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Abstract; Carbon-13 chemical shifts and all !3C-F coupling constants have been determined for 2-, 3-, and 4-fluoropyridine
and pyridinium ions. With the exception of Cj in the 2-fluoro compounds, chemical shifts are derived additively from those
of the corresponding carbons in pyridine, pyridinium ion, and fluorobenzene. 'JcF in 2-fluoropyridine is algebraically more
positive than 1JcF in 3- and 4-fluoropyridine, consistent with a positive contribution associated with the presence of a proxi-
mate lone pair orbital. Protonation induces increases in the one-bond couplings of 2- and 4-fluoropyridine, while that of 3-
fluoropyridine is unaffected. Many of the detailed trends exhibited by the coupling constants are paralleled by values of Jcy
in pyridine and fluorobenzene, as well as some other heterocycles, although only crude overall correlations exist. A better
correlation exists between corresponding values in the fluoronitrobenzenes vs. the fluoropyridinium ions. Most of the experi-
mental coupling trends are reproduced by values calculated using finite perturbation theory in the INDO MO approximation

assuming only the Fermi contact mechanism.

Our current interest in carbon-13 magnetic resonance pa-
rameters of unsaturated nitrogen compounds? has led us to
examine a series of fluorinated pyridines. These are of inter-
est because of the possibility that geometry-dependent in-
teractions involving the lone-pair orbitals may affect chemi-
cal shifts and coupling constants. It has already been amply
documented that nitrogen lone-pair orientation markedly
affects coupling constants to nitrogen2? and coupling be-
tween nuclei with different relative spatial proximity to the
lone pair.# We report here '3C magnetic resonance data on
2-, 3-, and 4-fluoropyridine (1-3) and the pyridinium ions.

F
s el e
N?\F N7 N#

1 2 3

The carbon magnetic resonance parameters of these com-
pounds display systematic variations which allow compari-
son with structurally related compounds and with semiem-
pirical MO calculations. The latter have been carried out in
order to determine the extent to which the Fermi contact
term can account for the observed coupling constants. Ear-
lier published work?® did not include 2 and 3 because of their
unavailability; indeed only recently has 3 been described.b

Experimental Section

Materials, 2-Fluoropyridine was obtained from Aldrich Chemi-
cal Co., while 3-fluoropyridine and 4-fluoropyridine hydrochloride

were gifts from Olin Chemical. The hydrochlorides of 1 and 2 were
precipitated upon passage of HCI gas through solutions of 1 and 2
in dry ether. 4-Fluoropyridine was obtained from the hydrochlo-
ride by addition of ice water to a cold suspension of the salt and po-
tassium carbonate in dichloromethane, into which the free base
was immediately extracted. The dried (K>CO3) solution was used
directly for the NMR study.

NMR Spectra, Compounds 1 and 2 were run as neat liquids; 2
was also run as dilute (~10%) solutions in dichloromethane and in
methanol; a small solvent effect is apparent. 4-Fluoropyridine and
all the hydrochlorides were run as solutions in dichloromethane.
Spectra were obtained in Fcurier transform mode on a JEOL PS/
PFT-100 spectrometer with the JEOL EC-100 data system.
Chemical shifts were measured with respect to solvent resonances
and converted to the TMS scale with the following factors:? &
(TMS) = & (CH,Cly) + 54.0; 6 (TMS) = 4 (CH30H) + 44.3.
Resonance positions were determined using a 5-kHz range and
16K words of memory, giving a digital resolution of 0.6 Hz. Cou-
pling constants were measured from 2-kHz spectra and 16K words
of memory, with a digital resolution of 0.24 Hz. The line broaden-
ing induced by exponential smoothing of the free induction decay
amounted to 0.22 Hz. The deuterium internal lock was derived
from a deuteriobenzene capillary.

