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Abstract: The free-radical chain addition of dimethyl phosphonate and dimethyl thiophosphonate to olefins has as a step the
reaction Ro,CCH,PX(OCH3)2 + HPX(OCH3)2 — RyCHCHAPX(OCH3); + -PX(OCH3)3 (X = O or S). In some cases this
reaction does not compete with polymerization, in others fairly good yields of 1:1 adducts are isolable; telomers also result. It
is therefore suspected that the reaction is not far from thermoneutral. Tritium isotope effects are often larger than that cal-
culated for complete loss of P-H stretching vibration, and show no obvious structural correlation. The isotope effect is there-
fore not useful in ordering bond energies. It is believed that there is a large steric enhancement of the isotope effect, and that

tunnel corrections are substantial.

Dimethyl phosphonate, HPO(OCH3),, and dimethyl
thiophosphonate, HPS(OCH3),, add to some olefins with
the chain-carrying steps 1 and 2.2

R,C=CH, + -PX(OCHj3); = R,C-CH,PX(OCH3); (1)

R,C-CH,PX(OCH3), + HPX(OCH3); —
R,CHCH,PX(OCH3); + -PX(OCH3); (2)

(X=0orS)

The isotope effect in hydrogen-atom transfer reactions
has been shown to be sensitive to a number of factors, nota-
bly the bond-dissociation-energy difference, or AH > steric
influences,’ contributions of polar structures to the transi-
tion state,® as well as the position in the periodic table of the
atoms between which the hydrogen is being transferred.” It
has not been necessary to call upon variation due to nonlin-
earity of the transition state, nor have bending vibrations
been shown to be important in polyatomic cases.® Although
good values of AH for the H atom transfer, eq 2, are not
available, it can be concluded that AH is fairly close to
zero, for although the addition of l-alkenes to dimethyl
phosphonate is quite practical, styrene does not add, instead
it polymerizes, suggesting (although not proving) that the
radical from styrene is too stable to attack the HP bond.
Styrene does add to dimethyl thiophosphonate, suggesting a
slightly weaker PH bond in this compound. No bond disso-
ciation energies for these PH bonds are available; the above
argument underestimates the exothermicity unless these
PH bonds are stronger than that in phosphine, with Dpy =
77 keal ®

It is convenient to compare observed isotope effects with
the so-called “maximum?”, calculated for complete loss of

the stretching vibration zero-point energy of the breaking
bond, with no effect of other vibrations and no tunnel cor-
rection. The “maximum” isotope effect is given by (ku/
kp)max = exp[h(vu — vp)/2kT], where hvy/2 is the
stretching zero-point energy of the bond to hydrogen in the
reagent. Assuming harmonicity, and large masses of other
atoms, this becomes numerically (ku/kD)max =
exp(0.21071vy/T), where vy is in cm™!. Correspondingly
(ku/kT)max = exp(0.30405»y/T). These “maximum” ef-
fects refer only to those imposed by the one-dimensional
three-particle model without tunnelling. The frequencies
taken were those measured in dilute solution in carbon tet-
rachloride, that is 2444 cm™! for HPO(OCH3); and 2416
em~! for HPS(OCH3)».!0 These lead to “maximum’
ku/kt of 7.7 for X = O at 90 °C and 8.0 for X = S at 80
°C. Our results are presented in Table I at 90 °C for the
oxygen ester and at 80 °C for the sulfur ester. Many entries
in Table T have isotope effects greater than the ‘‘maxi-
mum”. It is probably possible to rationalize the isotope ef-
fects in the table by combinations of bond dissociation ener-
gy effects, deformed by various neighboring group effects
and modified by other effects. However, there are not
enough data to make such a rationalization convincing, and
we prefer to note only that AH is not far from zero, making
the transition nearly symmetrical and the isotope effects
generally large, that phosphorus is in the second row, so
that the isotope effect can be expected to drop off signifi-
cantly for AH well removed from zero, and that the transi-
tion state (1) is very likely sterically hindered, giving the
isotope effect the opportunity, through tunnelling, to sub-
stantially exceed the maximum.

