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Photochemical Experiments. The irradiations were carried out in a
Rayonet RPR-208 photoreactor, equipped with eight RUL 3500 lamps
and Pyrex vessels and a Rayonet RPR-204 photoreactor, equipped with
four RUL 2537 lamps and quartz vessels.

Isolation of the Photoproducts. The excess of the sensitizer 4-
benzoylbiphenyl was removed by crystallization from n-hexane. Then
the residual oil was separated by high-pressure LC with a 20 cm X 4.6
cm column packed with 10-um Nucleosil. The eluent was 0.20% CH;CN
in hexane at a flow rate of 4.2 mL/min, yielding three bands: band A,
retention time 5.0 min, 34 mg of ODPM isomers 14 and 15; band B,
retention time 5.5 min, 15 mg of 4-benzoylbiphenyl; band C, retention
time 7.0 min, 52 mg of DPM isomer 13.

Fraction A: '"H NMR (CDCl;, 250 MHz) § 7.4-7.0 (m, 4 H, Ar),
6.03 (dd, J =9, 17 Hz, 1 H, olefinic H of 14), 5.67 (dd, J = 10, 16 Hz,
1 H, olefinic H of 15), 5.30-5.05 (m, 4 H, methylene H’s of 14 and 15),
2.8-2.5 (m, 2 H), 2.4-2.2 (m, 4 H), 2.17 (s, 3 H, acetyl H’s of 15), 1.90
(s, 3 H, acetyl H’s of 14), 1.85-1.60 (m, 2 H), 1.38 (s, 1 H, cyclopropyl
H of 14), 1.08 (s, 1 H, cyclopropyl H of 15); IR (liquid capillary) 3060
(w), 3050 (w), 2980 (m), 2940 (m), 2870 (m), 1705 (s), 1630 (w), 1490
(m), 1450 (m) 1355 (m), 765 (m), 750 (m), 740 (m) cm™. (N.b.:
Fraction A contained about equal amounts of 14 and 15.)

Fraction C: 'H NMR (CDCl;, 250 MHz) § 7.35-6.95 (m, 4 H, Ar),
6.04 (dd, J = 11, 16 Hz, 1 H, olefinic), 5.21 (dd, J = 1.5, 11 Hz, 1 H,
olefinic), 5.18 (dd, J = 1.5, 17 Hz, 1 H, olefinic), 2.73-2.57 (m, 1 H),
2.40-2.15 (m, 2 H), 2.00-1.80 (m, 1 H), 1.90 (s, 3 H, acetyl), 1.35 (s,
3 H, methyl), 1.26 (s, 1 H, cyclopropyl); IR (liquid capillary) 3060 (w),
3020 (w), 2930 (m), 2880 (w), 1700 (s), 1630 (w), 1490 (m), 1450 (w),
1355 (m), 770 (m), 750 (m), 740 (m) cm™..

Pyrolysis of the DPM and ODPM isomers. The isomers 16 and 17
were isolated by preparative GLC by using a copper column, 5 m X 0.25
in. with Chromosorb W-AW (60-80 mesh) coated with 15% DC-550 at
260 °C. The carrier gas employed was helium at a flow rate of 60
mL /min. Upon pyrolysis of 13, a new compound, viz. the isomer 16, was
obtained: 'H NMR (CDCl;, 250 MHz) § 7.15-7.00 (m, 3 H, Ar),
7.00-6.90 (m, 1 H, Ar), 6.05 (s, | H, H; olefinic), 5.38 (q, J = 7 Hz,
1 H, olefinic), 5.28 (s, 1 H, Hg olefinic), 5.18 (s, 1 H, aliphatic),
2.98-2.85 (m, | H), 2.83-2.70 (m, 1 H), 2.60-2.40 (m, 1 H), 2.32 (s,
3 H, acetyl), 2.25-2.13 (m, 1 H), 1.73 (dd, J = 2, 7 Hz, 3 H, methyl);
IR (liquid capillary) 3100 (w), 3060 (m), 3020 (m), 2940 (m), 2920 (s),
2850 (m), 1680 (s), 1620 (m), 1490 (m), 1450 (m), 1360 (m), 1235 (m),
1115 (m), 1100 (m), 940 (m), 700 (w), 675 (m) cm™. Anal. Calcd for

C¢H;30: C, 83.96; H, 8.05. Found: C, 83.60; H, 8.02. High-resolution
mass spectrum (70 eV): caled for C;H 4O, m/z 226.1355; found, m/z
226.1355.

