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of ether. After the addition was complete, the reaction was
allowed to come to room temperature and was stirred for 22 hr.
Hydrolysis and produet isolation was conducted using the pro-
cedure of Micovic and Mihailovie.* Reductions in which the
molar ratio of AlCly/LiAlH,/amide was 1:1:1 were conducted
in a similar fashion. Analyses were carried out by glpe on col-
umn A (Table VI) at 210°.

Partial Reduction of N-Methyl-p-chloroanilides.—Into 3
mmol of the anilide in 10 ml of tetrahydrofuran was injected
with stirring at 0° 0.83 ml of 1.2 M lithium aluminum hydride
in tetrahydrofuran. The reaction mixture was stirred at 0° for
10 hr and was then added to 100 ml of a saturated solution of
2,4-dinitrophenylhydrazine in 2 M hydrochloric acid. The re-
sultant solution was diluted with 100 ml of 2 M hydrochloric

Henry

acid and allowed to stand for 5 hr; the resultant 2,4-DNP was
isolated, dried, and weighed.
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The palladium(II)-catalyzed isomerization of ¢is- and irans-l-chloropropene was found to obey the three-
term rate expression rate = (k:[Li;Pd;Clsl/{LiCl] + ko[Li,PdsCls] + ks{Li,PdyCls]*/2){1-chloropropene]. 1-

Bromopropene isomerization displayed mainly the &, and k; terms.

The k2 term most likely results from non-

stereospecific chloropalladation-dechloropalladation in which the chloride adds to the carbon carrying the

methyl and the palladium to the carbon carrying the halide,

monomer and dimeric = complexes, respectively.
without the intervention of an external reagent.

The % and ks terms correspond to formation of

Isomerization is then accomplished through the = complexes
A possible mechanism is rearrangement of the » complex to

a Pd(II) ¢-bonded carbonium ion which undergoes rotation before reverting to the = complex.

Paper IV* of this series describes a study of the radio-
active chloride exchange of vinylic chlorides with radio-
active lithium chloride. The rate expression for this
exchange is given by eq 1.

rate = k[Li;PdsClg] [vinylic chloride] (1)

The mechanism which best fits all the experimental
tacts consists of chloropalladation followed by dechlo-
ropalladation to give exchange. Chloropalladation is
not completely stereospecific but the main mode is
apparently cis chloropalladation from the coordination
sphere of Pd(II).

“ - Cl¥
RCHCH =z
7/ ~N

RCH==CHCl + *CIPdL ==
N a

Pd
/N
RCH=CHCI* + CIPdZ  (2)

During the course of this work it was found that cis-
or trans-l1-chloropropene isomerized into the other
isomer considerably faster than exchange with radio-
active chloride. As shown in eq 3, this result would not
have been predicted if isomerization occurred by mainly
stereospecific cis chloropalladation—dechloropalladation.
Thus some other route must be responsible for this
isomerization.

This paper will describe a study of this reaction
using vinylic chlorides and bromides as reactants.

(1) Paper VII: P. M, Henry, J. Amer. Chem. Soc., 94, 7316 (1972).

(2) For a preliminary account of this work, see P. M. Henry, tbid., 98,
3547 (1971).

(8) Address correspondence to author at Department of Chemistry,
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(4) P. M. Henry, J. Org. Chem., 8T, 2443 (1972),
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In paper VII of this series the study of a similar

isomerization of enol propionates was described.! The
rate expression for the isomerization is given by eq 4.
rate = k[LiyPd.Clg] [enol propionate] @)

[LiCl]

Effects of structure on rate as well as other mecha—
nistic work showed that r-allylic or palladium hydride
routes for this isomerization were very unlikely.®?

Results

All runs were made at 25° in acetic acid solvent.
The values of kobsa fOr a given run are the sum of the
pseudo-first-order rate constants, k¢ and k. for the reac-
tion given by eq 5 (X = CI or Br). The values of

LN T N 5
C==C e =
N
v’ S &  w X

k. and k. can readily be calculated from the compos.i-
tion of the equilibrium mixture, which was 749 cis
when X is Ol and 709, cis when X is Br. For most
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Figure 1.—Plot of kopsa vs. [LiCl]; [LizPdsCls) = 0.015 == 0.0004
M.

runs the vinylic chloride concentration was 0.2 M.
Under the same reaction conditions runs starting with
cither cis- or trans-1-halopropene gave the values of
kopss. Xor almost all runs the trans isomer was used,
since it gave the biggest change in composition and
therefore the most accurate values of Kopsq.