Another presentation which shows the anomalies of the
substituent effect in a different way is illustrated in Figure
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Table I. Tritium Isotope Effects and Yields in the Addition of
Dimethyl Phosphonate and Dimethyl Thiophosphonate
to Unsaturated Compounds

HP(O)(OCH,),@ HP(S)(OCH,),?
Yield,d Yield,@

Unsaturated compd kylkte % ku/kTt€ %
PhCH=—CH, e 3.8 30
AcOCH,CH=CH, 49 >80 5.6 >80
CH,0C(0)CH==CH, e 6.7 47
AcOCH,(CH,)C=CH, 6.0 >80 7.6 >80
C,H,OCH=CH, 6.1 40 8.7 >80
AcO(CH,)C=CH, 10.0 78 7.2 >80
AcOCH==CH, 12.4 27 8.1 37
(CH,),SiCH,CH=CH, 11.1 >80 9.6 >80
PhOCH,CH=CH, f 8.4 >80
NCCH,CH==CH, f 8.3 >80
PhCH,CH=—CH, 11.9 >80 8.1 >80
PhCH, (CH,)C—CH, 10.0 >80 7.0 >80
#n-C H,,CH—CH, 87 >80 6.8 >80
CH,(CH, ),CH—CH 8.4 >80 7.3 >80
———
CH,(CH,),CH—CH 9.1 >80 d
) A —
CH,(CH,),CH—CH 7.5 >80 d
PhC==CH f 6.5 43
n-C H,C==CH 6.4 528.h i
(CH,),CCH=CH, 6.1 60h 6.4 53

@ Reactions were carried out at 90 = 0.1 °C with benzoyl peroxide
as catalyst. & Reactions were carried out at 80 = 0.1 °C with AIBN
as catalyst. ¢ All isotope effects calculated from the linear approxi-
mation, introducing a systematic error of underestimating the iso-
tope effect by less than 5%. d The balance of material was primarily
in the form of telomer unless otherwise noted. € Failed to isolate
any 1:1 adduct due to extensive polymerization of olefin. /Not
tried. £ The 1:1 adducts were isolated as a mixture of cis and trans
isomers. # The balance of material was in the form of unreacted
olefin. £No 1:1 adduct isolated. Major product is the saturated bis-
phosphonic ester.
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1, a plot of the isotope effect with dimethyl phosphonate vs.
that with dimethyl thiophosphonate. The two “maximum”
isotope effects are shown as dashed lines. Figure 2 is the
same type of plot when the two reagents are thiophenol and
a-toluenethiol, with a series of radicals.’ Figure 3 shows a
hypothetical plot of isotope effect vs. bond-dissociation en-
ergy of the forming bond, Dry, for a series of atom trans-
fers from ZH to YH to R.. The curves are arbitrarily cho-
sen as Gaussian curves (+1) with maxima at Dry = Dzy
and Dry = Dvyy, respectively. The isotope effects (i.e.)z
and (i.e.)y are given by the equation (i.e.)z = | + 6e=*7,
(i.e)y = 1 + 6e~(x—xD% the number 6 is chosen only to
give a familiar maximum effect of 7. The use of any other
function with a maximum is equally defensible. This leads
to a family of curves such as Figure 4, in which the isotope
effect with ZH is plotted against that with YH. The curve
resembles a baseball bat when Dzy is quite close to Dyy
(compared to the width of the curves), that is, for small x,;
when the difference between Dzy and Dyy (or x,) in-
creases, the curve becomes fatter and finally separates into
two lobes. The general shape of these plots is not sensitive to
the form of the curve of Figure 3, so long as it has a maxi-
mum and falls to unity on both sides reasonably symmetri-
cally and smoothly.
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Figure 1. Plot of tritium isotope effect for addition to dimethyl thio-
phosphonate vs. that for addition to dimethyl phosphonate. Each point
corresponds to a particular olefin. The dotted lines are the “theoretical
maximum’ isotope effect for each reagent at the experimental temper-
ature.
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Figure 2. Plot of tritium isotope effect in the addition of thiophenol to
olefins vs. that for addition of a-toluenethiol to the same olefin. The
curve is similar to those in Figure 4, except that the two maxima are
slightly different and x; = 0.3
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Figure 3. A hypothetical plot showing the symmetry effect on the iso-
tope for radical abstraction from two different thiols. The maxima cor-
respond to the points where Dcu = Dsn, different for the two thiols.
The curves are Gaussian, of the form ie. = 1 + 6e~** and 1 +
6e~(x=x1? respectively.