Method of Calculation, Coupling constants were calculated on
an IBM-360/165 computer using the finite perturbation theory of
Pople® in the INDO approximation. The geometry of 2-fluoropyri-
dine was taken from a microwave study,® while those of 3- and 4-
fluoropyridine were assumed the same as that of pyridine.!1® The
C-F bond length of 2-fluoropyridine (1.354 A) was used in all six
calculations. The geometry of the fluoropyridinium ions was as-
sumed to be that of pyridinium hydrochloride.'!
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Table I, '*C Chemical Shifts and C—F Coupling Constants of Fluoropyridines and Pyridinium Ionse
F ¢ P
b 7
“
l S [ N &t l 7 l o+ l
N N F - A — N S N
F H Neatd CH,Cl,  CH,OH H N H _
8c2 164.,6 159,2 (-5.4)e 138,1 138.3 137,9 130.5 (-7,8) 152,5 145.8 (-6.7)
185,01 177.2 [-7.8]8 137.2 129.4 [-7.8] 151,6 143,8 [~7.8]
6c, 110,5 112,0 (1.5) 159.6 159.8 160.5 159,4 (-0.4) 111.8 116.0 (4.2)
100.9 1160 [5.0] 158.7 163.8 [5.0] 110,0 116.0 [5.0]
8¢ 141,8 148.1 (6,3) 122,4 122,7 124.0 133,3 (10.6) 168,7 173,0 (4.3)
* 137.3 149,7 [12.4] 122.9 135,3 [12.4] 170.7 183.1 [12.4]
8¢ 122,1 123,0 (0,9) 124.4 124,5 125,7 129.0 (4.5)
s 119.4 124,5 [5.0] 125.3 130,4 [5.0]
8¢ 148.3 141,5 (-6,8) 145,7 1459 145.7 138,0 (~7.8)
¢ 151,6 143.8 [-17.8] 145.7 137.5 [-7.8]
JoF 236,3 263,4 (27,1)1 22.5 22.6 23,2 34,6 (12,0) 6.4 12,2 (5.8)
JiF 37.6 24,4 (-13,2) 2554 255,1 254.6 255.3(-0.2) 16.1 21,4 (5.3)
J4F 7.5 9.8(2,3) 18,1 17,7 18,3 18.3 (0,6) 261.8 280.2 (18.4)
JsF 4,2 3,8 (-0,8) 4.3 3.7 4,2 7,0 (3.3)
JF 14,9 1,5(-13.4) 2.9 3.7 3.9 3,7 (0)

@ Chemical shifts in ppm from TMS, coupling constants in Hz. Estimated errors = +0,1 ppm and 0,2 Hz, respectively. # Chemical shifts
from ref 5b, ¢ CH,Cl, solvent, € Contained ~10% CH,Cl,. € Numbers in parentheses are the protonation shifts: A8 = 8jon — 5pase (CH,Cl,
solvent). fNumbers underlined are calculated shifts (see text). £Numbers in brackets are protonation shifts for pyridine (ref 12). A Numbers
in parentheses are protonation induced changes in Jop: AJ = Jion — Jhase-

Table I, Nitrogen Substituent Effect on *3C Chemical Shifts and Coupling Constants of Fluorobenzene?
. F
&~ = F Z
F
l @\ + l Z xt l
N N l N l N
N F > I
F H N H N H
A8C, 17 (21.9)% -3.7(14.D) 232 (219 154 (14.1) 225219 18.8 (14.1)
A8C, -4.6 (—4.4) -3.1(06) -31(-44) -3.5(0:6) —-33(-44) 0.9 (0.6)
asC, 11.8 (7.6) 18.1 (20.0) 7.6 (7.6) 18.2 (20.0) 5.8(7.6) 10.0 (20.0)
AsC; -20(-44) -1.1(0.6) —-55(-44) —1.0(0.6)
A8C, 183 (219) 115 (14.1) 21.8(21.9) 139 (14.1)
AJLF -9.0 18.1 16 13.6 -13 45
AJLF 16.6 34 9.8 100 —-49 0.4
AJ,F -0.2 21 -33 -27 16.5 34.9
AR 0.9 05 -4.0 -0.7
AJF 72 —-6.2 04 04

a Relative to fluorobenzene (ref 13); positive values denote downfield shifts or larger coupling constants. # Numbers in parentheses give
corresponding nitrogen substituent effects in pyridine and pyridinium ion relative to benzene.