As in previous work the concentrations of the various
Pd(I) and chloride species were determined from the
total Pd(II) concentration, [Pd(II);], and total
chloride concentrations, [Cl]:, making use of the pre-
viously determined® values of K; (0.1 M-%) and Kp
(2.6 M 1) for the equilibria shown in eq 6 and 7.

K
LisPdyCl, + 2LiC1 == 2Li,PdCL ®)
Kp
2LiCl —?_ Li,Cly (7)

Vinylic Chloride Isomerization,—The rate expression
for isomerization was determined using cis- and trans-
1-chloropropene. The dependence on l-chloropropene
concentration was determined under several reaction

conditions. Typical results are given in Table L.
TaBLE I
DEPENDENCE OF kopsa ON 1-CHLOROPROPENE CONCENTRATION®
[trang-1-
Chloropropene], kobsd,
M gsec™~1 X 108
0.01 17.5
0.05 17.7
0.2 17.8
0.5 16.6

«-{Pd(ID)]y = 0.02052 M; [Cl]y = 0.0908 M.

Since the first-order rate constant, k.peq, does not
change with 1-chloropropene concentration, the reac-
tion is first order in vinylic chloride.

The order in Pd(I1) species and [LiCl] proved to be
complicated. As shown in Figure 1, at low [LiCl]
addition of more LiCl decreased the rate. However,
above about 0.04 M LiCl, addition of LiCl did not
affect the rate. I'urthermore, if at the lowest [LiCl],
a mole of HgCl; is added per mole of Pd(II) the rate
is increased fivefold. That this acceleration resulted
from further decrease in chloride resulting from forma-
tion of HgCly~ species was demonstrated by running
the isomerization in the presence of excess solid NaCl
in the presence and absence of HgCl,. In this case,

(5) P. M, Henry and O. Marks, I'norg. Chem., 10, 873 (1971).
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Figure 2.—Plot of kobsa — ke v5. 1/[LiCl]; [Li,Pd;Cls] = 0.0036
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Figure 3.—Plot of [Li;Pd;Cls} vs. kobsa at low chlorides; [LiCl] =
0.011 == 0.0003 M.

where the NaCl concentration was the saturation value®
of 0.013 M for both runs, the rates were identical.

The nature of the chloride inhibition was determined
in the following way. From the values of kopsa 8t
various [LiCl] was subtracted the value of kopsg When
the rate became unaffected by chloride (k.). These
values were then plotted against 1/{LiCl]. As shown
in Figure 2, the plot is linear and goes through the
origin, indicating a first-order chloride inhibition.
The order in [Li,PdyCls] was then determined by plot-
ting kopsa vs. [Li,PdyCle] at 0.011 M TiCl, a chloride
concentration at which kopsq consists almost exclusively
of the chloride inhibited reaction; as shown in Figure
3, the plot is linear and goes through the origin. The
rate expression for the reaction at low [LiCl] is thus
given by eq 8.

_ K[Li:PdsClg] [1-chloropropene]
[LiCl]

rate

(8)

The reaction was then studied at higher chloride,
where the chloride-dependent reaction is negligible.
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Flgure 4.—Plot of corrected kovsa vs. [LisPdyClg];
=+ 0.007 M.

[LiC] = 0.207

An example of the dependence of rate on [Li;Pd>Cle]
is shown in Table II. The rate varies by a factor of

TasLe 11
DEPENDENCE OF kobsa ON LizPdyCls CONCENTRATION AT
ApproXIMATELY 0.2 M LiCle
~Contribution to Fobsa—

Kobad» 1st order, 1/2 order,

[LisPdsClg], [LizPdaClg} /e, sec ™1 X goc -1 X gee "t X
M X 10 MYz X 100 108 108 108
16.2 12.8 10.9 4.71 6.20
7.45 8.63 6.83 2.67 4.16
3.3 5.73 3.74 0.99 2.76
1.39 3.72 2.22 0.42 1.80
0.548 2,34 1.29 0.16 1.13

¢ [LiCl] = 0.207 = 0.007 M.