The reasonable conformity of Figure 2 to an intermediate
member of the family of Figure 4 suggests that curves like
those of Figure 3 apply roughly to both isotope effects. The
curve drawn in Figure 2 uses a maximum of 10 on one axis
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Figure 4. A plot of one isotope effect against another {rom curves such
as those of Figure 3. Each curve is for a different separation (x,) of the
two maxima.

and 12 on the other; the value x; = 0.3 is a better fit than
x) = 0.2 or 0.4, but is otherwise not justified. The “maxi-
mum’ tritium isotope effect calculated for am average
2575-cm™' SH bond at 70 °C is 9.8, which with a normal
symmetry-dependent tunnel correction could become as
high as the values chosen. Most of the points in Figure 2 fall
below this “maximum’ value. The quality of fit to eq 2 is
unimpressive. However, evidence has been presented*>
that the transfers from thiols do indeed show principally
bond-energy influence on the isotope effects, and the rough-
ness of the fit indicates that some other factors also contrib-
ute to a lesser extent. We use this rough fit as alternative
evidence that in this case the bond energies are the predom-
inant factor in determining the isotope effects. The scatter
of Figure 1 suggests that at least one and probably both iso-
tope effects are not correlated with Dry of the forming
bond. The dotted lines in Figure 1 show the “maximum”
and only three points fall within the maximum limits for
both X = O and S. We suggest that the unusually large iso-
tope effects are associated with the failure to correlate with
bond energies, and that the failure is attributable to steric
enhancement of both the classical isotope effect and of the
tunnel correction. This steric enhancement of the isotope ef-
fect is likely to broaden out the maximum in a curve such as
Figure 3 as well as markedly increasing the tunnel correc-
tion.® Since the steric hindrance in the transition state does
not correlate with bond energy of the forming bond, it will
produce a random increase in the isotope effects over those
of curves like Figure 4. A referee suggested that reversal of
reaction 2 may invalidate the calculation of the isotope ef-
fect. Indeed it would, but it would make the calculated iso-
tope effect closer to the small equilibrium isotope effect,
and if this reversal were to contribute, the true kinetic iso-
tope effects would be even larger than those in the table and
therefore even less susceptible to simple explanation. There
is, however, no evidence for reversal.

Experimental Section

Materials. Olefins and other reagents not specifically mentioned
were commercial materials.

Dimethyl Phosphonate-¢t. Dimethyl phosphonate (commercial)
(440 g, 4 mol) was mixed with 2 ml of tritiated water (~]1 mCi/g)
and a few drops of acetic acid. After 24 h, the mixture was dried
over Drierite, and then fractionally distilled to yield a center frac-
tion, 395 g, bp 64-65 °C (15 mm). This fraction was redistilled to
constant specific activity. It showed no detectable water content by
NMR when freshly distilled, but was significantly hygroscopic in
air.

Dimethyl Thiophosphonate. Dimethyl chlorophosphinate was

prepared by redistribution of commercially available trimethyl
phosphite and phosphorus trichloride, then this was treated with
hydrogen sulfide.!' Trimethyl phosphite (248 g, 2 mol) was added
slowly to phosphorus trichloride (173 g, | mol) over a period of 1 h
with stirring, during which time the temperature rose to about 45
°C. The solution was held at about this temperature for another
hour, and then distilled through a short Vigreux column, yielding a
fraction (238 g, bp 32-40 °C (40 mm)) composed of a mixture of
dimethyl chlorophosphinate and methyl dichlorophosphinate in
about a 3:1 ratio. Several such fractions were combined for a sec-
ond distillation through a 14 in. glass helix packed column, giving
dimethyl chlorophosphinate (bp 32-34 °C (40 mm)) characterized
by the proton spectrum at § 3.57 ppm with Jpy = 11 Hz.