Upon pyrolysis of the mixture of 14 and 15, complete conversion into
one new isomer, viz., 17, was observed: 'H NMR (CDCl;, 250 MHz)
67.5-7.1 (m, 4 H, Ar), 5.95 (dd, J = 9, 16 Hz, 1 H, olefinic), 5.18 (dd,
J =1,9 Hz, 1 H, olefinic), 5.17 (s, | H, aliphatic), 5.09 (dd, J = 1, 16
Hz, 1 H, olefinic), 2.75-2.60 (m, 2 H), 1.95-1.75 (m, 2 H), 1.77 (s, 3
H, acetyl), 1.56 (s, 3 H, methyl); IR (liquid capillary) 3080 (m), 3060
(m), 3020 (m), 2920 (s), 2880 (m), 2850 (m), 1705 (s), 1660 (m), 1490
(m), 1450 (s), 1430 (s), 1385 (s), 1210 (m), 1160 (m), 985 (s), 940 (s),
910 (s), 700 (w), 650 (m) cm™. Anal. Caled for C;¢H,;30: C, 83.96;
H, 8.05. Found: C, 83.70; H, 8.03. High-resolution mass spectrum (70
eV): caled for C4H 4O, m/z 226.1355; found, m/z 226.1356.

Eu(fod); Complexation. For the Eu(fod); experiments a solution
Eu(fod);, purchased from Aldrich Chemical Co. (Gold Label 99%), in
deuterated chloroform was used (50 mg/mL). This solution was added
(in portions) to a solution of 1 mg/0.3 mL of isomer in CDCl;.

Attempted Trapping of the DPM Intermediate with MeOH.3¢ A
solution of 1 (10 mg/mL) was irradiated at A 350 nm in methanol with
4-benzoylbiphenyl as triplet sensitizer (10 mg/mL). After 35 min 1 had
disappeared and the irradiation mixture was treated in the same way as
described under isolation of the photoproducts. The 'H NMR spectrum
consisted of the same absorptions of 13-15 in the same ratio as observed
for the irradiation of 1 in benzene.
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Four-at-Once Dedeuteration of Cyclopentanone-2,2,5,5-d,!
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Abstract: In aqueous solutions containing 3-(dimethylamino)propylamine (1) or 2,2-dimethyl-3-(dimethylamino)propylamine
(2), cyclopentanone-2,2,5,5-d4 undergoes dedeuteration largely by forming iminium jons. In the iminium ions deuterium is
exchanged with the solvent via internal basic catalysis by the dimethylamino group from the catalyst. At most pH's studied
the most common result of iminium-ion formation was exchange of all four deuterium atoms from the ketone. This contrasts
with earlier studies of acetone-dg and certain diamines, in which the most common result of iminium-ion formation was exchange
of all three deuterium atoms on one side of the ketone. Apparently, in the present case, but not in the earlier cases, the intermediate
iminium ion undergoes cis—trans isomerization more rapidly than it is hydrolyzed back to ketone. It is proposed that this
isomerization can take place via reaction of the iminium ion with a second molecule of diamine catalyst to give a gem-diamine
or gem-diamine derivative that can revert to either geometric isomer of the iminium ion. Rapid transimination via gem-diamine
formation apparently also takes place in the presence of other primary amines. The dedeuteration of cyclopentanone-d, catalyzed
by 0.005 M 1 was studied in the presence of added 2-(dimethylamino)ethylamine (3), an amine that forms iminium ions rapidly
but is a poor catalyst for deuterium exchange. At about pH 8, 0.05 M 3 increases the rate of formation of the iminium ions
derived from cyclopentanone and 1 by about 16-fold; simultaneously, the ratio of the rate of dedeuteration to the rate of hydrolysis
of these iminium ions decreases by about 16-fold. Other possible mechanisms for cis-trans isomerization of the intermediate
iminium ions are discussed as are reasons why such isomerization is faster than iminium-ion hydrolysis in some cases but not

in others.

Three types of a-hydrogen exchange have been observed for
ketones. (1) Many achiral monofunctional bases and acids give
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one-at-a-time exchange nonstereoselectively.>”>  (2) Certain
primary—tertiary diamines give exchange by the mechanism shown
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Table I. Dedeuteration of Cyclopentanone-2,2,5,5-d,, in the
Presence of 3-(Dimethylamino)propylamine (1)¢
s, s,
103~b 10 10 10%K;m, 57 %
[l ks kg M0 std
pH M I st st Ls4 caled® r devl
7.995 1.00 0.30 093 0.14 0913 0.77 8 0.6
8.006 5.0 0.30 450 045 45 39 10 1.3
8.010 20.7 0.030 25.1 3.2 24 22 12 0.5
8.047 20.7 0.030 24.3 3.3 24 22 10 22
8.115 10.0 0.30 10.3 1.4 9.7 8.9 11 0.7
8.329 21.5 0.027 356 45 34 29 11 1.3
9.010 19.7 0.020 43.2 6.6 40 35 10 0.7
9.499 21.5 0.016 56.2 109 51 42 8 0.9
9.941 19.9 0.011 61.0 163 52 43 5.5 1.1

@ In aqueous solution at 35 °C. ¥ Total concentration in all states
of protonation. € Ionic strength. 4 From least-squares fit of the
data to Scheme III. € From rate constants for imine formation by
1 and 1H* (ref 9). 7 Of the calculated from the observed values of
d,,dy,d,,d,,and d, in the least-squares treatment that gave ki,
(l.s.) and r.