a 8.5 while [Li,Pd,Cls] varies by a factor of almost 30
and [Li,Pd,Clg]"? varies by a factor of 5.5. Thus. the
dependence is not strictly first or '/, order in [Lisx-
Pd,Cls]. Thus result suggests two terms, one first
order and one !/, order. The contribution of each to
kovsa Was caleulated in the following fashion. The
1/-order term should predominate at low [Li,Pd;Cls]
because the first-order term decreases more rapidly
with decreasing [Li,Pd:Cls]. As a first approximation
the kopsa at lowest [L12Pd20ls] was assimed to consist
entirely of the !/,-order term. The contribution of
the !/, term at the other [Li;Pd:Cls] could then be
readily calculated and substrated from the valués. of
konsa to give the first-order -contributions. From the
first approximation for the first-order contribution at
the highest chloride the small contribution of the
first~order term at the lowest [Li;Pd,Cls] was calculated
and substracted from kopsq 10 give a second approxima-
tion for the !/s-order contribution at lowest [LisPdsCls].
The process was then repeated. After only three
iterations the first- and !/,-order contributions t0 kobsa
remained constant. They are given in the last two
columns of Table IT. . A plot of the first-order contribu-
tions vs. [LipPd,Cls], shownt in Figure 4, is linear with
zero intercept indicative of a first-order reaction.

(6) Of course the values of the first-order contribution at the highest
and lowest [Li;Pd:Cls] are arranged to give & straight line through the

origin. The important point is that the other three points fall on this
straight line within experimental error,

Hexgry

The complex rate expression for [Li;PdyCls] range
of 0.00058 to 0.0162 M and a [LiCl] range of 0.0028
to 0.38 M is given by eq 9. Values of the rate con-
stants are summarized in Table VI,

rate = (M + R[LiPHOL] + k[LisPACL]2)
[LiCl)
[vinylic halide] (9)

The effect of acetate and water on the rate exchange
at two [Cl]; levels was determined. Data are given
in Table III.

TasrLe 111

Errecr oF LiTHIUM ACETATE AND WATER
oN RaTe or IsOMERIZATION®

Fobeds
gsec™1 X 108

17.8
13.5
11.5
14.8
683
6.42
.5 4.7

Rates measured using

[Clly [LiOAc] [H20]
0.0908

1
.5

0.4908
5

o FD<D SoOoOQ
NOOMNMNODOOS
[V

e [Pd(IL)}y = 0.0205
trans isomer.

2 for all runs.

The effect. of acid on the rate of isomerization was
tested. At [Pd(II)], = 0.048 M and a [Cl]; of 0.37
M, the rate of isomerization is 8.9 X 10-¢ TUnder
the same conditions except that the reaction mixture
was now 1 M in CF;COOH the value of kopsq is 1.23
X 10-3secL.

cts-1-Chloropropene was isomerized to an equilibrium
mixture in CH;COOD which was 0.05 M in [Pd{IT)]s
and 0.3 M in [Cl];. The trans isomer was collected
and analyzed by mass spectrometry. It was found to
contain less than 0.29% deuterium.

1-Bromopropene Isomerization,—cis- and trans-1-
bromopropene were isomerized to an equilibrium mix-
ture of the two isomers without detectable quantities
of 1-chloropropene being formed. Only upon long
standing are materials with vpe retention times iden-
{ical with those of cis- and trans-l1-chloropropene
found. 4

The effect of chloride concentration on rate is given
in Table IV. The fact that the ratio in the last column

Tasue IV

VALUES OF kopsa FOR ISOMERIZATION OF {rans-1-BROMOPROPENE
AT Low CHLORIDE CONCENTRATIONS®

kobsa/

Kobsd, [LizPd.Clg],

[Cl]y, [LisPd2Clg), JLiCl}, gee™t X M1 gec™t
M X 102 M X 108 M X 102 108 X 108
2.62 3.85 0.28 3.85 10.0
2,92 3.82 0.56 4,82 12.0
3.52 3.77 1.11 3.40 9.0
4.72 3.66 2.12 3.49 9.5
5.92 3.59 3.06 3.29 9.2

@ Value of [Pd(II) ¢ for all runs was 0.00776 M, concentra-

tions of Li;PdCls and Li,Cl; can readily be calculated from con~
centrations of other species.

remains almost constant even at [LiCl] = 0.0028 M
indicates no appreciable chloride inhibition.

Dependencc of rate on Li,Pd;Cl¢ concentration is
given in Table V. In this case the total rate variation
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TaBie V

DEPENDENCE OF kobsa ON LisPd2Cls CONCENTRATION AT
ApproxiMaTELY 0.2 M LiCl®

~—Contributions to Zgpeg—

k obsd, 1st order, i/2 order,
[LisPdsClel,  [LioPd:Cls)'/2,  sec—t X sec™t X seo™! X
M X 10 M X 10 108 106 105
10.1 10.05 6.91 5.65 1.26
4.55 6.74 3.08 2.19 0.84
1.95 4.46 1.36 0.80 0.56
0.78 2.8 0.78 0.44 0.35

e [LiCl] = 0.200 = 0.002 M.

is about 9 while [Li;Pd,Cls] varies by 13 and [Lis-
Pd;Cls}'2 varies by 3.6. Thus the first-order term is
most important for 1-bromopropene. By procedures
similar to those described earlier, the contribution of
each term to konsa was calculated. They are listed
in the last two columns of the table. The values of
the rates constants are summarized in Table V1.

