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The reactions of vinyl butyl ether and vinyl butyrate with atomic hydrogen and deuterium lead to addition at
the terminal position of the olefins. This observation is consistent with the reactions carried out earlier with
other olefins. Both of the absolute rates of addition to vinylbutyl ether and vinyl butyrate, in acetone and
hexane, were measured at several temperatures. The relative rates are consistent with only modest stabilization
of the transition state of the radical adduct by tik® substituent compared with that of hydrogen atom
addition to 1-octene. The relative rates measured in acetone and hexane indicate no significant differential
solvation of the ground state relative to the transition structures of the hydrogen atom addition. The kinetics
reveal that the early transition states for hydrogen atom addition exhibit little selectivity (vinyl ether versus
simple olefin) in either the abstraction of hydrogerto the oxygen or by terminal addition to the olefinic

ether and reflects the modest influence of the increased enthalpy of reaction associated with resonance
stabilization by the oxygen substituent at the developing radical site.

Introduction addition of a hydrogen atom to methyl vinyl ethexHagq =
—40 kcal/mol) would be expected to exhibit a gas-phase rate

Recently, we reported a method for obtaining the absolute constant of ca. % 1° M1 s-%, only about a factor of 4 faster

rate constants for the liquid-phase reaction of the addition of than that of ethylene or propylene. Clearly, the very high
atomic hydrogen to an olefit?. The reaction of 1-octene was exothermicity of hydrogen addition to olefins will result in a

e c_
report_eld t_ol be very close to diffusion-controlléfl ® = 4.6 x very narrow range of addition rate constants. The thermochem-
10° M~ts"L. The same kinetic method can be used to evaluate sy of the addition of hydrogen atoms to olefins relevant to

the stabilizing effect of a radical having a geminal oxygen inis work can be roughly calculatéd® Past work on hydrogen
substituent. The addition of hydrogen to a terminal olefin was 4iom addition to olefins shows that addition exhibits little
found to be regioselective, giving addition to form only the most sensitivity to adduct radical structure.

stable secondary or tertiary radidallt remained to be estab- However, little work has been carried out to determine the
lished that addition to the vinyl ether or ester also underwent ghso|yte rates of reaction of the hydrogen atom in solution. The
regioselective addition to give a radical center on carbon reaciivity of atomic hydrogen with an olefin, which leads to a
containing a geminal oxygen substituent. The effect of a c5rhon-centered radical to an oxygen substituent, will be
substituent on the enthalpy of addition should also be estab-gnnanced if the transition state for addition develops a higher
lished. dipole moment than the starting material. The resonance

_The addition of hydrogen atoms to olefins has been exten- stapilization of the product radical has been suggested to involve
sively studied in the gas phase. Activation barriers for the g polar structuré.

addition to olefins range from 1 to 3 kcal/mol, and Arrhenius

Afactors are typically 19—10'12 The enthalpy of the addition - H - 4 H
of atomic hydrogen also correlates with the rate constants for —C—O-C— I _C_' -C—
addition3 The large rate constante" © = 4.6 x 10° M~1s71, [ 1oc

i a Y

The importance of this resonance form has been substantiated
by the observation that the EPR spectrum of the radical shows
a y-hydrogen hyperfine coupling constant larger than that of
the o hydroger® Although such an argument may be suggestive
of the polar characteristics of oxygen-substituted radicals, it does
not address the question of whether the transition structure is
more polar than the ground-state olefin and hydrogen atom.
Indeed, theoretical calculations suggest that hydrogen atom
addition to an olefin increases the dipole moment from the
starting olefin to the transition state only slightly, with most of
the polarization of the product radical developing after the

reported for the solution-phase addition reactions are supported
by the observation that the activation paramet&gs= 5.3 £

2.9 kcal/mol and logA = 14 + 3.5 M s71) are consistent
with the values expected for this fast reaction. The values
reported for the solution-phase reactions are within the experi-
mental error of those reported for the vapor-phase reactions.
The gas-phase addition rate constants for hydrogen to olefins
vary from 5 x 10® M~1 s~ for addition to ethyleneAHaqq =

—36 kcal/mol) to 5x 10° M~1s71 for addition to butadiene
(AHagg = —44 kcal/mol), or (very roughly) lodtagan~ 4.5~

0.12 AHaq¢ For a case of intermediate exothermicity, the

:Sﬁ{vrﬁfsr’ig,”gifn%ﬁé‘ﬁtgors' E-mail: dennis.tanner@ualberta.ca. transition state has been transited. For example, vinyl alcohol
 Pacific Northwest National Laboratory. is predicted to exhibit a dipole moment of 1.2 D compared to
8 Postdoctoral Fellow, University of Alberta, 1996. 1.3 D for the TS of H atom addition and 1.8 D for the product
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TABLE 1: Product Distribution from the Reaction of Atomic Hydrogen with Vinyl Butyl Ether in Acetone at —72°C

R e e s LA
(A) (B) (B) ©)
2.0 5.0 10.6 16.0 16.0 16.4 28.7
1.0 4.0 18.5 15.8 15.8 18.0 283
0.50 2.0 17.8 7.50 7.50 2.60 13.5
0.20 1.0 12.7 2.18 2.18 0.62 3.90

a Proportionation was calculated using atomic deuterium product distributions; see Tafteod8uct from 1,2-hydrogen additiohTraces of
1,3-dibutane were also observed.

