much longer time. Imidazole reduces the
selectivity to 80:20 (Table VI).

The first alcohol, R'OH, in the phosphorylative couplings
of Table 1T is a relatively hindered primary or secondary acyclic
alcohol, such as neopentyl alcohol, 3-pentanol, or 2,4-di-
methyl-3-pentanol, an alicyclic secondary alcohol, like cy-
clopentanol or cyclohexanol, an unsaturated alcohol, isopen-
tenyl alcohol, or a negatively substituted alcohol, e.g., 2-bro-
moethyl alcohol. The second alcohol, R2OH, in the couplings
is usually a primary alcohol of relatively low steric require-
ments. Such combinations produce less than 2% of undesirable
symmetrical dialkyl (1-methylacetonyl) phosphates. The
symmetrical triesters are the result of a transesterification in
the second step of the synthesis, i.e., of a substitution on the
cyclic phosphate with ring retention:

R20H + X=P(0)OR! — X=P(0)OR2 + R'OH

R!OH + X—P(O)OR!
— (R'0),P(O)OCH(CH3)COCH3;

R20H + X=P(O)OR?
— (R%0),P(O)OCH(CH3)COCH;

That the formation of symmetrical triesters in the syntheses
of Table II is negligible (<2%) is shown in independent studies
of the reaction of the alcohols R20OH with preformed cyclic
triesters,2! X=P(O)OR!, in deuterated solvents, by means of
I'H NMR spectrometry (next Section). In most of the examples
of Table I1, the uncatalyzed reaction RZOH + X=P(O)OR!
generates less than 3-5% of symmetrical triesters, and the
presence of imidazole or triethylamine reduces that amount
even further.

One secondary alcohol, 2-propanol, is included, as the second
alcohol R20H in Table II. The highly sensitive 3,3-dimeth-
ylallyl alcohol, as well as the negatively substituted 2-bro-
moethanol and 2,2,2-trichloroethanol, also give good results
as RZ2OH in the amine catalyzed syntheses.

With two exceptions, the dialkyl (1-methylacetonyl) phos-
phates (5) included in Table II can be deblocked to yield the
desired unsymmetrical dialkyl phosphates, containing less than
2% of undesirable alkyl (1-methylacetonyl) phosphate. The
exceptions are the triesters which contain either a trichloroethyl
or dimethylallyl group. The 2-bromoethyl and the isopentenyl
groups do not interfere in the deblocking step.

The one-flask synthesis of the dicyclohexylammonium salt,
6a’”’, in 72% yield from (+)-menthol and benzyl alcohol by

H
c l"3 N

H H SP_0cHO

M""’HO o)

Sqll
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8.42 (7);9.10 (1)
—~2.5;2.70;4.98 (7);6.00; 8.1;

8.4;9.00 (6)
5.20;5.96 (7); ~8.2;8.65 (1)

8.72(7)
—2.0;2.70;5.05 (6); 5.70; ~8.5;

8.7;9.2
0.4;2.70;5:15.(6); 6.06; 7.18;

9.00 (6)
0.3;2.70; 5.05 (6); 6.10; 7.10;

8.6
0.4;2.70;5.05 (6);5.85;7.10

0.5;2.75;5.04 (6);5.94;7.18;
0.4;544;6.18 (7);7.13;8.2;
-1.77;2.70;5.07 (6);5.95;7.8;

7.15
8.1u

6.5¢7
7.1

9.6
10.1
10.2
9.5

65.7
66.7
60.8
66.2

7.0

6.6
8.2
6.7

9.6
99
10.2
9.4

65.6
66.8
60.8
66.5

C,.H,,0,NP
C,H,O,NP
Cl 21123O4NP

C,.I1,,0,NP

122r
121-123%
136- 137"
133-135v

121-

(CH, ),NH,(")
i

(CH, )N, ()
(C.H, ),NH, (")

(C,H, ),NH, (D)

H
H
i

(#)-3-p-Methanyl;

[(CH,),CH],CH;

CH.CH,
c-CH;
C,H, .
cCH s
CH.CH,

C,H,CH,

6a
ba
6ba
6a
6

Table I (continued)
6
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procedure 1 can be cited as an example of the potential of this
technique. The precursor 1-methylacetonyl ester of 6a” is
isolated in 93% vield from the alcohols by procedure 2A, and
can be hydrolyzed to 6a” in a separate operation.

Triesters 5 containing tertiary alkyl Eroups in combination
with other groups can be synthesized by these methods. For
example, the rert-butyl triesters in Table I are obtained in
90-949% yield by procedure 2B, The tertiaty alcohol is the first
substrate of the phosphorylation (R'OH); the second step is
complete in about 15 h in the case of RZOH = isobuty! and
neopentyl alcohols, but requires longer periods of time (ca.
40-45 h) when R20H = cyclopentanol. Removal of the 1-
methylacetonyl group from the terz-butyl triesters fails, due
to the lability of the ferz-butyl group under the present de-
blocking conditions.

Amine Catalysis of Phosphorylations. The effect of amines
on the reaction of alcohols with the preformed?' cyclic triesters
(4) was studied in several solvents, with the results shown in
Tables I1I-V.