TasLe VI
VaLues oF THE RaTe CONSTANTS FOR
ISOMERIZATION AND EXCHANGE ;

1-Chloropropene 1-Bromopropene
ky 4.3 X 107 gec~? <108 sec~t
ke 2.9 X 104 M~1gec! 5.2 X 10-3 M ~1sect!
ks 4.8 X 1075 M~"*sec™t  1.25 X 10~ M~/ sec™1
kex® 2.3 X 10-% M ' sec™?

@ Rate of radioactive chloride exchange from ref 4. This

value is for an equilibrium mixture of cis and trans isomers.

cts-1-Bromopropene was isomerized in CH,COOD
in the same fashion as cis-1-chloropropene. The
trans-1-bromopropene formed contained less than 0.29,
deuterium.

Discussion

The general rate expression for isomerization of
vinylic halides is given by eq 9 with rate constants
listed in Table VI. The rate of radicactive chloride
exchange for 1-chloropropene is included for purposes
of comparison. In the case of isomerization of I-
chloropropene all three terms are detected, while, for
1-bromopropene, the k; term is by far the most im-
portant with the ks term barely detectable. This does
not mean that %, and k; have lower values for 1-bromo-
propene than they do for 1-chloropropene. Rather,
the value of k; for 1-bromopropene is about 20 times
higher than that for l-chloropropene. In fact ks for
1-bromopropene is approximately twice that for<1-
chloropropene.

The various terms can readily be interpreted in terms
of mechanism. The %; and k; terms correspond to the
formation of = complexes without the intervention
of any other external reagent to cause isomerization.
The k; term results from w-complex formation via eq
10 and the ks term via eq 11 (VH = vinylic halide).

K,
Li:Pd;Cls + VH = LiPd,CL:(VH) + LiCl (10)

Ks
'Li;Pd;Cls + 2VH > 2LiPdCly(VH) (1)

The k, term is identical with that previously found
for radioactive chloride exchange,* which apparently
proceeds via a chloropalladation-dechloropalladation
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type mechanism as shown in eq 3. Thus, at least in
the 1-chloropropene case, the k. term most likely re-
sults from nonsterecospecific chloropalladation-dechloro-
palladation in the direction opposite from that shown
ineq3 (X = Clor Br; A = addition, E = elimination).

HC X,
>PdC] + \c=c: LI
H H

H CH,

/o HC. H
Spg—C—c—g =E Dpyar + c=c/ a2
= NS =z PN

- H X

It is necessary to postulate this mode of addition
rather than the mode shown in eq 3 because the latter
type of addition would predict rates of isomerization
by this type of mechanism which would be close to the
rate of exchange. In fact, as demonstrated by eq 3,
gince chloropalladation is mainly cis4” the value of k.
and rate of exchange should be very close. However,
as shown in Table VI, the value of k; is much higher
than kex. At a Li;Pd,Cls concentration of about 0.0075
M, the rate of chloride exchange was only 5%, of the
rate of isomerization. According to the data in Table
II, about 409, of the isomerization proceeds according
to the k, term at this Li,Pd;Cls concentration. Thus,
most isomerization is proceeding according to eq 12
rather than eq 3.

Th the case of 1-bromopropene little is known about
the mode of addition, since chloropalladation in the
mode of eq 3 does not have to give exchange of chloride
for bromide if chloride is eliminated much more readily
than bromide. Certainly the reason that 1-bromo-
propene isomerizes more readily than l-chloropropene
is not immediately apparent. The differences in rate
would not be expected to result from steric effects if
isomerization occurred via eq 12, since the addition of
bulkier groups to the double bond decreases the rate
of chloropalladation.* It is difficult to predict the
effect on rate of changing from a chloro to a bromo
group if isomerization occurs by chloropalladation in
the fashion opposite to eq 12.