hydroxyethyl radical.lt is clear that whereas the radical product solution of the reactive substrate. The products formed in these
is more polar than the olefin the polarity is not developed in highly chemospecific reactions are analyzed, and the solution-
the transition state. The qualitative importance of the stability phase structurereactivity relationships for the reactions of
of the radical was demonstrated by Fischer, who placed oxygen,atomic hydrogen are obtained.
as a substituent, on a scale of substituents that show radical Regioselective Addition.When atomic hydrogen (0.252.5
stabilization by resonané@As indicated above, carbon-centered mmol) is passed over neat vinyl butyl etherq2 °C), the
radicals are stabilized by-57 kcal/mol by oxygen substi-  products of the reaction are ethyl butyl ether (&},andmese
tution. 2,3-dibutoxy butane (C), and traces of 1,3-dibutoxybutane. See
The effect of this type of resonance stabilization predicts that Table 1.
a large solvent effect will stabilize or destabilize the contribution ~ Some insight is obtained concerning the mechanism of the
of a charge-separated species. If the transition structure forformation of these products by carrying out the reduction with
hydrogen atom addition to a vinyl ether exhibits a higher dipole deuterium atoms-78 °C). The distributions of the products
moment than the ground-state olefin, then the free energy of from these reactions are listed in Table 2. By comparing the
solvation of the transition state will be greater than that of the mass spectra antH and2H NMR spectra of the protiated to
starting olefin and hydrogen atom. In the present work, the deuterated products of the reaction mixture, it is obvious that
reactions were carried out in both polar (acetone) and nonpolarin each of the products, monomers or dimers, at least one
(hexane) solvents. deuterium is attached to a terminal position attributable to the
Numerous studies of the reactivity of substrates that upon original olefin. See Table 2.
reaction form carbon-centered radicalsto an oxygen atom The mass spectra of the products show vinyl butyl ether (A,
have been described as being governed by stereoelectronidd;, and Ad), ethyl butyl ether (B, Bg and Bd), anddl- and
control1? mese2,3-dibutoxy butane (G)l All of the olefins previously
To probe the importance of this type of resonance stabiliza- studied underwent regioselective addition of atomic hydrogen
tion, the reactivity of an olefin that formed a radicato oxygen to generate the most stable raditalf one assumes that the
was compared to that of an olefin that adds hydrogen to form vinyl ether likewise undergoes addition to give a secondary
a secondary radical. In the present study,dtradicals formed radical (eq 1), then the formation of the products listed in Tables
upon the addition of a hydrogen atom in theosition to the 1 and 2 are those formed by this primary reaction.
oxygen substituent are favored by resonance stabilization over
additiona. to the oxygen substituent. De+ A0\
In principle, the rate constant for a second substra)ecém
be obtained by competition kinetics using a mixture of olefins  The2H NMR shows absorptions with intensitids)(atd 1.10
(st and £). However, in the heterogeneous gdiguid kinetic (DCHz—; Iy), 1.17, 1.20 (DCH—; I, (Cdb)), 3.49 (-CDH—,
method employed in this and previous studies, absolute rate|;) and 4.04, 4.27 (DCHCH—, l,). These intensities are
constants K;) were not found to be independent of the proportional to the concentrations of the products; see Table 1.
concentration of the olefih.The absolute rate constants for The proportionality constantc4; is obtained from the equation
substrates'sand ¢ must be determined independently. As shown |, + |, = ([Bd] + [Bdj] + 2[Cdy])/*xc4, and the unknown
below, when the relative rate constants were determined usingproduct concentrations are obtained from the following relation-
mixtures of substrates at[s[s?] = 0, the results converged to ships: [Ad] = xcdl,; [Bda] = xcdls; [Bd] = [Blwt — [Bd2l;
the ratio of individually determined absolute rate constants.  [Ad] + [Ad] = xc4l4. The [Ad)/[Ad.] ratio was estimated from
The effects of the stability of the radical geminal to oxygen GC/MS spectra by using Mand M" + 1 peaks after making
can likewise be investigated by comparing the rate of abstraction corrections for natural abundances.
of hydrogen from an ether relative to the known rate constant  \When the secondary radical encounters a deuterium atom,
for allylic abstraction. Thus, in this study, we present absolute 1 2-dideuterio-2-butoxyethane (Bds formed (eq 2}
and relative reactivities and solvent effects in hydrogen addition
to olefins and in hydrogen abstraction by atomic hydrogen from

D Ao~ ¢}

D

allylic hydrocarbons or oxygen-substituted alkanes. D Ao~~~ +D.
. . Bd
Results and Discussion 2
Using the procedure reported previouslilydrogen atoms The major saturated or unsaturated products, however, contain

generated in a microwave discharge are passed over a stirrednly one deuterium atom. The incorporation of protium into
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TABLE 2: Product Distribution from the Reaction of Atomic Deuterium with an Acetone Solution of Vinyl Butyl Ether 2

temp (°C) -63 -72 -84 -94
time (min) 20 40 3.0 4.0 2.0 4.0 30 60
reaction (%) 11.0 332 145 189 170 274 133 265

products (mol x 105)?