Results

Carbon-13 chemical shifts and C-F coupling constants
for 1-3 and their hydrochlorides are given in Table I. The
protonation shifts are given explicitly as are, for compari-
son, the corresponding protonation shifts for pyridine.!2 The
substituted carbons were recognizable from the large C-F
coupling constants; remaining carbons in 2-fluoropyridine
have been reported earlier.>>¢ Each carbon in both free and
protonated compounds was assigned by comparing the mea-
sured shift with that calculated on the assumption that the
fluorine substituent effect in fluorobenzene relative to ben-
zene'3 could be added to the shift of the given carbon in
pyridine or pyridinium ion.!2 For each compound excellent
correlations were obtained (» > 0.99) except for C; of 1 and
its hydrochloride (1-H*). The measured and calculated
shifts are compared in Figure 1, where r = 0.992. The only
ambiguity arose in the assignments of C, and Cs of 2-H,
where a better fit is obtained if the chemical shifts given in
Table I are reversed. In that case, however, the associated
C-F coupling constants are inconsistent with the trends ob-
served for the remaining fluoropyridines and other fluo-

roaromatics.'* To facilitate discussion, the data are also
given with respect to fluorobenzene (Table II) and pyridine
or pyridinium ion (Table III). These correspond to the ni-
trogen and fluorine substituent effects on fluorobenzene
and pyridine, respectively. The calculated coupling con-
stants are given in Table V.

Discussion

Chemical Shifts. The correlation in Figure 1 demon-
strates that fluorine substituent effects are additive over a
fairly large range of ring positions. The largest deviations
might be expected in those cases where extensive conjuga-
tive interaction between fluorine and nitrogen is possible,
i.e., Cyand C4 of 1 and 3, respectively, because interactions
of the type represented by la and 3a would tend to change

la 3a
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Table III, Fluorine Substituent Effect on **C Chemical Shifts of Pyridines#
F F
7 F “
| x>t | ! g d x5 |
X N N l
N F X :

F H N H N H
A8C, 142 (344)b 16.6 (344) -12.1(-134) —-12.1(-134) 2.1(L.5) 32(1.5)
A8C, —-13.6(-134) —-17.1(-134) 357 (344) 303 (344) —-123(-134) —-13.1(-134)
A8C, 5.7(1.5) -04(15) —134(-134) —-152(-134) 326 (344) 245 (344)
A8C, —-20(-44) —6.1(—44) 04 (1.5) —-0.1(1.5)
ASC, -21(15) —-11(1.5) -05(-44) —46(—44)

a Relative to pyridine and pyridinium ion, respectively (ref 12). Positive values denote downfield shifts. # Numbers in parentheses are the
corresponding substituent effect for fluorobenzene relative to benzene (ref 14).
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.
|
1704~ ‘
Sg,:aI:‘ )
PPM ‘ ;
|
150:L J
1301 !
|
!
I
o »
e
IIOLH I | | s
noe 130 150 170 190

&0 obs, PPM

Figure 1. Plot of experimental vs. calculated '3C chemical shifts of flu-
oropyridines. The indicated points were excluded from the calculation
of the least-squares line shown.

the C-N = bond orders and the molecular electron distribu-
tions in a manner not reflected by substituent parameter
additivity. Indeed, C; in both the free and protonated forms
of 1 shows the largest deviation and is not included in the
calculation of the least-squares line in Figure 1. However,
C,4in 3-H* shows a smaller deviation, while the correspond-
ing position in 3 falls on the correlation line, Retcofsky and
Friedel®t have discussed the effect of substitution at the 2
position within the theoretical framework for nitrogen het-
erocycle carbon shieldings given by Pugmire and Grant,!3
in which substantial charge removal by inductively elec-
tron-withdrawing groups can induce upfield shifts of carbon
resonance positions. The action of both nitrogen and fluo-
rine on C; of 1 and 1-H* would then be expected to induce
the largest deviation, as is observed. Within this framework,
the smaller but substantial (10 ppm) upfield deviation of
C-4 in 3-H* relative to the calculated value suggests that
the inductive effect, while attenuated, nevertheless domi-
nates the chemical shifts.