The data obtained in chloroform-d (Table I1I) disclose that
imidazole is a very effective catalyst for the reaction of primary
and secondary alcahols with cyclic triesters 4 of all types, i.e.,
those containing primary, secondary, and tertiary alkyl groups
(R1). Tertiary alcohols are not included because they are in-
volved in side reactions with the catalyst, and because their
uncatalyzed reactions are impracticably slow. Imidazole ca-
talysis of the solvolysis of tetrabenzyl pyrophosphate in 1-
propanol has aiready been noted by Westheimer and co-
workers,!” and the behavior of imidazole in nucleophilic ca-
talysis of phosphoryl transfer in aqueous solution has been
discussed extensively.22-26

Triethylamine is a catalyst for the phosphorylation of certain
alcohols with the cyclic triesters 4 in chloroform-d, although
it is less efficient than imidazole. Triethylamine exerts a se-
lective catalysis of the reaction of primary alcohols with cyclic
triesters 4 which contain primary or secondary alkyl groups
(R"). This amine does not increase the rate of the reaction of
secondary alcohols with cyclic triesters of any type, or even of
primary alcohols with triesters which contain tertiary alkyl
groups (R1); in some cases, the amine actually decreases the
reaction rate somewhat.

Pyridine does not increase the rate of the reaction of any type
of alcohol with the cyclic triesters, 4, and when the amine is
present in relatively large amounts (~100 mol %), the effect
is a relatively small decrease in reaction rate. The reaction of
alcohols with 4 is acid-catalyzed; therefore, the approximate
half-times of the uncatalyzed reactions given in Tables 111-V
were checked also in the presence of 2-4 mol % of pyridine
acting as a “proton sponge”, since the cyclic triesters 4 are quite
sensitive to moisture, and the hydrolysis generates a strong
acid: H,O + X=P(O)OR!— (R'O)P({O)(OH)OCH(CH3)-
COCH;. The acid catalysis of the reaction RZ2OH +
X==P(O)OR! is of no synthetic value and was not investigated
further at this time.

The interplay of steric effects in both the amine catalyst and
the two substrates of the reaction, R2OH and X=P(O)OR!,
is evident from the following observations: (2) Quinuclidine,
which has nearly the same pKg?” as triethylamine (2.9 vs. 3.0),
but has lower steric hindrance about the tertiary nitrogen,
displays a catalytic pattern quite different from that of tri-
ethylamine and closer to that of imidazole (pKp = 6.9). (b)
The rate enhancement of the primary alcohol phosphorylation
by triethylamine decreases as the steric requirements of the
alkyl group in X=P(O)OR' increase; this is seen in the be-
havior of X=P(0Q)OCsHy-¢c and X=P(O)OCH[CH(CH3);].
toward (CH3))_CHCH20H

Steric effects are also in evidence in the uncatalyzed reac-
tions, where the rates decrease in the order primary > secon-
dary for R in R2OH, and primary > secondary > tertiary for

8.5;9.17 4);9.20 (4)

6.45;~8.3;8.63 (6)
5.6;7.05;~8.4;8.77 (6)

crystallized from.ethyl acetate. 9 Salt

O,P, 308.1754). M Two diastercomers are
3.2%; found, 3.0%. N: caled, 3.0%; found, 2.9%. ¥ N: caled,

6.1w

7.7
13.9%. /The salt X=P(0)O()IMH{*) has 7 8.10,

¢ distillation. /6 *'P signals in the range: 0-3.5 ppm

P, 280.1441). P Salt made in and re

~-hexanc. €¢N: calcd, 14.0%; found,

ature of molecular distillation imall cases. {Decomposed durin,

68.6
62.5

in Table VIL {High resolution mass spectrum; m/e 308.1754 (caled for C, H,,

C,,H,,0,NP
C,,H,,0,NP

1951967

(CH,,),NH, (D)
(CH,,),NH, (")

H
1.5 | —-O(0)P=X]; —6.1 {imidazolyl]. ¢ Reference 5. ¢ From benzenc -hexane or CH,CI,

c-CH, ;3
(CH,),CH

CHCH,

aNMR spectra in CDCl, at 25 °C. 'H signals in parts-per million from Me,Si = 10 (); coupling constants, J in Hz; all integrated intensities agree with the proposed structures. *'P signals in parts per million

6a
6
6a
made in petrolcum ether; recrystallized from petrolecum cther—hexane. * Salt made in dietityl cther; recrystallized from cyclohexane. SN: caled,

observable. 7 Hydrolysis to dialkyl phosphate is not possible. © High resolution mass spectrum; m/e 280.1458 (caled for C,,H,,0;
3.7%: found, 3.8%. v Salt made in dicthyl ether; recrystallized from dichloromethanc—cyclohexane. WN: caled, 2.8%:; found, 2.6%.

1.60, 2.69 ppm. &5 P signals in the range: —10 to —14 ppm (CDCL,). #Bath temper
(CDCL,). k 1-Methylacetonyl methine, 'H: 7 5.2-5.4 ppm«m). Main signals in R}, R?

from H,PO,=0. bs 'p
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Table Il. One-Flask Syntheses of Unsymmetrical Phosphodiesters and Dialkyl (1-Methylacetonyl) Phosphotriesters from Alcohols by
N-(1,2-Dimethylethenylenedioxyphosphoryl)imidazole (2), and Di(1,2-dimethylethenylene) Pyrophosphate (1)

Procedure no.