DA~ R (Ady) 15 3.2 1.9 23 2.1 3.8 1.7 23

D%\ o—R

D (Ady) 0.50 030 0.40 040  0.60 030 064

Pio~o® @®dD| 15 41 27 34 25 49 21 42
D

p. L ok B 24 53 22 31 25 4.9 19 44

D
D>/|\O,R (Bd3) 0.10 030 040 0.40 020 040 026 071
D

D o—R
Dj: g (Cd) 29 9.1 39 48 46 8.8 3.4 7.1
0/
(PrpalPripo) 0.99 = 04 1.07 + .02 0.98 = .04 1.04 £ 11
(ka/ke) 4 049 = 04 (0.68 = .001)¢ 0.56 = .01 0.60 + .04

aFive milliliters of 0.20 mol ! solutions in acetone. Dflow rate = 6 mL/min. ° Deuterium distribution was quantitated By NMR and
GC/MS. ¢ Monodeuterated alkanegnpa) to monodeuterated olefing\po) ratio was corrected for secondary reactionsph/omoo = Bdi/(Ady
+ Ad; + Bds)). ¢ Disproportionation Ky) to combination K) ratio (ka/k: = (Ad; + Ad, + Bd; + Bd3)/2 x Cd). ¢ A value of 0.54+ 0.05 was
obtained in reactions carried out at several concentrations-(120) of the starting material.

the saturated ether can be attributed to disproportionation (eq
3). 0.14

] 0.1 /
D\)\O/\/\ + D\/\o/\/\ 3)

Bd, Ad, -0.3 /

The observation that the ratio of monodeuterated ethyl butyl

2 D\/'\O/\/\ -

log (ka/ke)

ether to monodeuterated vinyl butyl ethembae/pmpoE) is 05 : , . :
essentially equal to 1 (1.0Z 0.05) is consistent with the 4.5 4.8 5.1 5.4 5.7
disproportionation pathway (eq 3). 1

Hydrogen abstraction to the vinyl ether can be ruled out 1/T x 1000, K°
since no secondary deutero vinyl ether nor unsaturated dimerrigure 1. Plot of logksk.) at several temperatures for reactions carried
could be detected. out in acetone.

Since the products of disproportionation can be identified,
the disproportionation-to-combination ratio is easily determined. of olefin, [olefin]°, approaches zero). Under these conditions,
The value determined for the reaction carried out to low an estimate ok, can be obtained from eq 4.
conversion (13-26% reaction) is 0.68 0.001 (72°C). When
the reaction is carried out at several temperatures3, —84, AP\ _ . 10
and—94 °C, a plot of Inky/k; vs 1IT gives a slope 0Eaqis) — (At)total = kHe][olefin] )
Eacomnythat is equal to 0.4 kcal/mol. (See Figure 1.)

The ratio of rate constantg/k. calculated from the plot at  Since the relative rates of the formation of combination (C) and
25°C is 1.01 and is essentially identical to the valugky/H disproportionation (D) are diffusion-controlled, the concentration
= 1.01, 1.00) reported for theecbutyl radicall? of radicals formed from addition can be calculated from those

The rate of formation of the total products resulting from products if one determines the time dependence of the products
the initial addition of a hydrogen atom to a olefin in a given formed from their reactions:
time, (AP/At)wa, IS proportional to the concentration of the
reactants. In the case of a nonhomogeneous reaction, only the (E) = Ky [R-]Z (5)
first molecules that react obey these kinetics. Under nonhomo- At /Jcd *
geneous conditions, reaction occurs only upon the encounter
of the reactants in the volume of the reaction zone (i.e., the The diffusion rate constankg., can be estimated using the
true concentration is achieved only when the initial concentration Stokes-Einstein equation by assuming slip conditions and
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TABLE 3: Absolute Rate Constants  ¥%,) for the Addition of Deuterium Atoms to Vinyl Butyl Ether at —72 °C in Acetone

[olefin] 10/ Ap/At) Puka 10YAP/At)cq 107R]P 10%(Ap/At)gop, 108[He]° 1073f 12

mol Lt mol L-1s?t mol L-1s? mol L1 mol L-1s? mol Lt M-tst
1.12 6.19 5.37 7.84 0.82 11.9 4.09
0.45 7.36 5.60 8.43 1.13 15.2 11.2
0.09 1.90 1.33 3.90 0.34 9.92 30.6
0.045 1.01 0.81 3.05 0.19 6.42 40.8
0.034 0.58 0.19 1.47 0.16 2.69 63.5
0.022 0.52 (2.35) 127

aExperimentally measured as the change in the concentration of vinyl butyl ether with? {Bakulated by using eq 5.Calculated by using
eq 7.9 Calculated by using eq 9.

TABLE 4: Absolute Rate Constants § %,) for the Addition of Deuterium Atoms to Vinyl Butyl Ether at —72 °C in Hexane

[olefin] 10Y(Ap/AL) Puka 104 AP/At) & 107R]° 104 Ap/At)rp,? 10[He]° 1073f 128
mol Lt mol L™1s™?t mol L ts? mol Lt mol L ts? mol Lt M-tst
1.00 4.90 4.50 6.86 0.40 6.10 8.03
0.50 6.34 5.85 7.82 0.49 6.60 19.2
0.17 4.77 4.33 6.73 0.44 6.80 41.3
0.067 2.40 1.57 4.05 0.16 4.10 87.4
0.033 1.23 0.91 3.09 0.06 2.86 150
0.017 0.66 0.42 2.10 0.04 2.10 185
0.0084 0.36 (1.62F 261

a Experimentally measured as the change in the concentration of vinyl butyl ether with? takeulated by using eq 5.Calculated by using

eq 7.9 Calculated by using eq 9.Calculated from a plot of (k) vs (Ap/At) {’;{'k.

applying a spin statistic correctidn: 6.0+
(8RT)10° 5.5
Ke. = T (6) -
g'x 5.0
The concentration of [} can then be calculated from eq 5. F“g 2
The products from the reaction of hydrogen atoms with the S 454

alkyl radicals, also diffusion-controlled, (i.e., the capping
reaction (eq 7)), can be determined from the products resulting 4.0 g
from 1,2 addition:

Ll T L 1
0.00 0.25 0.50 0.75 1.00 1.25

[olefin], molL"!