Table II. Dcdeuteration of Cyclopentanone-2,2,5,5-d,, in the
Presence of 2,2-Dimethyl-3-(dimethylamino )propylamine (2)¢

102 105 10%: s - %

(21,2 ke kp JOKmeST g
pH M I¢ st s Ls.2  caled® r devl
6.860 10.3 0.021 9.04 0.21 9.8 6.8 10 1.2
7.403 27.7 0.056 351 0.9 37 28 12 1.8
8.772 983 0.197 159 7 156 137 21 1.4
9.431 27.7 0.056 53.7 5.5 54 39 11 2.9
9.861 10.3 0.021 233 64 20 14 19 1.7

@ In aqueous solution at 35 °C. ¥ Total concentration in all states
of protonation. ¢ Ionic strength. 4 From least-squares fit of the
data to Scheme III. € From rate constant for imine fortmation by 2
and 2H* (ref 9). 7 Of the calculated from the observed values of dg,
dy,d,,d, . and d, in the least-squares treatment that gave kyy (1s.)
and r.

in Scheme 1.2 With a chiral catalyst and a prochiral CD, group,
one-at-a-time exchange may occur stereoselectively.>>7 (3) When
the rate of internally catalyzed deuterium exchange of the in-
termediate iminium ion in Scheme I is enough faster than its rate

(1) (a) Research supported in part by Grant GM 18593 from the National
Institute of General Medical Sciences. Part 22 in the series Catalysis of
a-Hydrogen Exchange. (b) For part 21 see: Hine, J.; Zeigler, J. P. J. Am.
Chem. Soc. 1980, 102, 7524-9. (c) Abstracted in part from the Ph.D. Dis-
sertations of James P. Zeigler, 1978, and David E. Miles, 1982, The Ohio
State University, Columbus, Ohio.

(2) Hine, J. Acc. Chem. Res. 1978, 11, 1-7.

(3) Hine, J.; Kaufmann, J. C.; Cholod, M. S. J. Am. Chem. Soc. 1972, 94,
4590-5.

(4) Hine, J.; Cholod, M. S.; King, R. A. J. Am. Chem. Soc. 1974, 96,
835-45.

(5) Hine, J.; Li, W.-S, J. Am. Chem. Soc. 1975, 97, 3550-1.
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4403-9.
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Figure 1. Kinetic plot for dedeuteration of cyclopentanone-d, in the
presence of 0.0207 M 3-(dimethylamino)propylamine at pH 8.01: O, d,;
@, d; A, dy; A, d; 0, dy,
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Figure 2. Kinetic plot for dedeuteration of cyclopentanone-d, in the
presence of 0.30 M N,N-dimethyl-2-methoxyethylamine at pH 9.39.
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of hydrolysis back to ketone, the most common result of imini-
um-ion formation may be exchange of all the deuterium atoms
that are cis to the basic group B. With acetone-d;, this all-on-
one-side exchange has been observed with several catalysts,>* most
strikingly with 3-endo-dimethylaminomethyl-2-endo-norbornan-
amine.?

We have now found a fourth type of behavior. The most
common result of iminium-ion formation from cyclopentanone-
2,2,5,5-d, and 3-(dimethylamino)propylamine (1) or 2,2-di-
methyl-3-(dimethylamino)propylamine (2) under certain condi-
tions is exchange of all four deuterium atoms.

MezN(CH2)3NH2 MezNCHszezc}IzNHz
1 2

Results and Discussion

Tables I and II summarize some of the results obtained on the
dedeuteration of cyclopentanone-2,2,5,5-d, in the presence of 1
and 2, respectively. The first-order rate constant for disappearance
of cyclopentanone-d, is k4. On the basis of a Brensted plot for
amines of the type RCH,NMe,,® which are known to be con-
siderably better monofunctional catalysts than the corresponding
primary amines (RCH,NH,), and of the known rate constant for
hydroxide ions,® we have calculated a value of k,, the estimated
first-order rate constant for monofunctionally catalyzed dedeu-

(8) Hine, J.; Li, W.-S. J. Am. Chem. Soc. 1976, 98, 3287-94.
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teration, as described previously.*® The observed rates of dis-
appearance of d4 are faster than would be expected if the catalysts
were acting monofunctionally, by 3- to 10-fold in the case of 1
and 3- to 40-fold in the case of 2. We therefore conclude that
both catalysts are acting largely by the bifunctional mechanism
shown in Scheme 1.