Examination of the explicit substituent effects in Tables
IT and IIT suggests alternative ways to view the data. In
both tables, 2 and 2-H* display substituent effects which
correspond most closely to those observed for pyridine and
fluorobenzene relative to benzene. Large deviations from
these values are exhibited by C; of 1 and C4 of 3. From
Table II, a smaller downfield shift is induced at C; (C,; of
fluorobenzene) by incorporation of nitrogen compared to
the corresponding shift arising when nitrogen is incorporat-
ed into the benzene ring. Alternatively (Table III), C, of

pyridine experiences a smaller downfield shift upon substi-
tution with fluorine than does the carbon of benzene; simi-
lar descriptions hold for C4 of 3-H*, Thus, the effect of a
second electronegative substituent at a carbon is attenuated
by the presence of the first, an observation consistent with
the Pugmire-Grant hypothesis'® for C, and apparent in the
2-substituted pyridines reported by Retcofsky.® The same
effect is discernible in polyhalomethanes.!®

The protonation shifts (Table I) merit brief comment, In
all cases the values are smaller than in pyridine itself; in-
deed, essentially no change is induced at Cs of 2. Presum-
ably, for the reasons discussed above, electron withdrawal
by the positive nitrogen is attenuated by competition from
the electronegative fluorine, although the expected en-
hanced conjugative donation in 1 and 3 evidently compen-
sates in part.

Coupling Constants. !Jcp. Weigert and Roberts have
measured a series of C-F coupling constants in substituted
fluorobenzenes.!# Resonance effects on 'Jcr appeared to be
important for para-substituted fluorobenzenes, but were in-
creasingly less so for the meta and ortho compounds. If 3-
fluoropyridine is taken as a model for the absence of conju-
gative N-F interaction, the nitrogen appears to act induc-
tively to increase !Jcp relative to fluorobenzene (245.3
Hz)!4 in the manner expected for an electronegative sub-
stituent. In 4-fluoropyridine the inductive effect is smaller,
but back-donation of the fluorine « electrons {3a) increases
the C-F bond order which would increase 'Jcg.!” This sup-
position is lent some support by the constancy on protona-
tion of 'Jcr and 8¢3 of 2 where conjugative interaction is
absent; on the other hand, !JcF in 3 increases by 18.4 Hz,

Table IV, Comparison of Carbon—Fluorine and Carbon—Hydrogen
Coupling Constants

4 “ 5
57 N3 @-F /’:
N 2X N ¢

N

6 C
H rooX

X=He  X=F X=Hb X=Fc

Je,x, 17763 -2363  -2634 1575 2453

JC,X, 8.47 37.6 24,4 1,1 21,0

Je X, 6.34 +7.5 +9,8 7.6 £7.7

Jex, -1.65 +4.2 +3,4 -1.2 3,3

CeX, 11,16 +14,9 £1.5 7.6 7.7
Jc,x, 3.12 22.6 34,6
Je,x,  163.04  -2551  —2553
JC4X3 0.70 17,7 18,3
Je, X, 6,56 +3,7 7.0
Je X, -0.92 £3,7 £3,7
Jc, X, 6.85 +6,4 +12,2
JC X, 0,84 16,1 21,4
Jex, 162,41 -261,8  —280.2

a Reference 18, P Reference 13b, ¢ Reference 14,

Journal of the American Chemical Society |/ 97:7 | April 2, 1975



Table V,

1811

Calculated Fermi Contact Contributions to JoF in Fluoropyridines and Fluoropyridinium Ions

N> g

JcF, Hz Jcr, Hz AJ, Hza Jcr, Hz

F 7
("j/ /’ \+l
N N

F
F

7

3

H N H

JcF, Hz Jer, Hz Jors Hz

~200.6 ~340.4 ~139.8 -3.3
11.9 4.6 -7.3 -239,2
14.2 7.2 -7.0 -2.7
-1.3 0.7 2.0 8.0