Since this radicatradical coupling will also be diffusion-  Figure 2. Variation of the apparent rate constant B§(k,) of vinyl
controlled, an estimation of the hydrogen atom concentration Putyl ether with the concentration of the olefin i) acetone and&)

can be made. Because the hydrogen atom concentration has noWe*xane-

been determined, the addition of hydrogen to a primary olefin . .

can likewise be determined (eq 4) if the time-dependent By using the data in 'I_'ables 3and4,a le of the calculated
concentrations of the reactants and the products formed in thevalues off V2%, versus their olefin concentrations was constructed

reaction zone{ (ANV)/At)}RZ, are known. Since the volume ~ (FIgure 2).

(A= K ReH @)

of the reaction zone is only a fractiof),of the bulk volume, Th? ({)ata were fit to. an equation (.)f the form 16§ =
the kinetic expressions that are listed (egs 4, 5, and 7) are vaIidaIOIef'n] +c.The fur_lct|on is monotonic and steeply dependent
only at extremely low concentrations (eq 8). upon the concentration of the subst_r_ate. The_radlcal concentra-
tions and rate constants for the addition reactions are also listed
ANMRZ  [An/\V\bulk in Tables 3 and 4. Since stabilization of an oxygenated substrate,
(T = (T (8) by resonance, infers that the intermediate radical should exhibit

polar charge-separated characteristics, carrying out the reaction
An expression (eq 9) that defines the rate constant for addition, in @ polar solvent should stabilize the oxygenated intermediate

ks, can be derived by combining eqs-#: compared to the intermedi_ate formed from addition to the alken(_a.
The rate constants obtained from the extrapolated values in

AP/AL (APIAD. )Y hexane and in acetone are listed in Table 5.
k,= 1l ( )m‘,a'(kd'ﬁ( )ed (9) The accuracy of the values of the relative rates determined
[olefin](AP/At)gy,, by dividing the absolute rate constants for the addition of atomic

hydrogen to 1-octene and vinyl butyl ether was compared to

Absolute Rate of Addition of He to Vinyl Butyl Ether. that of the values obtained by competition kinetics. The values
The experimental data (Tables 1 and 2) were used to calculateobtained were compared at several concentrations; see Figure
the concentrations of the reactants ([olefin]e][RH¢]) and the 3. To support the suggestion that the intermediates are solvated,
rate constant for each reaction at each concentration of olefin.the rates of the abstraction of hydrogen from two oxygenated

The apparent rate constanfst/fk,) of the substrates in their  substrates and from a dialkyl ether and the addition to vinyl
reaction zone are listed in Tables 3 anéf4. butyrate were compared in both solvents. As a standard, the
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TABLE 5: Absolute Rate Constants for Addition and Abstraction by Atomic Deuterium at —72 °C

substrate solvent ka (M-Ls1)? kabs (M1 s'l)b
x 108 x 106

A0 acetone 13.8+12.8

hexane 5.01£2.1
[0}

2 J\/\ acetone 4.79+3.0
hexane 38+1.25

AN acetone 6.96+2.6
hexane 103+£3.5

a Measured from the extrapolated values at zero olefin concentrations in Figure 2a and b and PiQaledated from the relative rate constants
in Table 7 and the absolute rate constants of addition to vinylbutyrate.

1.2 TABLE 6: Relative Rates for the Addition of Atomic
Deuterium to Vinyl Butyl Ether and Vinyl Butyrate at
—72°C
[substrate
0.8 solvent mol L72  (ke/ko)® (Kedko)® (ke/ke9? (ke/ked®
e i acetone 1.00 0.7£.05 0.19 3.74t .05 0.56+ .20
< g acetone 0.60 0.5& .01 0.244+ .02 2.42+ .03 0.67+.20
acetone  0.40 0.3%& .03 0.81+ .17
0.4 . acetone  0.20  0.7% .07 0.30+.03 2.63+.10 1.02+.03
i acetone  0.05 0.9% .05 0.50+.02 1.98+.07 1.48+ .04
acetone 0.02 1.0% .07 0.61+ .07 1.72+ .14 1.99+ .25
hexane 0.50 1.45% .13 0.744+ .03 1.96+ .16 1.29+ .01
0.0 T T T T | hexane 0.20 1.44 27 0.76+ .03 1.89+ .30 1.41+ .07
0.00 0.25 0.50 0.75 1.00 1.25 hexane 0.10 1.46 .20 0.79+ .05 1.85+ .25 1.51+.001
1 hexane 0.05 1.3% .21 0.72+.01 1.86+ .22 1.58+ .02
[substrate], molL" hexane  0.02  1.1%.16 0.83+.06 1.35+.22 1.70+.12
Figure 3. Variation of the relative rate forQd) vinyl butyl ether &/ hexane 0.01 13812 1.74+.05
ko) and @) vinyl butyrate kedko) with the concentration of the sub- aMixtures (1:1, M/M) of the ether or ester and 1-octehRelative
strate. rate constant of vinyl butyl ether compared to that of 1-octeRelative

rate constant of vinyl butyrate compared to that of 1-octene (M/M).

abstraction reaction of the ether was compared to the additiond Calculated relative rate constant between vinyl butyl ether and vinyl
butyrate using K/k,) and k.dko). ¢ Calculated relative rate constant

to the vinyl ester. If solvatio_n was important for both o_f the usingf Y, values from Figures 2 and 4.
oxygenated substrates, then it was expected that the relative rates
in acetone (both substrates solvated) and hexane (both substrat
nonsolvated) would show very little extra stabilization; see Table
7.