Dimethyl chlorophosphinate (46 g, 0.3 mol) was mixed with tri-
methylamine (33 g, 0.3 mol) in 1 I. of anhydrous ether and cooled
to —10 to —15 °C. Hydrogen sulfide was passed in with vigorous
stirring until it was no longer absorbed. The mixture was then fil-
tered, the filtrate washed with water, dried over Drierite, concen-
trated on the rotary evaporator, and distilled, yielding 28 g (74%)
of dimethyl thiophosphonate (bp 52-54 °C (12 mm)) in agreement
with the literature,'? with proton NMR at § 3.82 (6 H, d, Jpy =
14 Hz) and 7.76 (I H, d, Jpu = 664 Hz). Caution. Attempts at
scaling this preparation up led to serious overheating with uncon-
trollable loss of malodorous material. The procedure for exchange
with tritiated water followed exactly that for the oxygen analogue.

Addition of Dimethyl Phosphonate to Olefins. The olefin (0.03
mol), dimethyl phosphonate-r (0.4 mol), and benzoyl peroxide
(0.0015 mol) were placed in a glass ampoule. The contents were
then degassed, and the ampoule was sealed. The ampoule was then
plunged into a thermostated oil bath at 90 + 0.1 °C for 8 h. Then
the ampoule was cooled, opened, and the contents distilled under
vacuum. Distillation was repeated to isolate the 1:1 adduct, char-
acterized by proton NMR, infrared, and occasionally the mass
spectrum. The adduct was counted and in most cases redistilled to
constant specific activity. The yields were quite structure depen-
dent and are presented in the table.

Addition of Dimethyl Thiophosphonate to Olefins. The procedure
followed that for dimethyl phosphonate with three exceptions: (1)
the amount of ester was 0.2 mol; (2) the initiator was azobisisobu-
tyronitrile; (3) the temperature was 80 £+ 1 °C.

Isotope Effects. Isotope effects were calculated using the linear
approximation,'3 i.e., ki/kT = @(Me0),pXH/@adduct, Which is ade-
quately accurate since there was never less than a ten-fold excess
of the tritiated ester reagent. Furthermore, the major side reaction
is telomer formation; thus more than | mol of the olefin was used
per mole of phosphonate, so the real excesses were even greater.
Corrections for the finite excess thus are not possible, but the er-
rors introduced are less than 5%. Counting was done by solution
scintillation counting with recently calibrated automatic external
standardization. The major error appears to lie in the hygroscopic
character of dimethyl phosphonate. To the extent that a counted
sample is wet, and exchanged, tritium is partitioned between the
ester and the water, and that in water is unavailable for the free-
radical chain, since the exchange is probably slower than the olefin
addition.!* Hence, contaminating water will make the measured
specific molar activity of dimethyl phosphonate high, and the iso-
tope effect also high. The major effort to overcome this problem
was to distill the ester just before use, and to redistill frequently to
constant activity. A 1% by weight water contamination could cause
about a 12% error in the isotope effect, because of the equivalent
weight difference. We believe that the levels were well below this,
but there may be an error of not more than about 5% in the isotope
effect from this source. Results of duplicate experiments are not
shown, but isotope effects fell within 3% of the mean shown.
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Abstract: Fluorinated bis(arene)chromium complexes undergo nucleophilic substitution reactions, with loss of fluoride,
under very mild conditions in an analogous fashion to hexafluorobenzene. Thus, bis(y-fluorobenzene)chromium reacts with
sodium methoxide to yield bis(n-methoxybenzene)chromium. (n-Benzene)(n-hexafluorobenzene)chromium (2) reacts with
alkyl or aryl lithium reagents at —78° to give polysubstituted products. Furthermore, tert-butyllithium abstracts a proton
from the w-complexed Cs¢Hp ring in 2 to generate a new nucleophile which attacks 2 to yield 6, which has a bridging penta-

fluorobiphenyl group.