2b

2B, Triesters from

1,2 Diesters from  2A, Triesters

performed N- from preformed phosphoryl-
phosphoryl- N-phosphoryl- imidazole 3,5 Triesters from
imidazole imidazole made in situ pyrophosphate
Time in Time in Time in Time in Product
second second second second characteri-
R!in R'OH R?in R?*0OH step,h % yield¢ step,h % yieldd step,h % yieldd step,h % yieldd zation
(CH,),CCH, (CH,),CCH, 12 80 3 90. Table [
(CH,),CCH, (CH,),CHCH, 6 74 2 90 Ref 6
(CH,),CCH, C,H,CH, 2 90 Table [
CH,=C(CH,)CH,CH, (CH,),C=CHCH, 6 92 Table [
(C,H,),CH (CH;),CHCH, 15 74 3 90 Table I
(C,H,),CH C,H,CH, 14 74 2 95 Table |
[(CH,),CH],CH C,H,CH, 12 70 3 95 Table I
c-CH, CH,CH, S 68 2 94 Table 1
c-C.H, (CH,),CHCH, 15 78 2 93 2 93 15 95 Ref §
c-C.H, C,H,CH, 14 80 2 94 7 95 Ref 5
c-CH, CH,=C(CH,)CH,CH, 6 70 2 94 Ref 6
c-C,H, BrCH,CH, 2 88 4 92e Ref 6
c-C.Hy CClL,CH, 18 94 Table 1
BrCH,CH, (trans-2- 12 90/ Ref §
hydroxycyclo-
pentyl)methyl
c-C H, (trans-2- 15 928 Ref 5
hydroxycyclo-
pentyl)methyl
c-C,H,, C,H,CH, 15 72 2 95 Table I
c-CH,, (CH,),CH 15 78 2 94 Table 1
(¢)-3-p-Menthanyl CH,CH, 15 72 3 93 Table 1

a Synthesis of phosphodiesters 6.  Syntheses of phosphotriesters 5. ¢ Phosphodiester salt 6a, based on R'OH. dPhosphotriester 5, based on
R'OH. € R'OH and 2 mol equiv of (C,H,),N added to pyrophosphate, followed by R*0OH. fR'OH added to pyrophosphate, followed by 2 mol
equiv of (C,H,);N, and 1 mol equiv of R?0OH. The triester contains 95% of primary OH, and 5% of secondary OH phosphorylation products.
& The triester contains 98% of primary OH and 2% of secondary OH phosphorylation products.

Table III. Half-Times of the Reaction of Cyclic Phosphotriesters with Alcohols in 0.2 M CDCl, at 25 °C:2 R*0OH + X=P(O)OR' —
(R'0)(R*0)P(O)OCH(CH,)COCH,

Reaction Catalystd
R? R! None Imidazole Triethylamine Quinuclidine

(CH,),CHCH, (CH,),CHCH, 4h 2 min 40 min 2 min
(CH,),CHCH, o-C H, 7.5h 3 min 1.5h 3 min
(CH,),CHCH, (CH,),C 45h 2h 50h 1h
c-CH, (CH,),CHCH, 9 he $ mind 9 hd 15 mind
c-CH, c-C,H, 28h 1S min 30h 40 min
-CH, (CH,),C 75h 8h 80 h 14h
(CH,),CHCH, (CH,),CCH, 5h 2 min 1.5h 2 min
(CH,)(C,H,)CH -CH, 34n 20 min 36 h 35 min
(CH,),CCH, (CH),C 80 h 3n 110h 7h
C,H,CH, c-C,H, 2.5h¢ 1.5 mind 15 mind 1 mind
(CH,),CHCH,, {(CH,;),CH] ,CH 22h 10 min 15h 20 min
-C H, [(CH,),CH] ,CH 70h 1.5h >3d 8h
(CH,),CHCH, BrCH,CH, 50 min¢ <30 sd 4 mind <30sd

a Equimolar amounts of reagents and amine. The disappearance of X=P(O)OR' and the appearance of (R'O)(R?0)P(O)OCH(CH,)COCH,
were followed by 'H NMR spectrometry; the figures are the times at which the concentrations of both species became equal. Symmetrical
phosphotriesters were not observed (<2%) except as indicated. ® pK: quinuclidine, 2.9; triethylamine, 3.0; imidazole, 6.9. ¢ Symmetrical di-
alkyl (1-methylacetonyl) phosphates were formed as by-products in 6—8%. ¢ Amount of symmetrical triester reduced to <3%.

Table IV. Half-Times of the Reaction of Cyclic Phosphotriesters with Alcohols in 0.2 M CD,CN at 25 °C:2 R*0OH + X=P(O)OR' —~
(R'O)R?*0)P(OYOCH(CH,)COCH,

Reaction Catalyst
R? R! None Imidazole Triethylamine Quinuclidine

(CH,),CHCH, (CH,),CHCH, 7h 12 min 1h 3 min
(CH,),CHCH, -C H, 12h 25 min 2.5h 6 min
o-C H, cCH, 32h 2h 17h 1h

(CH,),CHCH, (CH,),CCH, 8.5h 20 min 2h 4 min
(CH,)(C,H,)CH «-C H, 40 h 3h 18h 55 min
(CH,),CHCH, [(CH,),CH] ,CH 22h 2h 12h 35 min

a4 Equimolar amounts of reagents and amine. The figures are the times at which [X=P(0)OR!'] = [(R!0)(R*0)P(O)OCH(CH,;)COCH,] by
'H NMR spectrometry. Symmetrical phosphotriesters were not observed (<2%).
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Table V. Imidazole Catalysis of the Reaction of Isobutyl Alcohol
with Cyclopentyl (1,2-Dimethylethenylene) Phosphate in
Various Solvents?

hy,
No 1-Methyl-
Solvent catalyst Imidazole imidazole
Dioxane 6.5h 3 min 4h
Deuteriochloroform 75h 3 min 7h
Acetonitriled, 12h 25 min 6h
Pyridined, 20h 50 min 12h
Dimethylformamided, 9 days 4h

2 Equimolar reagents and imidazole, in 0.2 M solution at 25 °C.
The disappearance of X=P(0)O-c-C,H, and the appearance of the
acylic triester were followed by 'H NMR spectrometry; 1, is the
time at which the concentration of both species became equal.