As mentioned earlier, the k&, and k; terms correspond
to m-complex formation via eq 10 and 11, respectively.
The 7 complex must then perform the isomerization
without the intervention of any external reagent.
The exact mechanism or mechanisms whereby the
isomerization occurs is uncertain. One possibility is
that chloropalladation can have rate expressions cor-
responding to &y and ks terms as well as the ks term.
This seems very unlikely, since the earlier study of
chloride exchange wvia chloropalladation no ki or ks
terms were detected .t

As mentioned in the introduction, w-allylic or Pd(II)
hydride mechanisms were eliminated by nonkinetic
experiments.’? Thus, a new mechanism must be
operative. As discussed in a previous paper,! one
possibility is rearrangement of the & complex to a o-
bonded diradical type intermediate analogous to those
postulated for metal carbonyl catalyzed photoisomer-
ization of olefins.?

(7) P. M. Henry, J. Amer. Chem. Soc., 94, 7311 (1972).
(8) M. Wrighton, G. 8. Hammond, and H. B. Grey, bid., 98, 3285
(1971).
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Another possibility is rearrangement of the = complex
to a Pd(II) o-bonded carbonium type intermediate
which can reverse either to the cis or trans isomer

(X = ClorBr).

H H H H
\C/ H X \C/
~—Pd~ — —PdG—C* — —Pd 13
s |C| 7 N - 4—2 )
/\ ' /\
X CH, X CH,

One prediction of the last mechanism is that it should
display a large ncgative Hammet p. This prediction
is being checked using systems in which steric factors
can be separated from electronic factors, In any case
more mechanistic work is required before a definite
mechanism can be proposed.

"Two points deserve comment. TFirst, the isomeriza-
tion of enol propionates displayed only the k; term
while 1-chloropropene gave all three terms and 1-
bromopropene gave mainly the k, term. Such wide
differences in structurc can cause considerable differ-
ences in reactivity.,

Second, this is the first time the monomeric = com-~
plex (the k; term) has been found to be reactive, al-
though the 7 complex was detected in previous ex-
change studics (papers I1I° and V¥). The reason given
for its lack of reactivity previously was the larger
concentration of negative charge on the Pd(II) con-
taining the olefin in this complex as compared with
the dimeric = complex. This negative charge dis-
couraged the approach of the nucleophiles necessary
for exchange. In the present case no nuecleophile is
required for isomerization; so it is reasonable that the
monomeric 7 complex is reactive.

Finally, the cffect of acetate and H,O on the isomer-
ization rate shown in Table III is explicable on the
basis of other studies. Thus, at the lower chloride,
the replacement of chloride by acetate to give vinylic
acetate occurs at a rate comparable to isomerization
and the cis isomer reacts several times faster than the
trans isomer.” Thus, the preferential reaction of the

(9) P. M. Henry, J. Amer. Chem. Soc., 94, 5200 (1972).
(10) P. M. Henry, Inorg. Chem., 11, 1878 (1872).

Henry

cts-1-chloropropene gives an apparent slower rate of
isomerization of the trans isomer. At the higher chlo-
ride the effect of added acctate is much less, since the
exchange reaction is strongly retarded by increcasing
chloride concentration.

In other studies! it was found that the addition of
water shifts the equilibrium shown in eq 5 to the left;
so for a given chloride concentration, addition of water
will decrease the dimer concentration and thus decrease
the rate of exchange. As expected, the retardation is
important at both high and low chlorides.

Experimental Section

Materials.—The source of the cis- and trans-1-chloropropenes
has been described previously,* as has the preparation and
analysis of Pd(II) stock solutions.* The mixture of cis- and
trans-1-bromopropenes was purchased from K & K Laboratories.
Pure samples of the cis and trans isomers were obtained by
preparative vpe using a 20 ft 209, Lac 446 on Chromosorb W
(60-80 mesh). Temperature was 60° and helium flow rate was
100 m!/min.

Kinetic Runs.—The reaction mixtures were prepared by
mixing known amounts of the Pd(II) and LiCl stock solutions
and diluting to a known volume, usually 5 ml, The run was
then started by adding the vinylic halide. The progress of the
isomerization was followed by vpec analysis. For the 1l-chloro-
propene run the Lac 446 column at 50° was used. For the 1-bro-
mopropene runs the same eolumn at 60° was used.

The data were treated in the usual fashion for runs approaching
equilibrium.? The equilibrium mixture for 1-chloropropene
contained 749, cis isomer while that for 1-bromopropene con-
tained 749, cis isomer while that for 1-bromopropene contained
709, cis isomer.

Registry No.—Palladium, 7440-05-3; palladium(1I)
chloYide, 7647-10-1; cis-1-chloropropene, 16136-84-8;
trans-1-chloropropene, 16136-85-9; ct¢s-1-bromopro-
pene, 590-13-6;  trans-l-bromopropene,  590-15-8;
lithium acetate, 546-89-4; Li;Pd.Cls, 31183-05-8.
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