As expected, the relative rate ratios in both solvents were,
within the experimental accuracy, the same.

The intermediate radical geminal to oxygen could also be

4R activation energy for reactions carried out in acetone and in
hexane using the data in Table 7 and the values previously
determined for allylic abstraction from 1-octete.

AAE, = E(allyl) — E(0-O) = —0.76+ 0.9 kcal/mol

formed bya abstraction from a dialkyl ether. The relative rate A log A= log Aallyl) — log A(a-O) = 1.8+ 2.3
constant for abstraction was obtained by competition kinetics
using as a competitive substrate the addition to the slowest of Ejallyl) =7.64+ 2.9

the olefins studied, vinyl butyrate; see Table 7. Because the

absolute rate constant for allylic abstraction had previously been

determined® and the absolute rate of addition of atomic

hydrogen to 1-octene and now vinyl butyl ether has also been

determined, the relative ratios of allylic abstraction could be

compared to that for abstraction of thénydrogen from a dialkyl In hexane,
ether, Table 7. The products from the abstraction of hydrogen

were calculated from the reactions of the mixture of the two AAE, = E(allyl) — E(0-O) = —1.0+ 1.4 kcal/mol
substrates with atomic deuterium. Under these conditions, only

E®0-0) = 8.4+ 3.8

log A (0-0) =12.24+ 2.3

monoa-d and cross dimeric products resulting from the Alog A= log A(allyl) — log A(a-O) = 2.1+ 3.7
reactions of the ether (Table 7) could be detected. No correction

for disproportionation or addition needed to be made forathe The determined activation parameters allowed the calcula-
radical formed from the ether. tion of the rate constants for the abstractiordfydrogen from

Stabilization of the radical by a geminal oxygen relative to an ether; see Table 5. The abstraction rate conﬂaﬁrﬂ is
allylic abstraction was estimated by calculating the difference within experimental error the same as that for allylic abstraction
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TABLE 7: Product Distribution from the Reaction of Atomic Deuterium with a Mixture of Vinylbutyrate and n-Butyl Ether?

solvent acetone acetone hexane hexane acetone hexane
temp (°C)° -72 -72 -72 -72 -94(2) -94(2)
time (min) 10 15 10 15 15 10
reaction (%)°
0
Ao-dr 49.0 69.4 70.7 88.8 56.4 61.0
R-O-R 47 7.67 7.1 8.7 4.2 5.0
products (mol L-1 x 103)°
PN Q d1 13.4 16.0 12.2 6.2 19.7 245
7 0-C-R d2 1.6 1.0 0.40 0.80 1.1 14
o dl1| 266 332 342 428 249 35.9
"
~0-C-R 2| 152 25.0 18.6 30.8 16.2 17.5
d3 3.9 6.6 3.1 8.6 1.9 0.84
2
iO‘S‘R 17.6 24.4 274 30.0 225 53.1
0-C-R
0
TO_E_R 3.0 43 2.8 4.4 26 3.3
R" "O—R
AN dL 6.4 12.0 10.0 16.8 5.0 8.1
[(Kpe)2b/(kes)rdd]d 0.069 + 002 0.051 % .01 0.050+ .01 0.054%.005
[(kpe)/(ko)add]e 0.017 £ .003 0.040 +.009  0.014 +.005 0.041+.005
[(katty/(ko-o0)abs) 0.74 +0.23 0.31+£0.15 0.43+0.13 0.15+0.08

2R = C4Hy, R" = C3Hy7. P Calculated from the disappearance of starting mater@euterium distribution of the products was calculated by
GC/MS and?H NMR spectrad Ratio of rate constants for the abstraction of hydrogen frebutyl ether ky,e) by atomic deuterium to the rate
constant of the addition of atomic deuterium to vinyl butyrdtg) (¢ Calculated rate constant ratio using measured valki and kedko).
" Calculated from data in ref 3bkdi/kyo)aseneeancl: 3 g (2,1),

TABLE 8: Product Distribution from the Reaction of Atomic Deuterium with Vinyl Butyrate in Acetone at —72 °C?2

0
c

[ vinyl time  reaction o a o a 2 b ﬁo%)k/\
butyrate]  (min) (%) /\OJI\/\ /\OJ\/\ /\oJk/\ O)K/\
mol L1

products
(mol x 10%)

2.0 5.0 11.9 2.54 2.54 0.94 295

1.0 3.0 9.18 0.89 0.89 0.73 1.04

0.50 2.0 5.36 0.23 0.23 0.34 0.27

0.10 2.0 14.2 0.11 0.11 0.23 0.13

aProducts from disproportionation were calculated on the basis of the reactions of atomic deuterium; see "TRitddu@t from 1,2 radical
addition.¢ Ratio (1:1) ofd,I- to meso isomers. Traces of a dimer from radical addition to the vinyl ester was also detected.

but is substantially slower (2550 times) than addition to  from the competing relative rates between the ether or ester

1-octene. and 1-octene, in both solvents, are consistent with the absolute

A similar study was carried out for the reactions of vinyl rate constants (i.e. the ether is marginally faster than the olefin,

butyrate, Tables 8 and 9. and the ester is slower than the ether and the olefin; see Figure
5).