. 19.1 —4.4 ~23.5 -1,0

w N

[

0000N0

5.6 8.9 10,0 13,5 3.5
-338,2
-0.4 2.3 5.0
2,5 -5.5 -4,1 2,6 6,7

1.8 2,8 3.5

@ Calculated protonation effect: AJ =Jion — Jhaser

which may be interpreted by the greater conjugative elec-
tron withdrawal in the pyridinium ion. From both these
viewpoints, !Jcr in 2 is expected to be larger than in fluo-
robenzene, contrary to observation. Clearly some other ef-
fect must operate and one possibility is that the proximate
lone pair plays a role in transmitting spin information. The
nitrogen lone-pair orbital is known to induce variations in
1Jc1?®4 such that coupling is larger (more positive) to that
hydrogen which is closer in space. In this context it is of in-
terest to compare 'JcF in the fluoropyridines with 'Jcy in
pyridine itself;!® these values are included in Table IV to-
gether with corresponding C-H and C-F values in benzene
and fluorobenzene. !'J¢,u, is larger than the other one-bond
1Jcy values, in accord with the suggestion that the lone pair
makes a positive contribution to the coupling. Since 'JcF is
known to be negative,!® it is likely that its smaller magni-
tude in 1 (algebraically more positive value) owes to a simi-
lar type of positive contribution. Indeed, removal of the lone
pair by protonation induces a larger relative change than
that experienced by either of the other !Jcr values. This
point is discussed further in connection with the MO calcu-
lations below.

2Jcr. Because the magnitudes of 2JcF are in the range
observed for substituted fluorobenzenes,!4 the sign is ex-
pected to be positive, as is the case for fluorobenzene itself.
It should be noted that the value in 2 is approximately 15.1
Hz less than that in 1, A similar trend is observed in pyri-
dine, where 2Jc,u; is ~5.4 Hz less than 2Jc,y,.

A~ H AN,
| s N s
- N

N H <«

3Jcr. Based on the similarity of the values in Table I to
those of corresponding three-bond coupling constants in flu-
orobenzenes,! it is likely that these also are positive. The
larger value which arises when an unprotonated nitrogen in-
tervenes in the coupling path is observed for Jcy in other
heterocycles. For example, *Jc,u, in pyridine is ~3-4 Hz
greater than other three-bond values in pyridine or in ben-
zene. Similar enhancements have been observed in thia-
zole?® and in N-benzylidenemethylamine.2!2 The value of
3Jc4F, in 2-fluoropyridine is the largest three-bond C-F
coupling reported.2!®

If the nitrogen lone pair affects the couplings, its removal
should reveal more general trends comparable to those in
structurally and electronically similar molecules. Indeed
Jcr in the ions displays a moderate overall correlation with
values in fluorobenzene, but none with Jey in benzene. On
examination of substituted fluorobenzenes!4 it is apparent
that values of JcF in the nitrofluorobenzenes correlate very
well with those of the fluoropyridinium ions (r = 0.998,
Figure 2). The similarity of the substituent effects is illus-
trated in a comparison of 3Jc¢r in both sets of compounds,
where the changes parallel each other very closely. This

g
S
1
e
2

Z|H “SBUBZUAQOION(JOIPL

|

|

|
! Ll L |
40 &0 ° 250 270 290
fluoropyridinium ions, Hz

Figure 2. Plot of C-F coupling constants of nitrofluorobenzenes vs. flu-
oropyridinium ions. The indicated points ('Jc,r, and 2Jc,F,) were ex-
cluded from the calculation of the least-squares line shown.

does not hold as well for 2J¢F, but it is interesting to note
that in both 3-fluoropyridinium ion and 3-fluoronitroben-
zene 2J ¢ F, is smaller than 2Jc,f,.

— /73\ F‘\
. 38 A~ F AN 122
I\lI F ot l ot l/
N N
H /A | |
L5 H H
I-H* 2-H* 3-H*
F
83
8.7 / \F \
/ 10.2
F e
Nog/‘
4.3 NO, NO,
4 5 6

The largest deviations in Figure 2 are in Jc,r, and
2J¢,F,, both higher in the pyridinium ions than anticipated.
While no obvious rationalization exists for the former value,
the immediately adjacent positive nitrogen in 2-H* may in-
ductively enhance 2Jc,r, to a greater extent than the more
remote nitro group does in 5.