R!in X=P(O)OR!.

The data in Tables IV and V show that the reaction rates
decrease with an increase in solvent polarity in the imidaz-
ole-catalyzed reactions. This solvent effect is not as significant
in the reactions catalyzed by triethylamine or quinuclidine or
in the uncatalyzed reactions. It is apparent that the amine
catalysis makes it possible to carry out the syntheses in solvents
such as acetonitrile and dimethylformamide, which widens
their scope significantly, since some complex alcohols, e.g. the
nucleosides, have limited solubility in dichloromethane. Qui-
nuclidine becomes slightly more effective than imidazole in
acetonitrile.

It is noteworthy that N-methylimidazole has only a slight
catalytic effect, since Reese, Van Boom, and co-workers?® have
noted catalysis of the phosphorylation of alcohols by diphenyl
phosphorochloridate using 5-chloro-1-methylimidazole in
acetonitrile solution.

Table VI explores in more detail the ability of triethylamine
to catalyze phosphorylations of primary, but not secondary
alcohols. The relatively bulky tertiary amine discriminates
between primary OH and secondary OH functions in separate
molecules as well as in the same molecule.

The evidence now at hand shows that the relative amounts
of unsymmetrical vs. symmetrical dialkyl (1-methylacetonyl)
phosphates depend on the sequence in which the pair of alco-
hols is submitted to the phosphorylative coupling. Moreover,
in all the cases so far examined, the amount of undesirable
symmetrical triester is significantly lower in the imidazole- and
triethylamine-catalyzed reactions of a given alcohol with a
given alkyl cyclic triester (4) than in the corresponding un-
catalyzed reaction.

In the uncatalyzed reactions, the formation of symmetrical
triester is minimized if the relatively smaller alcohol (= R2OH)
is added to the cyclic triester which contains the bulkier alkyl
group (= R'OH), or when the more electronegative alcohol,
e.g., BrCH,CH,OH, is added to the triester with the less
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electronegative alkyl group. Moreover, even if a significant
amount of symmetrical triester {3-8%) is obtained in the un-
catalyzed reaction, this amount is reduced to <2% in the
presence of the amines. For example, the uncatalyzed reactions
of benzyl alcohol with the cyclic triesters X=P(0)OC:sHq-c,
X=P(0)OC¢H,,-¢, and X=P(O)OCH(C,Hs); produce
about 4-8% of symmetrical phosphotriesters in 0.2 M CDCl,
at 25 °C. The amount of symmetrical by-product is reduced
to less than 2% in the imidazole- and triethylamine-catalyzed
reactions under comparable conditions.

The reaction of alcohols R'TOH with the phosphorylimida-
zole 2 is autocatalyzed by imidazole. The reaction rates for
most alcohols are too rapid for the convenient demonstration
of this effect; ¢.g., most reactions in 0.2 M CDCls at 25 °C are
complete in less than 2 min. In the case of tert-butyl alcohol,
however, the concentrations of reactant and product become
equal ([X=P(0O)IM] = [X=P(O)OR!]) in about 3 min
(complete reaction in ca. 15 min) without amine; those figures
become 30 s and 3-S5 min, respectively, when 1 mol equiv of
imidazole is added initially. The uncatalyzed reaction of
tert-butyl alcohol with the pyrophosphate 1 appears to be
somewhat slower (#;,; ~ 22 min, 0.2 M CDCl;, equimolar
reactants, at 25 °C) than that of the phosphorylimidazole 2.

Discussion

The behavior of alcohols RZOH toward the cyclic enediot
phosphates, X==P(O)OR!, in particular (a) the variations in
the relative amounts of unsymmetrical and symmetrical di-
alkyl(1-methylacetonyl) phosphates depending on the struc-
ture of the alkyl groups R! and R?; and (b) the catalysis of the
reactions by imidazole, certain tertiary amines, and phenoxide
ionsé are difficult to explain unless one postulates the formation
of oxyphosphoranes as reaction intermediates.2°-34 Likewise,
the reactions of alcohols (and water) with the pyrophosphate
1, the phosphorylimidazole, 2, and the aryl cyclic triestersé
X=P(O)OAr are strongly suggestive of the formation of ox-
yphosphorane intermediates. The question is how to account
for the occurrence of the relatively rapid substitutions at the
four-coordinate cyclic phosphorus by 1 mol equiv of the alcohol
(or water) in aprotic solvents of low polarity, with results that
range from nearly 100% ring retention33:3 to nearly 100% ring
opening, without the incorporation into the products of imid-
azole or phenol in the imidazole- and phenoxide-catalyzed®
reactions of the alkyl cyclic triesters.

In the oxyphosphorane-intermediate hypothesis, the reaction
of imidazole with the pyrophosphate 1 proceeds via the phos-
phorane 8 (X=P(0)O in place of Y). A permutational isom-
erization of 8, possibly by the turnstile rotation mechanism?7-38
with the ring as the ligand pair, generates isomer 9, which
collapses to the phosphorylimidazole 2 by apical departure of
the cyclic phosphate (Y).