Additional evidence that these reactions are not cases of simple
base catalysis is the fact that the deuterium atoms are not ex-
changed one at a time. In every run where 1 or 2 was the only
catalyst present, when the d, concentration dropped enough that
d, was not the most abundant species, dy became the most
abundant. There was no time when d;, d,, or d; was most
abundant. This behavior, which is illustrated in Figure 1, contrasts
with one-at-a-time exchange, where d, ds, d,, d}, and d, are
successively the most abundant species. One-at-a-time exchange
is illustrated in Figure 2, where the lines are based on Scheme
II. The type of exchange shown in Figure 1 also contrasts with
all-on-one-side exchange, in which first the fully deuterated, then
the half-deuterated, and finally the undeuterated species is most
abundant. This type of exchange has not yet been observed with
cyclopentanone-d, but has been with acetone-dg.2®

Data on dedeuteration of cyclopentanone-d, in the presence of
1 and 2 were fit to Scheme III, in which K4 represents the d,
ketone, I3 represents the d; iminium ion, etc. Since the rate
constant for cis—trans isomerization of the intermediate iminium
ion is assumed to be large compared to k4 and k., it is not necessary
to distinguish between the different d, species (both deuterium
atoms on the same side or one on each side) or between the d;
iminium ion in which the basic group B from the catalyst is cis
to the CD, group and the one in which it is cis to the CHD group.

Reversibility is allowed for by the g-containing rate constants,
where ¢ is the equilibrium ratio of K1 to KO (about 0.028 under
the conditions used). For each of the runs in Tables I and II, a
least-squares treatment gave a value of &, and a value of r, which
is the ratio k./kq. These values are related to k,, the first-order
rate constant for disappearance of the d, ketone, as shown in eq
1. The results and the standard deviations of the calculated from

kimr
Tt

ks + k, (1)
the observed values of d, d3, d,, dy, and d, are shown in Tables
Iand II.

Also shown in Table I and II are values of &, that were cal-
culated from rate constants for imination of cyclopentanone by
the unprotonated and monoprotonated forms of 1 and 2, which
were obtained by capturing the intermediate iminium ions with
hydroxylamine.® There are several reasons why the two sets of
ki, values would not be expected to agree perfectly. The present
experiments deal with about 0.2 M cyclopentanone-d, and the
hydroxylamine-capturing experiments with about 0.02 M cyclo-
pentanone of natural isotopic content. The secondary deuterium
kinetic isotope effect in imination of acetone and acetone-dj is

Hine et al.

Table III. Dedeuteration of Cyclopentanone-d, in the Presence of
Some Methoxy Amines and 2-(Dimethylamino)ethylamine®

105 10%-  10%
[Am]pb k,, kp; kim,c
Am M pH 5! st s ¥

MeOCH,CH,NMe, 0.121 9.260 25

MeOCH,CH,NMe, 0.30 9.390 70

MeO(CH,),NH, 0.15 9.302 25 24 90 0.01
MeOCH,CH,NMe, 0.15

MeO(CH, ), NH, 015 9.289 96 59 88 0.7
MeOCH,CH,NH, 0.15 7.981 3.5 34 7.8 0.01
Me,NCH,CH,NH, 0.020 7.961 1.6 0.8 560 0.001

% In aqueous solution at 35 °C and ionic strength 0.30. ? Total
concentration in all states of protonation. € Calculated from the
rate constants for imine formation determined by hydroxylamine-
capturing experiments (ref 9). < Calculated from eq 2.

Scheme IV
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positive, with an average hP/kH of 1.2.19 The different con-
centrations of ketone, amines, and salts could have small medium
effects. In addition, there are experimental errors in arriving at
ki, values by either method, but probably larger ones by the
present dedeuteration method, which is less direct.

The raw data for the runs in Tables I and II were also fit to
a reaction scheme in which no cis-trans isomerization of the
intermediate iminium ions was assumed to occur, as described
in more detail in the Appendix. The standard deviations of the
calculated from the observed values of d,, d;, d,, d;, and d,
averaged more than 10%—far larger than the values based on
Scheme I1I, which are shown in Tables I and II.