183 215
[y (7
rn O
S N

|
H NO_)

Calculated Fermi Contact Contributions to Jcr. 'JcF.
Our calculations (Table V) predict 'JcF to be much more
positive in 2-fluoropyridine than in 3- or 4-fluoropyridine,
in agreement with experiment. In order to examine the ori-
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gin of this difference we have calculated 'JcF in the hypo-
thetical molecule 7 using Pople and Gordon’s standard geo-

fome
: RS
8
metrical model.2?2 The calculated values, ek, = ~262.9
Hz and !Jcp, = —184.8 Hz demonstrate the sensitivity to

lone-pair orientation, which makes a positive contribution
to the coupling of the proximate fluorine. The calculated re-
sults are consistent with the qualitative arguments present-
ed above. As we have noted, !Jcp for a C-H bond syn to a
nitrogen lone pair is more positive than that for an anti C-
H bond, a trend which is reproduced by INDO calcula-
tions,3b.23

Calculations on the protonated fluoropyridines predict
larger changes than are actually observed: —140, —99, and
—45 Hz for 2-, 3-, and 4-fluoropyridine, respectively. Possi-
ble reasons for this are discussed later.

2Jcr. Before considering the calculated values, it is ap-
propriate to note that 2Jcy values calculated by this meth-
od are in general too negative.®® For example, 2/cy for eth-
ylene is calculated to be —11.6 Hz, while the observed value
is —2.4 Hz.8® Similarly, for vinyl fluoride (8, X = F), we

FC\C= _H
TN
7
calculate 2Jc H, = —3.27 Hz and 2J¢c,u, = —13.75 Hz.24

These values are to be compared to the experimental ones in
vinyl chloride (8, X = Cl): 2Jcy, = —8.3 Hz, 2Jcy, = +7.1
Hz. Similar values obtain for vinyl bromide; the observed
difference of 15 Hz is paralleled by the calculated differ-
ence of 10 Hz. Thus, although agreement between theory
and experiment is far from quantitative, the calculated
2Jcu values certainly reproduce the experimental trend.
Two-bond couplings also have been treated more generally
within the Pople-Santry formalism, which led to a qualita-
tive discussion of the influence of substituent orientation
and electronegativity on 2Jcy and 2y 2%

In a similar manner, the INDO calculations predict
values of 2Jcr in fluorobenzene and the fluoropyridines
which are more negative than the observed values. Using
published atomic coordinates?® for fluorobenzene 2Jcr is
predicted to be —2.4 Hz, while the observed value is +21.0
Hz.'* The fluoropyridine values are also more negative by
comparable amounts.

Protonation-induced changes in 2Jcf are reproduced in
the calculations. Thus, 2Jcr in 2-fluoropyridine is predicted
to decrease, 2Jc,r in 3-fluoropyridine and 2JcF in 4-fluo-
ropyridine to increase, and 2/c,F in 3-fluoropyridine to un-
dergo a relatively small change. These are all verified ex-
perimentally in a qualitative fashion.

3Jcr. Again, the experimental trends exhibited by the
three-bond couplings are reproduced by the calculations.
The large protonation-induced change (13.4 or 16.4 Hz, de-
pending on the sign of the experimental pyridinium value)
is paralleled by a predicted 23.5 Hz increase. While the
calculations fail to predict the apparent increase observed
for 3Jc,p, and 3J¢,F, in 2- and 3-fluoropyridine, respective-
ly, on protonation, they correctly predict the increase in
3J ¢4, observed for 4-fluoropyridine on protonation.

Jcr values were also calculated for 2-, 3-, and 4-nitroflu-
orobenzene to determine whether any relationship exists be-
tween these calculated values and those obtained for the
protonated fluoropyridines. Although a good correlation is
not observed, it is of interest to point out that the calcula-

Table VI, Calculated # Bond Orders in Fluoropyridines and
Fluoropyridinium Ions

Compound " Compound m
1 0,2320 2-H* 0,2368
1-Ht 0,2678 3 0.2311
2 0.2065 3-H* 0,2830

tions predict *Jc,r to be significantly greater (5.6 Hz) than
3J¢,F in 2-nitrofluorobenzene.