The uncatalyzed reaction of alcohol R!OH with the phos-

Table VI. Enhancement of Primary OH vs. Secondary OH Phosphorylation Selectivity by Triethylamine:¢
RCH,OH + R'R"CHOH + X=P(0)0-¢c-CH, ~ (c-C;H,0)(RCH,0)P(0)OCH(CH, + (c-CH,0)(R'R"CHO)P(O)OCH(CH,)COCH,

% phosphorylation

Primary alcohol Secondary alcohol Catalyst Primary OH Secondary OH
(CH,),CHCH,0H c-C,H,OH None 75 25
(C,H,),N 90 10
(CH,),CHCH,OH (CH,),CHOH None 75 25
(C,H,);N 90 10
(CH,),CHCH,0H (CH,)(C,H,)CHOH None 83 17
(C,H,),N 94 6
trans-2-Hydroxymethyleyclopentanol None 90 10
(C,H),N 98 2
Imidazole 80 20

@Equimolar amounts of reagents and amine in 0.2 M CDCl, at 25 °C. Total reaction times: 2 days (no amine); 15 h (amine). Product com-

position by 'H NMR spectrometry.
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[X=P(})],0 + 2IMH — X=P(O)IM + X=P O)OIMH>
[X=P(0)J,0 + RIOH + Et,N
— X=P(O)OR! + X—P<O)0Et NH
X=P(O)IM + R!OH — X=P(0)OR! + IMH
X==P(O)0Ar + RIOH — X=P(OR!) + ArOH*
X==P(0)OR? + RIOH
X=P(O)OR' + RZOH—[
Uncatalyzed or catalyzed (R'0)(R?)P(0)OCH(CH,)COCH,
by ArO~,IMH, or R;N

g \ .
o/| f‘N‘/|
W

{co
o

phorylimidazole 2 proceeds via phosphorane 9 (RO in place
of Y). Permutational isomerization of 9 generates 8, which
collapses to the alkyl cyclic phosphate 4 by apical departure
of imidazole.

The first step of the imidazole-catalyzed reaction of alcohol
R20H with X=P(Q)OR! (4) involves the formation of the
phosphorane 8 (R'0 in place of Y). Now, 8 can add the second
alcohol R20OH in the presence of the base to give an interme-
diate with hexacoordinate phosphorus 10, Compounds anal-
ogous to 10 have actually been isolated.3°-44 Several investi-
gators have postulated the intermediacy of P(6) structures in
nucleophilic displacements of relatively stable, isolated oxy-
phosphoranes.43-50

0 0
RO ér\ RO | )
R0 —P~—0 /P—0
| Yor HO/T )
IMHy Q:]] 2iMn OR
10 W V7Y
10 o 1
Ho"‘-;‘:\o
R20(|—
OR!
12

The P(6) intermediate, 10, could collapse’! to one or both
isomeric phosphoranes 11 and 12 which, moreover, can
equilibrate by the TR mechanism.37 Isomer 11 is generated
directly by apical addition of R2OH to the cyclic ester,
X=P(O)OR!, in the uncatalyzed reaction. Ring opening of
11 \prior to equilibration with isomer 12) would yield the un-
symmetrical acyclic triester 8 exclusively. Equilibration of 11
and 12, followed by apical departure of the R'O ligand from
12, yields X=P(O)OR? and corresponds to a transesterifi-
cation, which eventually results in the formation of symmet-
rical acyclic triesters, The fact that different relative amounts
of unsymmetrical and symmetrical triesters are produced in
the uncatalyzed phosphorylative couplings depending on the
order in which the two alcohols are allowed to react implies
that ring opening is competitive with the equilibration of iso-
mers 11 and 12 by permutational isomerization. The decrease
in the amount of symmetrical triesters in the amine-catalyzed
couplings could reflect a new mechanism for ring opening, for
example by collapse of the P(6) intermediate 10 to the acyclic

phosphorane 13, followed by ejection of imidazole from the
latter.
C
ok
| (I)C= COH
R'O-,
~P—-0H
old |
IMH

éNI]
13

A phosphorane with a relatively small ligand at the apex and
a bulkier ligand in the equator should be favored over its isomer
with the reverse ligand distribution.?! Likewise, the phos-
phorane with the more apicophilic,?” electronegative ligand
(e.g., BrCH,CH-0), at the apex should be favored over its
isomer. If the thermodynamically favored P(3) isomer is ini-
tially formed by apical attack of RZOH on X=P(O)OR!, the
tendency for isomerization should be lower, and this would
facilitate ring opening, resulting in less transesterification and
a smaller amount of undesirable symmetrical triester in the
above picture.

We speculate further that the addition of a nucleophile to
the P(4) substrate to form the phosphorane intermediate is rate
controlling, and the amine catalysis results from the higher
nucleophilicity of the amine vs. the alcohol R2OH. The P(5)
= P(6) step is assumed to be relatively rapid. The various ways
in which the P(5) and P(6) intermediates can collapse, and the
possibility of permutational isomerization of P(5) provide for
product control in this picture. The observations of solvent
effect on reaction rates are consistent with these hypotheses.
The stable oxyphosphoranes3!2 are remarkably soluble in
solvents such as hexane, benzene, and dichloromethane; the
transition states involved in the conversion of phosphates into
unstable oxyphosphorane intermediates may be regarded as
less polar in character than the corresponding ground states
(i.e., the phosphate + alcohol or the phosphate + IMH).
Hence, decrease in reaction rate with increase in solvent po-
larity is reasonable in this picture.