It could be suggested that iminium ions derived from cyclo-
pentanone-d, in general have such large rates of exchange relative
to their rates of hydrolysis that they often exchange all four
deuterium atoms via attack by external bases, which can occur
at either a-carbon atom. It is already clear from the data in Table
I that attack by external bases on intermediate iminium ions is
not the principal path for exchange in the presence of 1. In these
reaction solutions the principal bases present are other molecules
of 1. The rate constant for exchange by the iminium ions (k)
should increase with increasing 1 concentrations, just as &, does.
Since k4 should not be affected at constant pH, r should be roughly
proportional to k, at a given pH. Instead, it is seen that 20-fold
changes in the concentration of 1 at pH 8.021 & 0.026, which give
20-fold changes in k,, do not give changes in r that are clearly
beyond the experimental error. Additional evidence against this
suggestion is given in Table III, which gives data on the dedeu-
teration of cyclopentanone-d, in the presence of 2-(dimethyl-
amino)ethylamine and some methoxy amines. In all the runs using
methoxy amines, the amine concentrations are much larger than
in any of the runs in Table I. Nevertheless, the r values, which
may be calculated from eq 2 (a rearranged form of eq 1), are all

r= (k4 - kp)/(kim - k4 + kp) (2)

smaller than 1.0. That is, the iminium ions all hydrolyze faster
than they exchange. Hence the large r values obtained with 1
and 2 arise from internal base catalysis. Thus, the all-at-once
exchange of cyclopentanone-d, in the presence of 1 and 2 shows
that the intermediate iminium ions undergo cis—trans isomerization
more rapidly than they hydrolyze to ketone under our reaction
conditions.

(9) Hine, J.; Zeigler, J. P.; Johnston, M. J. Org. Chem. 1979, 44, 3540-5.

(10) Hine, J; Li, W.-S. J. Org. Chem. 1975, 40, 2622-6.
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Table IV, Dedeuteration of Cyclopentanone<d, in the Presence of 1 and 2-Methoxyethylamine®

b b IOSkim, §7! r
{11;.° [MeO(CH,),NH,], P L
M M pH 10%,,5""  10%p, s obsd® calcdd obsd® caled®
0.005 8.006 4.5 0.45 4.5 3.9 10 10
0.005 0.005 8.071 4.7 0.71 4.6 4.7 10 9
0.005 0.005 8.030 5.3 0.66 5.4 4.5 9 9
0.005 0.075 7.980 8.9 2.2 7.4 7.7 7 S
0.15 7.981 3.5 3.4 7.8 0.0017
@ In aqueous solution at 35 °C and ionic strength 0.30. b In all states of protonation. € From least-squares fit of the data to Scheme II1.
dFromeq 3. € Fromeq4. /Fromeq 2.
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attack on the ketone to give a zwitterionic intermediate is reversible
Scheme VI and capture of thi§ intermediate .by internal proFona'tion by the
o b -NHMe,* group is rate controlling. However, if this were the
2 +/H 2 NH(CHp}sNMep case, then in the case of primary amines that have similar
QIN\ = E>< = structures but lack the ability to capture the zwitterionic inter-
@ (CHa)3NMep 7 o mediate internally, external general acid and/or base catalyses
2 2 should be observed,!1? but it is not.?
Dz Imines and iminium ions like those derived from cyclopentanone
(CH2)3NM82 . R .
N and 1 or 2 should undergo uncatalyzed geometric isomerization
Ny much too slowly!*!4 to compete with hydrolysis under our con-
Ha ditions.

We have considered three possible mechanisms for this cis—trans
isomerization: (1) the gem-diamine mechanism (Scheme IV),
in which the iminium ion is attacked by a second molecule of
diamine catalyst to give a gem-diamine (or gem-diamine deriv-
ative) that can decompose to either geometric isomer of the im-
inium ion; (2) the hexahydropyrimidinium-ion mechanism
(Scheme V), in which the dimethylamino group of the iminium
ion bonds to the iminium carbon atom to give a hexahydro-
pyrimidinium ion that can undergo a chair—chair ring inversion
and a pyramidal inversion at the secondary amino group to give
a new conformation of the hexahydropyrimidinium ion, whose
decomposition will lead to the other geometric isomer of the
iminium ion; (3) the carbinolamine mechanism (Scheme VI), in
which the iminium ion forms a carbinolamine in which rotation
around a carbon—nitrogen single bond gives a new conformer whose
loss of OH will give the other geometric isomer of the iminium
ion.