The absolute rates were calculated for reactions carried out
in acetone and hexane; see Tables 10 and 11.

The mechanism for addition, disproportionation, and com-
bination is the same as that for all of the other terminal olefins.  Materials. 1-Octene (98%), butyl ether (99%), chlorohep-
The absolute rate constant (see Figure 4 and Table 5) is withintane (99%), butyl ethyl ether (99%), and ethyl butyrate (99%,
experimental error the same as was found for the ether. TheAldrich) were checked for purity by GC and used as received.
relative rates for addition, as expected, are measurably slowerButyl vinyl ether (98%) and vinyl butyrate (Eastman) were
than those for the ether for reactions carried out in both acetonefractionally distilled before use. Acetone (99.5%) and hexane
and hexane; see Table 6. Arrhenius plots for the data constructed99%, Aldrich) were distilled before use.

Experimental Section
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TABLE 9. Product Distribution of the Reaction of Atomic Deuterium with an Acetone Solution of Vinyl Butyrate 2

temp (°C)0 -63 -72 -84 -94
time (min) 30 50 40 60 3.0 30 60
reaction (%) 273 298 313 408 163 105 208
Products (mol x 105)0
[¢]
D ~o-tr  (Kd) 47 51 5.4 7.0 3.0 24 41
[¢]
gy\o_'c'_R (Kdy) 0.10 020 020 030 0.30
(6]
Do~o-lr  (@d) 58 67 6.6 926 3.9 24 49
D
Q Ld 28 34 33 4.7 1.7 14 28
D\/I\O—E—R (Ld2) : . . : . : .
p (o]
D>/J\ i (Ld3) 0.12 030 020  0.40 0.07 0.10 0.20
0-C—R
D
(o]
D\V/Eo_('(;_R (Mdp) 67 12 75 9.7 3.5 20 42
D 0-C—R
(Prpa’Pypo)” 1.00 = 20 1.19 + .05 1.27 1.02 + .06
(ka/ke)? 0.83 + .02 0.86 + .03 0.99 1.18 = .05

20.20 mold M solutions in acetone. Xlow rate 6 mL/min; R= CsH;. ® Deuterium distributions were calculated # NMR and GC/MS
spectra® Monodeuterated alkanegwpa) to monodeuterated olefing\po) ratio, which was corrected for secondary reactiopsiod/pvmpo =
Ld/(Kd + Kd, + Lds)). ¢ Disproportionation Ky) to radical combinationkf) ratio (k/k. = (Kd + Kd, + Ld + Ld3)/2Mdy).

TABLE 10: Absolute Rate Constants f %,) for the Addition of Deuterium Atoms to Vinyl Butyrate at —72 °C in Acetone

[olefin] 104(Ap/AL) Puka 10YAP/AL) & 107R]P 104(ApP/Ab)rp,? 10°9[H° 1073f V28
mol L1 mol L-1s1 mol L-1s1 mol L=t mol L-1s71 mol L1 M-1s1
1.12 6.58 5.89 8.21 0.69 9.62 6.11
0.22 2.75 2.46 5.31 0.29 6.25 20.0
0.09 0.89 0.81 3.04 0.08 3.56 27.8
0.056 0.92 0.82 3.06 0.10 3.70 44.4
0.033 0.44 0.39 2.11 0.05 271 49.2
0.022 0.40 0.33 1.94 0.07 2.67 67.2
0.011 0.18 (2.26F 72.4
0.0056 0.12 (2.14F 100.1

a Experimentally measured as the change in the concentration of vinyl butyrate witt? @a&ulated by using eq 5.Calculated by using eq
7.9 Calculated by using eq 9.Calculated from a plot of (B vs (Ap/At) 2uk

tot -

TABLE 11: Absolute Rate Constants { %,) for the Addition of Deuterium Atoms to Vinyl Butyrate at —72 °C in Hexane

[olefin] 104(Ap/AL) Dika 104AP/At)c g 107R]P 104(Ap/At)rp, 108[H° 1073f 128
mol L1 mol L-1s71 mol L-1s71 mol L=t mol L-1s1 mol L=t M-1s1
1.00 5.54 4.98 7.22 0.56 8.11 6.84
0.50 4.68 4.20 6.63 0.48 7.57 12.32
0.17 3.01 3.37 5.94 0.42 7.39 30.96
0.067 2.40 1.97 454 0.29 6.68 52.78
0.033 1.17 0.92 3.10 0.12 4.05 88.09
0.017 0.52 (2.26F 109.3
0.0084 0.21 (1.00% 150.0

a Experimentally measured as the change in the concentration of vinyl butyrate with @@akeulated by using eq 5.Calculated by using eq
7.4 Calculated by using eq 9.Calculated from a plot of () vs (Ap/At) 2