The chemistry of bis(arene)chromium complexes has
hitherto been restricted to metalation reactions?* and base-
catalyzed hydrogen-deuterium exchange processes.>® Elec-
trophilic or free radical attack on the complexed arene rings
is unlikely owing to the presence of the relatively electron-
rich chromium atom which provides a much more attractive
target for an incoming electrophile. Conversely, nucleophil-
ic attack on the complexed rings should be enhanced rela-
tive to the free arene, and indeed in the corresponding
arene-chromium tricarbonyl systems synthetic schemes
have been based on this premise.’

However, nucleophilic displacement requires the pres-
ence of a suitable leaving group, and such systems cannot
be synthesized by the route pioneered by Fischer and Haf-
ner,® since arenes possessing substituents with nonbonded
electron pairs react with the Lewis acid catalyst (AlCl3)
thus preventing formation of sandwich complexes. Fortu-
nately the recently developed metal atom cocondensation
technique®'% provides a viable synthetic route by which
leaving groups (e.g., halogens) can be incorporated into
chromium-arene sandwich compounds,'t-14

Results and Discussion

19F NMR studies on a series of fluoro-substituted bis(ar-
ene)chromium complexes indicated that a w-complexed
chromium atom has a similar effect on an aromatic ring as
do four ring fluorine atoms.'? Thus, bis(y-1,4-difluoroben-
zene)chromium would be expected to undergo nucleophilic
substitution with loss of fluoride ion in an analogous fashion
to the known chemistry of hexafluorobenzene.' Prelimi-
nary experiments with bis(n-fluorobenzene)chromium and
sodium methoxide led to a very low yield of bis(n-methoxy-
benzene)chromium (1), which was identified by comparison
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of its mass spectrum and proton NMR spectrum with that
of an authentic sample made by the direct reaction of ani-
sole with chromium atoms. However, the reported synthesis
by Timms'? of (n-benzene)(y-hexafluorobenzene)chrom-
ium (2) by the cocondensation procedure provided an ideal
system in which nucleophilic substitution could occur in
only one ring. Hexafluorobenzene complexes of other met-
als have been reported, but they are of low thermal stabili-
ty.'¢ Although hexafluorobenzene reacts with sodium meth-
oxide or piperidine at moderate temperatures,'’> no appre-
ciable reaction with 2 was observed even after several hours
reflux at 60°. Butyllithium is reported to react with C4Fj at
—78° to produce a mixture of mono-, di-, tri-, and tetrasub-
stituted products, whereas rert-butyllithium yields only the
mono- and disubstituted arenes.!”

Accordingly, a 5 molar excess of r-butyllithium and 2
were mixed in ether at —78° and upon warm-up the major
product isolated was the tetrasubstituted derivative 3. The

F F Bu Bu
F ' F Bu ' Bu
excess Buld
Cr —_ Cr
2 3

product was identified by its mass spectrum (see Table 1)
which showed the parent ion and loss of fluorines and alkyl
groups. The major fragmentation route in this case, as with
many others we have studied, involves cleavage of the fluo-
roarene-chromium bond with loss of C¢Hg-Cr (m/e 130)
and subsequent breakdown of the substituted ring. The °F
NMR of 3 in deuteriobenzene shows a single peak at 180.2
ppm to high field of CFCl;, suggesting the para isomer; this
assignment is reinforced by the observation that the spec-
trum 24 h later (the solution having changed from red to
green due to decomposition of the complex) showed a peak
at 126.7 ppm, while the free arene, 1,2,4,5-tetrakis(n-
butyl)-3,6-difluorobenzene, is reported.to absorb at 127.2
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