If carbinolamine formation is the main path for cis—trans
isomerization of the iminium ion, the carbinolamine must be
transformed to the iminium ion faster than it decomposes to ketone
and diamine. In such an event, carbinolamine formation (or some
earlier step) would be the rate-controlling step in forming the
iminium jon from ketone and diamine. It seems very unlikely that
this is so in the reaction of cyclopentanone with 1. For example,
monoprotonated 2-(dimethylamino)ethylamine (3) transforms

Me,NCH,CH,NH,
3

cyclopentanone to iminium ions about 16 times as fast as mon-
oprotonated 1 does.® This was explained in terms of increased
efficiency of internal acid-catalyzed dehydration of the inter-
mediate carbinolamine. It would certainly be unreasonable to
suggest that 3H* undergoes nucleophilic attack on cyclopentanone
16 times as fast as 1H* does, considering that 1H* is more than
40 times as basic as 3H*. It might be postulated that nucleophilic

If cis—trans isomerization of the iminium ion is occurring by
the mechanism in Scheme IV, the molecules of 3-(dimethyl-
amino)propylamine (1) in solution are rapidly adding to the im-
inium ion to give gem-diamine. If this is true, and some other
primary amine is added to the solution, it too should transform
the iminium ion rapidly to a gem-diamine, if it did not differ too
much from 1 in basicity, steric accessibility of the amino group,
or concentration. The gem-diamine formed in this way could lose
1 to give a new iminium ion, which could then hydrolyze to ketone.
This would provide an added path for hydrolysis of the tminium
ion and thus increase kg in Scheme II1. If k., were not simulta-
neously increased too much, the value of r (the ratio k,/k;) would
decrease. According to the principle of microscopic reversibility,
a new path to the iminium ion derived from 1 will also be created
(via attack of 1 on the iminium ion derived from the new amine
to give the gem-diamine, which can decompose to give either
iminium ion). Hence, the rate of exchange, as measured by k,,
should increase. To test the gem-diamine mechanism we studied
the effect of added 2-methoxyethylamine on the dedeuteration
of cyclopentanone-d, by 1 at pH 8.03 £ 0.05. The results are
shown in Table IV. The value of &, in the presence of 0.005 M
1 is essentially doubled by the addition of 0.075 M 2-methoxy-
ethylamine. Only 40% of this increase is accounted for by the
increase in k,. These results are interpreted in terms of Scheme
VII, in which RNH, is 2-methoxyethylamine. We assume that
k. and k,, the second-order rate constants for transimination, are
so large that the sum & [RNH,] + k4 + k. is well approximated

(11) Rosenberg, S.; Silver, S. M.; Sayer, J. M.; Jencks, W. P. J. Am.
Chem. Soc. 1974, 96, 1986-98.

(12) Sayer, J. M.; Pinsky, B.; Schonbrunn, A.; Washtein, W. J. Am. Chem.
Soc. 1974, 96, 7998-8009.

(13) Staab, H. A,; Vigtle, F.; Mannschreck, A. Tetrahedron Lett. 1965,
697-702.

(14) Curtin, D. Y.; Grubbs, E. J.; McCarty, C. G. J. Am. Chem. Soc.
1966, 88, 2775-86.



4378 J. Am. Chem. Soc., Vol. 105, No. 13, 1983

Table V. Effect ot 3 on Dedeuteration of Cyclopentanoned, in
the Presence of 1¢

105 10%- sp. ot
[1],17 [3],17 k4, kp; 10 klm; S 4
M M pH st 1 obsd® caled® obsd¢ caled®
0.005 8.006 4.6 046 45 45 10 10

0.005 0.005 7.872 114 0.55 14 12 3.3 3.7

0.005 0.020 8.059 25 1.2 39 35 1.6 1.3

0.005 0.050 7.760 31 1.6 78 80 0.56 0.56
0.020 7.961 1.6 0.8

@ In water at 35 °C and ionic strength 0.30. ? Total concentra-
tion in all states of protonation. € From least-squares fit to Scheme
II. ¢ Fromeq6. € Fromeq 7.

as k,[RNH,] and that £,[1] + k4 + k.’ is essentially equal to k,[1].
Thus the establishment of the transimination equilibrium is fast
compared to competing processes. Reaction via Scheme VII is
still consistent with Scheme 111, of course, and an equation of the
form of eq 1 still holds except that now k;, the first-order rate
constant for iminium-ion formation, is expressed as shown in eq
3, and r is expressed as shown in eq 4. (The k.’ term was neglected

kim = ki[1], + k/[RNH,], 3)

_ (k/RK1],
"7 K, + &/[RNH,],

because estimates of k.// k4" based on the r value for the run using
only 2-methoxyethylamine and the various k, values showed that
such a term should never contribute more than 0.3% to r.) The
concentrations with subscript t's are total concentrations in all
states of protonation. The value of k;, the “apparent” second-order
rate constant for iminium-ion formation, can be calculated from
eq 5, where k, is the known? rate constant for imination by the

ki = kaofo + kaf) &)

unprotonated diamine, &, the value for monoprotonated diamine,
Jo the fraction of diamine that is unprotonated, and f; the fraction
monoprotonated. A similar equation, in which k,y, is zero, gives
k{/. We have already described evidence that very little of the
observed exchange arises from attack of external bases on the
iminium ion; in the present treatment such exchange is neglected.
Hence k./ k4 is just equal to the value of r obtained at the same
pH using 1 without added 2-methoxyethylamine. As the con-
centration of 2-methoxyethylamine is increased, the observed k&,
values are seen to climb and the  values to fall, just as predicted
by Scheme VII and eq 3 and 4. However, the magnitude of the
changes in calculated k;,, and  values is not enough larger than
the experimental uncertainty in the observed values to provide
a real quantitative test of the scheme.