tot

Identification and Characterization of the Reaction Prod- ThelH, 2H, and3C NMR spectra were obtained using either
ucts. The products from the reactions of hydrogen atoms were a Bruker AM-400 (400 MHz) or a Bruker AM-300 (300 MHz)
identified by comparing their GC retention times and GC/IR NMR spectrometer. ThH NMR spectra are referenced to TMS
and GC/MS spectra with those of authentic samples. The dimericas an internal standard at 0.00 ppm unless otherwise noted. The
products were isolated from the reaction mixture by reduced- 13C spectra were studied by APT (attached proton test) to
pressure distillation, and the dimers were separated by preparadetermine the number of protons attached to each carbon. GC/
tive gas chromatography. The products from the reactions of IR spectra were obtained using an HP 5965A IRD GC/FTIR
deuterium atoms were identified by their GC/MS spectralind  interfaced to an HP 5890 gas chromatograph fitted with a DB-5
NMR spectroscopy. (30 m x 0.25 mm) glass capillary column. GC/MS data were
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gel.'H NMR (400 MHz, CQxCOCD;): ¢ 0.90 (t, 6H), 1.20 (t,
6H), 1.60 (m, 4H), 2.40 (m, 4H), 4.95 (m, 2HFC NMR (300
MHz, CD;COCDy): ¢ 13.8, 15.2, 16.2, 19.0, 36.6, 71.5, 71.6,
172.8. The APT spectrum was consistent with the above
structure. IR (vapor phase) 2981, 2889, 1753, 1458, 1379,
1253, 1174, 1095 cm. Anal. Calcd for GoH»,04: C, 62.62;
H, 9.56. Found: C, 62.60; H, 9.7hyz" 230.
2-Butenoxy-3-methyl-nonaneThis compound was separated
from the reaction mixture by preparative GC on a packed
column (15% Apiezon L on 60/80 chromosorb W: 1&f0.25

log(f'"%ka)

3.5 , : , , , in). 2H NMR (400 MHz, CD,COCD3): ¢ 0.90 (m, 6H), 1.10
0.00 0.25 0.50 0.75 1.00 1.25 (m, 6H), 1.30 (m, 8H), 1.60 (m, 4H), 2.30 (t, 2H), 2.80 (m,
1H), 4.80 (M, 1H)13C NMR (300 MHz, CRCOCD): 6 13.8,
[olefin], moIL'1 14.3, 15.0, 16.3, 17.3, 19.2, 23.2, 27.7, 30.6, 33.3, 38.3, 73.7,
Figure 4. Variation of the apparent rate constant B () with the 74.1, 175.0. The APT spectrum was consistent with the above
concentration of vinyl butyrate i) acetone and®) hexane at-72 structure. IR (vapor phase) 2938, 1749, 1462, 1377, 1255,
°C. 1184, 1096, 947 cnt. Anal. Calcd for G4H.g0.: C, 73.68;

H, 12.28. Found: C, 73.45; H, 12.16yz" 228.

059 Reactions with Hydrogen (Deuterium) Atoms. The ap-
paratus for the microwave discharge was as described previdusly.
./"‘{'_M A solution of the substrate (10 mL, 1 M) in acetone or hexane
0.0-

—_— with an added standard (1-chloroheptane) was placed in the “U”-

shaped reactor, and hydrogen or deuterium atoms generated by
/ the H/He or Dy/He plasma (D> flow rate 5 mL/min, pressure
-0.5- 3—4 Torr) were swept over the stirred solution fropd2 to
/’_—4{,,_1——4/‘{ —94 °C for 10-60 min. The reaction mixtures were analyzed
by GC, GC/MS, GC/IR, andH and3C NMR spectroscopy.

Determination of Absolute Rates.Solutions of substrates

log (k/ko)

-1.0

30 35 40 45 50 55 60 (vinyl butyl ether or vinyl butyrate) and the internal standard
" (1-chloroheptane) were subjected tg'lBe or H/He plasma as
1/T x 1000, K described above, and the disappearance of the starting material

Figure 5. Arrhenius plot for the relative rate of vinyl butyl ether in  and appearance of the products were measured for a given time.
(O) acetone andd) hexane and for vinyl butyrate ir®) hexane and  The rate constant%, was calculated using eqs—3. The
(D) acetone. 4) Extrapolated values at 2. concentrations and viscosities of solutions were corrected for
) ) ] ) temperature. Some cross dimers with the solvents and substrates

obtained by using a VG-70E El spectrometer fitted with @ yere observed at low substrate concentrations. These were taken
Varian Vista 6000 gas chromatograph having a glass capillary jnto account when the appearance of products was calculated.
column (DB-5 30 mx 0.25 mm J & W Scientific). Determination of the Relative RatesA 1:1 mixture of vinyl

dl and mese2,3-Dibutoxybutane. These were separated from  ethers or esters and 1-octene was prepared in acetone or hexane
the product mixture resulting from the addition of atomic in the presence of an unreactive internal standard (1-chloro-
hydrogen ton-butyl vinyl ether by column chromatography  heptane) and allowed to react with hydrogen or deuterium atoms.
(silica gel column, eluted with 10% methylene chloride in  The relative rates were calculated by the GC analysis of initial
hexane).'H NMR (400 MHz, CDCOCDs): 6 0.90 (t, 6H), and final reaction mixtures according to eqs 10 and 11.
1.00 (d, 3H), 1.10 (d, 3H), 1.40 (m, 4H), 1.5 (m, 4H), 3.00 (t,  The relative rate of disappearance of the vinyl ether was
4H), 3.50 (m, 2H)*3C NMR (300 MHz, CRCOCDy): 6 14.1, determined by competition kinetics from mixtures of 1-octene
14.5,16.3,29.5, 33.1, 69.4, 77.7, 79.2. The APT spectrum wasand vinyl butyl ether using the relationship given in egs 10 and

consistent with the above structure. IR (vapor phase}942, 11: see Table 2:

2882, 1466, 1381, 1114 crh Anal. Calcd for GoHz602: C,

71.29; H, 12.90. Found: C, 71.01; H, 13.0%z" 202. log(CE/CY)
2-Butoxy-3-methyl-nonane.This compound was separated c = Ky e (10)

from the product mixture resulting from the addition of atomic log(C{/Co)

hydrogen to a mixture of 1-octene anebutyl vinyl ether by

preparative GC on a packed column (15% Apiezon on 60/80 The concentrations of the ether or octene that had undergone
chromosorb W: 10 ftx 0.25 in). 'H NMR (400 MHz, reaction were corrected for reformation by disproportionation
CDsCOCDs): ¢ 0.88 (m, 6H), 1.00 (d, 3H), 1.10 (d, 3H), 1.30 and for disappearance by radical addition. The area rafips (
(m, 14H), 2.80 (m, 1H), 3.20 (m, 2H), 3.50 (m, 1HJC NMR were calibrated using an unreactive internal standard (S).
(300 MHz, CxCOCDy): ¢ 14.2, 15.4, 15.6, 16.5, 20.1, 23.3,
28.0, 30.4, 32.6, 38.9, 33.2, 33.7, 68.8, 79.2, 79.4. The APT . . log[((A® — A +A(D))/A5)t/(Ae/A§)o]
spectrum was consistent with the above structure. IR (vapor k;, = kg (11)
phase): 2937, 2877, 1464, 1381, 1106 ctnAnal. Calcd for log[((A° — A%Y + ADYA% /(ATA),]

CisH300: C, 78.50; H, 14.02. Found: C, 78.30; H, 13.60z"

214. where superscript 0 is 1-octene, superscript e is vinyl ether;
dl and mese2,3-Dibutenoxybutane.These were separated  subscriptt is the reaction time, and subscript o is the initial
from the product mixture resulting from the addition of atomic area or concentration. The superscript capital letters in eq 11

hydrogen to vinylbutyrate by column chromatography on silica refer to the compounds in Table 12.
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TABLE 12: Product Distribution from the Reaction of Atomic Deuterium with a Mixture of 1-Octene and Vinyl Butyl Ether in

Acetone Solutiong

temp (°C)® -44 -63(2) -72 -84(2) -94(2)
time (min) 2.0 2.5 3.0 2.0 3.0 3.5 4.0
reaction (%)
#o R 790 458 157 93 131 23.8 238
AR 122 903 276 188 217 36.6 33.0
products (mol dm-3 x 103)
[D\/\OJ‘ ] (Ad) 12 1.2 5.6 6.4 6.4 12.4 9.4
[D\/\OR ] (Bd) 26 20 8.4 73 84 154 142
[D\/\Rv J (Ed) 1.6 1.6 48 68 102 12.8 8.2
|D\/\R' ] (Fd) 1.8 4.0 9.4 167 146 19.6 15.6
Dﬂo"‘ cd2)| 18 16 338 40 42 6.8 6.6
D oR
D _R
b 0 (Gd2) | 26 22 16.2 7.6 6.6 10.6 9.2
R
D '
DﬂR (Hd2) | 080 16 4.6 3.6 42 54 4.0
R
D.
[ VI\\I% ] (Id2) | <020 <0.20 0.4 <020 <0.20 0.40 0.20
R
D
D
d2 6.0 7.4 182 10.6 2 ) :
ln\/kR, ] (Fd2) 1 196 164
D
Bd2 3.0 22 46 35 4.0 8.6 6.8
[D\KOR] (Bd2)
[D\/\/R" ] 16 22 6.4 58 54 7.8 7.8
D\/\ (d) 0.40  0.60 1.2 12 1.0 1.6 1.4
R
(PypA’PMDO)” 1.04 = .04 1.03 1.09 £ 0.10 1.03 = 0.10 1.12 %= 0.10
kelko 9 0.50 = 002 053 02 05 * .01 060 = 01 068 * 010
ka/ke 0.99 £ .10 1.14 £ .17 128 £ 005 145 * 38 146 = .15

2R = C4H7, R = CgHis, R" = CsHi1. P Numbers in parentheses indicate the average values of two independent reactions carried out for the

same times¢ pwpo = monodeuterated octene and vinyl butyl ethgma = monodeuterated octane and ethyl butyl etAétates corrected for the
addition and disproportionation productky/k is the disproportionation/combination ratio.

Reactions of Vinyl Butyl Ether with Atomic Deuterium.
The ?H spectra of the reaction mixture showed absorptions at
0 0.75, 0.83, 0.86, and 1.09 (DGH), 3.12 -DCH—-0-), and
3.66, 3.88 (DCH-CH—0O-), indicating that the products are
formed from the deuterium atom addition to the terminal
position of the double bond.

Reactions of Vinyl Butyrate with Atomic Deuterium. The
2H spectra of the reaction mixture showed absorptiordsial9,
1.24 (DCH—), 4.00, 4.10 ¢ DCH—0-), and 4.50, 4.60, 4.80,
4.90 (DCH=CH—0-), indicating that the products are formed
from the deuterium atom addition to the terminal position of
the double bond.
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