The catalysis of the reaction RZOH + X=P(O)OR! by
triethylamine can be explained by the dipolar phosphorane
intermediate, 14, which then adds the second alcohol to form
the P(6) intermediate 15, A compound entirely analogous to
15 has been isolated from a tertiary amine and a stable phos-

RO.. I\ RZOH .\

agP—Q0 — —

t b/ ' |
) NR3 +) NR3
14 15

phorane.’® An intermediate similar to 14 has also been pos-
tulated to explain the rapid stereomutation at phosphorus of
five-membered cyclic acyl phosphates by tertiary amines.52
The fate of the P(6) intermediate 15 should be similar to that
of 10, with the appropriate differences in charge type, e.g. 16

o ¢
0C = COH

Ro. |

209 "0
o

16 NEt3

vs. 13, The differences in the charge distribution and the steric
features of phosphoranes 8 and 14 could account for the ob-
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servations in Tables III-VI. In both CDCl; and CD3CN, tri-
ethylamine is less efficient as a catalyst and more selective for
primary vs. secondary alcohol phosphorylations with
X=P(O)OR! than imidazole. However, this lower efficiency
and higher selectivity become less noticeable in the more polar
solvent CD3CN;; in the latter, triethylamine shows a slight
catalytic effect for secondary-alcohol phosphorylation. The
more crowded phosphorane derived from a tertiary amine, 14,
should display a higher tendency to discriminate between a
primary vs. a secondary alcohol in forming the P(6) interme-
diate 15 than the less crowded phosphorane derived from im-
idazole, 8 — 10, The interesting thing is that this difference
between tertiary amines and imidazole seems to be sensitive
to both the steric effects of the tertiary amine and to the po-
larity of the medium. Quinuclidine resembles imidazole rather
than triethylamine in catalytic efficiency and in selectivity;
moreover, quinuclidine becomes slightly more effective than
imidazole in the more polar solvent CD3;CN. Evidently, for
synthetic purposes, the amine and the solvent must be chosen
with the particular objective in mind: triethylamine in CH,Cl,
or CDCl; provides the maximum selectivity among the systems
studied so far.

The imidazole autocatalysis of the reaction of alcohols with
the phosphorylimidazole 2 can proceed via 8 (imidazolyl! in
place of Y).

The experimental facts presented in this paper, and the
hypotheses offered to interpret them, could be applicable to
the behavior of some of the enzymes that are involved in bio-
logical phosphoryl-group transfer.33-57 It is apparent that
imidazole and other amines are capable of exerting a partic-
ularly strong phosphate activation in aprotic solvents of low
polarity. Moreover, it has been shown that considerable en-
hancement of primary OH vs. secondary OH selectivity in
phosphorylations can be achieved through amine catalysis of
the reactions. It is conceivable that these effects are mechan-
istically related to those operating in enzymes in which histi-
dine and lysine®7 residues are involved in the catalytic ac-
tivity. This suggestion complements a recent one® to the effect
that the demonstrated phenoxide ion catalysis of the phos-
phorylation of alcohols by the cyclic triesters® 4 may be related
to the mechanism of the action of enzymes in which tyrosine,>
histidine, and lysine residues are involved in the catalytic ac-
tivity. The possible intervention of six-coordinate, as well as
five-coordinate phosphorus species in these reactions is an
attractive hypothesis that should be considered in future in-
terpretation of the enzymatic mechanisms.

Experimental Section

The physical constants of the new compounds are given in Table
I. Additional 'H NMR data are summarized in Table VII. Analyses
were performed by Galbraith Laboratories, Knoxville, Tenn. Deriv-
atives of the group X==P(O)- are very sensitive to moisture. Solvents
were purified and stored over molecular sieves. A dry N, atmosphere
is advisable in all reactions.

Reaction of Di(1,2-dimethylethenylene) Pyrophosphate (1) with
Imidazole. Imidazole (6.42 g; 94.4 mmol) was added to a stirred so-
lution of the pyrophosphate (1; 13.30 g; 47.2 mmol) in CH»Cl, (100
ml) at 0 °C. After 30 min at 0° and 30 min at 20°, the solvent was
evaporated (at 30 °C (20 mm, then 0.2 mm)). The residue was ex-
tracted with diethyl ether (5 X 50 ml), the combined ether extract was
evaporated in vacuum, and the residue (9.07 g) was recrystallized from
benzene-hexane to give N-(1,2-dimethylethenylenedioxyphospho-
ryl)imidazole (2; 8.41 g; 90% of the theory).

Reactions of N-(1,2-Dimethylethenylenedioxyphosphoryllimidazole
(2) with 1 and 2 Mol Equiv of an Alcohol. The alcohol (0.9 mol equiv)
was added to a 0.6 M CDCl; solution of the X=P(O)IM 2 in an
NMR tube at 25°. The 'H NMR spectrum was recorded immedi-
ately, and at 2 min time intervals, until no further changes were noted.
More of the same alcohol was introduced in ca. 0.1 mol equiv incre-
ments up to a total of 2 mol equiv relative to X=P(O)IM 2. The 'H
NMR spectra were recorded after each increment, and until no further
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Table VII. Main 'H NMR Signals of the Alkyl Groups R' and R?
in Dialkyl (1-Methylacetonyl) Phosphates

Alkyl group 7,ppm (J, Hz)
CH,CH, 5.8;8.65(7)
(CH,),CHCH, ~6.1-6.2;8.0;9.08 (6)
(CH,),CCH, 6.2-6.3;9.03

CH,=C(CH,)CH,CH, 5.15,5.58;7.55; 8.25

(CH,),C=CHCH, 4.64;5.40 (10);8.14 (3)

CH.CH, 2.68;4.93 (8)

BrCH,CH, 5. 70, 6.47

CC1,CH, 5.5-5.6

(CH,),CH 5.4;8.63 (6)

(CH,(CH,CH,)CH 5.46;8.39 (7); 8.61 (6.5); 9.04 (7)

(CH,CH,),CH 5.70 (7); ~8.3;9.07 (6)

[(CH,),CH],CH 2.70;4.96 (8);5.00 (8); 5.32;5.94;
8.04;9.10

c-CH, 5.1;8.2

c-C.H,, 54;8.3

(+)-3-p-Menthanyl 5.80;9.20 (m)

(CH,),C 8.50

changes were noted on each successive addition. Several of the alcohols
employed in the syntheses (Table II) were tested in this manner. The
first step, ROH + X=P(O)IM — X=P(O)OR + IMH, was much
faster than the second, X=P(O)OR + ROH — (RO);P(0O)-
OCH(CH3)COCH:3;.