In order to change k;,, and r more drastically, we then carried
out experiments using 3, whose monoprotonated form iminates
cyclopentanone more than 13 times as fast as either mono-
protonated or unprotonated 1 or 2-methoxyethylamine.” No
bifunctional catalysis was detected when acetone-dg was dedeu-
terated in the presence of 3 and 3H*.* Comparison of the last
entry in Table III with the third and fourth entries in Table I shows
that 3 is only about !/,sth as good a catalyst as 1 at pH 8.

Added 3 increases the rate of dedeuteration much more than
added 2-methoxyethylamine does. As seen in Table V, at pH 8.01
£ 0.05, k4 in the presence of 0.005 M 1 and 0.020 M 3 is four
times as large as the sum of the k4 values in the presence of the
separate solutions of 0.005 M 1 and 0.020 M 3. In addition, the
added 0.020 M 3 has reduced r to less than one-sixth of its value
in the absence of 3. The addition of 0.05 M 3 at pH 7.76 reduces
r to such a small value that we now see the characteristic pattern
of one-at-a-time exchange; the most abundant species are suc-
cessively dy, d3, d,, d,, and d. Although these changes are large,
they are not as large as would be expected from eq 3 and 4.
Apparently, the iminium ion derived from 3 is not transiminated
faster than it is hydrolyzed. There is a good reason why the ratio
k,[1]/k4 can be much larger when R is 2-methoxyethyl than when
R is 2-(dimethylamino)ethyl. In the former case, k/ may be

4
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Figure 3. Plot of k;, vs. [3] for dedeuteration of cyclopentanone-d, in
the presence of 0.005 M 1 at pH 7.88 & 0.13; see eq 6 and 8.

calculated® to be 5.2 X 107 M~! 57! but in the latter case (3 as
RNH,) &/ is 0.27 M1 s71—520 times as large. The difference
in equilibrium constants (k;/ k") should not be very large. Hence
k4 should be much larger when RNH, is 3 than when it is 2-
methoxyethylamine.

We therefore treated the data in Table V using Scheme VII
without assuming that transimination is fast compared to com-
peting processes. Neglect of exchange via the k.’ path is an even
better approximation with 3 than it was with 2-methoxyethyl-
amine; larger rates of exchange are brought about by smaller
amounts of RNHj, in the case of 3 than in the case of 2-meth-
oxyethylamine. These assumptions again lead to a rate equation
of the form of eq 1, but now k;,, and r are defined as shown in
eq 6 and 7, With k./k4 being the value of r in the absence of

(ki / k&) (K / k;)[3]
kim = kl[l] 1+ 1+ (kt/kd/)[l] (6)

L= (1 + (ki /kd)[1])(Ke/ ko) o
T+ (kRO + (K /KDI3])

3 and k{ and k; being obtainable from eq 5, the only new term
is the ratio k,/ k4.

According to eq 6, a plot of k;, against the concentration of

3 at constant [1] and constant pH should give a straight line whose

intercept is k;[1] and whose slope is given in eq 8. Such a plot

| ki (k. /kJ)[1] ®

slopei, = =75
Pm = T4 (/R

is shown in Figure 3 for the first four runs in Table V (pH 7.91

%+ 0.15). The slope and values of k;’ and [1] gave a value of 11.1

M-! for k,/ k4. Inverting eq 7 gives eq 9, according to which a

1 1 + (ky/ k) (ki / ki) (3] ©

Fk/ke (¥ (/KD D (ke/ ko)

plot of 1/r vs. [3] will also give a straight line. From the slope

and intercept of this plot (Figure 4) a value of 11.6 M is obtained

for k,/ky. The same value is obtained from a least-squares

treatment of the k;, and r values for the first four runs in Table

V. Values of k;, and r calculated from this value for k,/ k4 are

seen in the table to agree satisfactorily with those obtained from

the ds, d;, d,, dy, and d, values by a least-squares fit to Scheme

III. This supports Scheme VII for the effect of 3 on the dedeu-
teration reaction.

Multiplication of k,/k4’ by [1] gives a value of 0.058 for k,-

[1]/k4, the ratio of the rate of transimination to the rate of
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Figure 4. Plot of 1/r vs. {3] for dedeuteration of cyclopentanone-d, in
the presence of 0.005 M 1 at pH 7.88 £ 0.13; see eq 9.