Stepwise Preparation of Dialkyl (1-Methylacetonyl) Phosphates
(8) via Isolated Alkyl (1,2-Dimethylethenylene) Phosphates (4). Several
known’ and new (cf. Table I) cyclic triesters 4 were prepared from
the alcohol R1OH and the pyrophosphate (1) in dichloromethane
solution, using 1 mol equiv of v-collidine or nicotinamide as the base,
following the published procedure.® The isolated cyclic triesters 4 were
allowed to react with alcohol R20H in dichloromethane solution in
the absence of catalyst and in the presence of imidazole or triethyl-
amine to verify the formation of the acyclic triesters 5 in the “one-
flask” syntheses.

The cyclic triesters 4 are also generated from the alcohol R'TOH
and the phosphorylimidazole 2, but the separation of the by-product
imidazole from the triester is impractical.

Procedure 1. One-Flask Synthesis of Unsymmetrical Phospho-
diesters from N-(1,2-Dimethylethenylenedioxyphosphoryl)imidazole
(2). An acetonitrile solution of R'OH is added (5-10 min) to a stirred
solution of the phosphorylimidazole (2; 1 mol equiv) in the same sol-
vent, and the mixture is stirred for 45 min (20 °C, 0.6-0.8 M). An
acetonitrile solution of R2ZOH (1 mol equiv) is introduced (2-3 min),
and the solution (0.4-0.6 M) is stirred at 20 °C for periods which vary
with the structure of the alcohols (cf. Table I1); reaction times are
conveniently ascertained by 'H NMR spectrometry. The solution is
diluted with acetonitrile, mixed with twice its volume of water (final
molarity ~0.1), treated with 2 mol equiv of triethylamine or diiso-
propylethylamine, and stirred at 70 °C for ca. 10 hr. The acetonitrile
is evaporated under reduced pressure and the aqueous solution is
treated with sodium carbonate (ca. 5 mol equiv), extracted with di-
chloromethane’® (three times) to remove by-products, acidified (e.g.,
with 5% HCI), and reextracted with dichloromethane (four times).
The organic extract is dried (Na,SO,4) and evaporated to give the
dialkyl phosphate (R'O)(R20)P(O)OH (6) in high degree of purity,
according to the 'H NMR spectrum (Table ). The acid is converted
into a crystalline amine salt, 6a (Table I), for characterization.
Suitable amines are dicyclohexylamine or cyclohexylamine and ap-
propriate solvents are ethyl acetate, diethyl ether, or hexane. The salts
6a are isolated in 75-80% yield based on RIOH.

A simpler workup applicable to many phosphodiesters involves the
removal of by-products by diethyl ether extraction (three times) of
the aqueous solution containing the trialkylammonium salt of the
phosphate (without addition of sodium carbonate). This is followed
by acidification and extraction of the organic acid into dichloro-
methane as before. Attention should be paid to the relatively high
solubility of some dialkyl hydrogen phosphates in water.

If R'OH is relatively hindered, e.g., 2,4-dimethyl-3-pentanol, it
may be necessary to increase reaction time (ca. 2 h) in the first step
(i.e., reaction with 2).

Procedure 2. One-Flask Synthesis of Unsymmetrical Dialkyl (1-
Methylacetonyl) Phosphotriesters from N-(1,2-Dimethylethenylen-
edioxyphosphoryl)imidazole (2). 2A. From Preformed Phosphoryli-
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midazole. A dichloromethane solution of R'OH is added (5-10 min)
to a stirred solution of the phosphorylimidazole (2; 1 mol equiv) in the
same solvent, and the mixture is stirred for 20-30 min (20 °C; 0.6-0.8
M). A dichloromethane solution of R2OH (1 mol equiv) is introduced
(2-3 min) and the solution (0.4-0.6 M) is stirred at 20° for periods
which vary with the structure of the alcohols (cf. Table II). The so-
lution is diluted with dichloromethane (~0.1 M) and extracted with
5% HCI (twice) to remove imidazole. The organic solution is dried
(Na»S0y) and evaporated to give the virtually pure dialkyl (1-
methylacetony!) phosphate (5) in 92-96% yield based on R!OH; see
Table I.

The triesters 5 are hydrolyzed>%0 to the diesters 6 with or without
an intervening purification step (by short-path distillation under re-
duced pressure or other suitable technique). The hydrolysis can be
performed by one of these methods. (a) In 2:1 v/v water:acetonitrile
with 2 mol equiv of triethylamine or diisopropylamine (70 °C; 10 h);
the workup is as in procedure 1 above. (b) In 1:1 v/v water:pyridine
with 2 mol equiv of the tertiary amine (70 °C; 10 h). The solution is
evaporated in vacuum, the residue is dissolved in water, and the so-
lution is extracted with dichloromethane to remove by-products. The
aqueous solution is acidified (5% HCI) and extracted with dichloro
methane to retrieve the phosphodiester. (¢) In 2:1 v/v water:aceto-
nitrile with 2 mol equiv of Na;COj5 instead of the tertiary amine. The
NayCOj; procedure is indicated for (BrCH,CH,0){(RO)P(O)-
OCH(CH3)COCH; to avoid side reactions of the tertiary amine with
the 2-bromoethyl group.

2B. From Phosphorylimidazole (2) Made in Situ. A dichloromethane
solution of imidazole (2 mol equiv) is added to di(1,2-dimethyleth-
enylene) pyrophosphate’ (1; 1 mol equiv) and the solution is stirred
for 15 min (20 °C) to generate the phosphorylimidazole 2. The alco-
hols R'OH and R20H (1 mol equiv of each) are introduced as in
procedure 2A. The solution is diluted with dichloromethane (~0.1
M) and extracted with 5% sodium carbonate (three times) to remove
the X=P(O)O-) present as by-product and 5% HCI (twice) and
water (once) to remove the imidazole. The dialky! (1-methylacetonyl)
phosphates (5) are isolated as in procedure 2A, and are obtained in
92-96% yield based on R!OH.

Procedure 3. One-Flask Synthesis of Unsymmetrical Dialkyl (1-
Methylacetonyl) Phosphotriesters from Di(1,2-dimethylethenylene)
Pyrophosphate (1). A dichloromethane solution of R!OH containing
1 mol equiv of triethylamine is added to a solution of the pyrophos-
phate® (1; 1 mol equiv) in the same solvent and the mixture is stirred
for 30 min (20 °C, 0.6-0.8 M). A dichloromethane solution of R20H
(1 mol equiv) containing 1 mol equiv of triethylamine is introduced
and the mixture is stirred for the appropriate period of time (Table
IT; usually 10 h at 20 °C in 0.5 M solutions, when R! = secondary
alkyl, and R? = primary alkyl; significantly shorter if R! = primary
alkyl, and longer if R2 = secondary alkyl). The solution is diluted with
dichloromethane (~0.1 M) and worked up as in procedure 2B (suc-
cessive extractions with dilute Na,CO; and HCl). The dialkyl (1-
methylacetonyl) phosphates (5) are isolated in 92-96% yields based
on R'OH.

When R'OH = BrCH,CH,OH, it is added to the pyrophosphate
1 in the absence of amine, then 2 mol equiv of triethylamine is intro-
duced, followed by R2OH. Another variation, when R!OH is complex
and may be sensitive to triethylamine, consists of placing the first mole
equivalent of the amine in solution with the pyrophosphate 1.
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Abstract: Quenching of aromatic hydrocarbon fluorescence and aryl ketone phosphorescence by alkyl disulfides has been in-
vestigated. Two quenching mechanisms, charge-transfer stabilized exciplex formation and electronic energy transfer, have
been considered. Charge transfer appears to be unimportant for the aromatic hydrocarbons and ketones studied. Endothermic
singlet-singlet energy transfer is more efficient than predicted by the Arrhenius equation. Excitation of vibrationally excited
ground-state disulfide molecules provides a possible explanation for efficient endothermic quenching. Low-temperature uv
spectroscopy indicates that the long-wavelength absorption of disulfides consists predominately of hot-band transitions.

Introduction

The spectroscopic®® and photochemical4-? properties of
disulfides have attracted substantial interest. The optical ro-
tatory properties of chiral disulfides provide a probe of protein
structure and environment.? Photochemical cleavage of the
sulfur~sulfur bonds can result in inactivation of sulfur-con-
taining proteins.® Since disulfides do not absorb strongly in the
near ultraviolet,? photochemical inactivation of proteins may
involve quenching of aromatic amino acid excited states by
disulfide. Walling and Rabinowitz® demonstrated that sul-
fur-sulfur homolysis of alkyl disulfides can be sensitized by
aromatic hydrocarbons (eq 1); however, the mechanism of

RSSR ——~— RS @

sensitization was not investigated. In a recent series of papers,
Hayon and co-workers’ have established that quenching of
triplet tyrosine and tryptophan by the cyclic disulfide thioctic
acid in aqueous solution occurs by an electron transfer mech-
anism to form the disulfide radical anion (eq 2). The radical
anioon subsequently undergoes sulfur-sulfur cleavage (eq
3).!

3Trp or 3Tyr + RSSR — Trp-* or Tyr+* + RSSR.~ (2)
RSSR-~ — RS-~ + RS- 3)

Quenching of aromatic ketone 3n,7* excited states by disul-
fides,® sulfides,!! and thiols'2 has been postulated to involve
partial charge transfer from sulfur to the half-vacant carbonyl
n orbital. Kampmeier®® has proposed a charge-transfer sta-

bilized exciplex mechanism for the ketone-sensitized carbon-
sulfur homolysis of benzyl disulfide.

3Ketone + RSSR
— [*Ketone'RSSR <« Ketone~ RSSR]

| @
Ketone + R + <SSR

The ability of disulfides to act as either electron donors or ac-
ceptors is consistent with their high electron affinities?t:!% and
low ionization potentials.!3

Disulfides have been observed to quench the fluorescence
of prateins and their constituent amino acids,**%28 aromatic
hydrocarbons, and biacetyl.” Unlike the quenching of triplet
tyrosine, quenching of singlet tyrosine does not result in elec-
tron transfer.’2 A singlet-singlet energy transfer mechanism
for tyrosine quenching

'Tyr + RSSR — Tyr + 'RSSR (5)

and an electron transfer mechanism (eq 2) for tryptophan
quenching have been proposed by Shafferman and Stein.3¢
Fluorescence quenching of tyrosine and tryptophan containing
peptides requires close approach of fluorescer and disulfide,
leading Cowgill®® to propose vibrational dissipation of the
excitation energy.

Investigations of disulfide quenching mechanisms have been
hindered by the absence of information about the singlet and
triplet excited states of disulfides. Neither fluorescence nor
phosphorescence has been detected for disulfides. The broad,
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