hydrolysis by the iminium ion derived from 3 under our average
reaction conditions. Since k{/k;, whose value is known, is equal
to kg'k./(kqk,), division by k,/k4 gives a value of 373 M™! for
k./kq. At the highest concentration of 3 used, multiplication by
[3] gives 19 as the ratio of the rate of transimination by 3 to the
rate of hydrolysis of the iminium ion derived from 1. What does
this tell about the rate of transimination by attack of 1, which
will take place even in the absence of added 3? Attack by the
primary amino groups in 1 and 1H* on the iminium ion derived
from 1 to give gem diamine should be faster than attack by 3 and
3H*, respectively, since the latter species are weaker bases.!>!¢
However, because of the differences in basicities, a smaller fraction
of the total 1 is present in the unprotonated and monoprotonated
forms around pH 8, where our measurements were made. We
have estimated the relative apparent second-order rate constants
for attack by 1 and 3, assuming that the relative rates of attack
by the various primary amino groups are the same as their relative
basicities, assuming that all the primary amino groups had the
same reactivities, and making intermediate assumptions. The
results ranged from estimating that the two species had about the
same reactivity to estimating that 3 was three times as reactive
as 1. In drawing conclusions concerning cis—trans isomerization
of the iminium ion via attack by 1, it should be noted that k. is
a minimum value for those nucleophilic attacks by 3 that could
result in cis—trans isomerization of the iminium ion derived from
1. The reaction governed by k. involves nucleophilic attack by
a primary amino group from 3, followed by loss of a proton from
an NH,* group in the immediate product to give the gem-diamine,
followed by loss of 1 (not 3) from the gem-diamine to give the
iminium ion derived from cyclopentanone and 3. Geometric
ismerization of the iminium ion derived from 1 could take place
via attack of a primary amino group from 3 without subsequent
loss of a proton, via formation of gem-diamine that reverts to the
original iminium ion, or via attack of a tertiary amino group from
3. If none of these alternative paths are important, and if we define

(15) Hine, J; Via, F. A,; Jensen, J. H. J. Org. Chem. 1971, 36, 2926-9.
(16) Hine, J.; Sachs, W. H. J. Org. Chem. 1974, 39, 1937-42.
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Scheme VIII
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kg as the second-order rate constant for geometric isomerization
of the iminium ion derived from 1 by attack of total 1, then k,
should be of the same order of magnitude as k.. In this event,
kg[1]/ky, the ratio of the rate of geometric isomerization by this
path to the rate of hydrolysis of the iminium ion derived from 1,
will be only about 0.3 in the presence of 0.001 M total 1, the
smallest concentration of 1 at which we made measurements. If
kg is the only path for geometric isomerization, then a value of
0.3 is too small to explain why the dedeuteration in the presence
of 0.001 M 1 follows the four-at-once path (Scheme III) so cleanly.
We do not have good evidence to tell whether the extra geometric
isomerization comes from attack by 1 (variants of the gem-diamine
mechanism) or whether it comes from the hexahydro-
pyrimidinium-ion mechanism (Scheme V).

After the four-at-once exchange of cyclopentanone-d, reported
herein was first observed, it was discovered at acetone-d undergoes
six-at-once exchange in the presence of 3-exo-dimethylamino-
methyl-2-exo-norbornanamine.!’

Experimental Section

The cyclopentanone-2,2,5,5-d,, amines, and amine hydro-
chlorides were obtained as described previously.>$° Dedeuteration
of the ketone was followed by stopping the reaction with acid,
extracting the aqueous solution with ethyl bromide, and making
mass spectral measurements on the dried extract as described
previously.®

Appendix

Dedeuteration of cyclopentanone-d, was also treated in terms
of Scheme VIII. In this scheme KO, K1, K3, and K4 have the
same definition they had in Scheme III, but it is necessary to
specify the two components of K2, namely, K11 (cyclo-
pentanone-2,5-d,) and K20 (cyclopentanone-2,2-d,). Similarly,
10 and 14 are the same as in Scheme III, but I21B is the iminium
ion with one deuterium cis and two trans to the basic di-
methylamino group from the catalyst, I02B has both deuteriums
cis, and 120B has neither cis to the basic group, etc. Certain
processes that occur but do not lead to exchange, such as
transformation of K20 to 120B, are neglected.

Registry No. 1, 109-55-7; 2, 53369-71-4; 3, 108-00-9;
MeOCH,CH,NMe,, 3030-44-2; MeO(CH,);NH,, 5332-73-0; cyclo-
pentanone-2,2,5,5-d,, 3997-89-5.

(17) Tsay, H.-W. M.S. Thesis, The Ohio State University, 1982.