Conclusions Concerning the SCF-FPT-INDO Calcula-
tions. Numerical agreement between calculated and ob-
served coupling constants is not good, but in fact exact
agreement should not be expected using semiempirical MO
methods, because these depend heavily on the choice of pa-
rameters used to approximate integrals which are either ig-
nored or whose evaluation is too time consuming to carry
out. Nevertheless, from the present results it appears that
the Fermi contact mechanism is sufficient to qualitatively
account for most of the experimental trends. While agree-
ment between experiment and theory may be improved if
contributions from dipolar and orbital interactions are also
taken into account®’ a variety of other factors may be im-
portant also. For example, solvent effects could cause sig-
nificant perturbations to the coupling constants, especially
in the case of the fluoropyridinium ions,?® The geometries
assumed for the molecules under consideration here may
also account for some of the discrepancies between theory
and experiment. Finally, sc2(0) and sg2(0), the valence-
shell s-orbital electron densities for carbon and fluorine,
were assumed fixed constants, 4.0318 and 21.3126 au, re-
spectively, in all calculations. This is not a good assumption
when one is comparing charged molecules with uncharged
species.

No direct correlation between one-bond coupling con-
stants and = bond orders appears to exist (Table VI), al-
though, as anticipated qualitatively, the calculated increase
upon protonation of 1and 3 is reflected in the coupling con-
stants. However, because no single factor is expected to
dominate the magnitudes of the couplings, we have not at-
tempted to analyze the density matrix further.
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Kinetic Applications of Electron Paramagnetic Resonance
Spectroscopy. XVII. Secondary Deuterium Isotope Effect
and the Absence of a “Memory” in the 8 Scission of a
Tetra-tert-butoxyphosphoranyl!

D. Griller? and K. U. Ingold*

Contribution from the Division of Chemistry, National Research Council, Ottawa, Ontario,
Canada, K1 AOR9. Received September 11, 1974

Abstract: The reaction of tri-tert-butyl phosphite with ters-butoxy radicals yields the phosphate and a tert-butyl radical via
an intermediate tetra-tert-butoxyphosphoranyl radical. Using EPR spectroscopy and deuterium labeling, it has been shown
that, at temperatures from 78 to —100°, this reaction occurs without any “memory” as to which rert-butoxy attacked the
phosphite. However, the 8 scission of the phosphoranyl to phosphate and tert-butoxy exhibits a significant secondary g-deu-

terium isotope effect. After correction for the isotope effect involved in the disproportionation of tert-butyls (kq

(CH3)3C/

kg(CPMC = 1.4 + 0.2 from 80 to —20°, it being assumed that the combination rate constants k(CH3)3C and k(CPBC are
equal), the isotope effect per deuterium for decay of the phosphoranyl can be represented by log (kgH/kgP) = —0.029 +
0.063/8 where 8 = 2.3RT kcal/mol. These isotope effects are discussed in relation to isotope effects in analogous reactions,
and the advantages in terms of sensitivity and available temperature range of our procedure are pointed out.

Trialkyl phosphites are oxidized to trialkyl phosphates by
alkoxy radicals. Tetraalkoxyphosphoranyl radicals (1) were

. R*' + OP(OR)g
R*O- + (RO)P —» R*OP(OR); (1)
1 R- + OP (OR*)(OR),

proposed as intermediates in this reaction many years ago,?
and several such species have now been detected by EPR
spectroscopy.*-7

The question as to whether the overall reaction has any
“memory” when the attacking radical, R*O-, and the alk-
oxy groups of the phosphite, RO, are identical has attracted
considerable attention.*3° The only important experimen-
tal observations are due to Bentrude and coworkers.8° At
65° with R = (CH3)3C and R* = (CH3)3!4C, the 4C label
was completely scrambled in the phosphate.8 At the same
temperature with R = C¢HsCH, and R* = p-
CH3C¢H4CH, (and vice versa) the incoming benzyloxy
transferred its oxygen 1.2 times as readily as the benzyloxys
of the phosphite.” We have reinvestigated the reaction of
tert-butoxy with tri-rert-butyl phosphite over a tempera-
ture range from 78 to —100° using deuterium labeling. The
results show that while there is no “memory” effect, there

exists a substantial deuterium isotope effect on the 8 scis-
sion of this phosphoranyl.

Experimental Section

The EPR apparatus, methods of sample preparation, and mea-
surements of radical concentration have been described previous-
ly.6:10 Tri-tert-butyl phosphite and its per deuterated analog were
prepared by the method of Mark and Van Wazer.!! Perdeuterio-
di-tert-butyl peroxide was prepared from the deuterated alcohol'2
and was purified by chromatography through an alumina column,
(>98% purity by VPC). All other materials were commercially
available and were purified before use.

EPR samples were prepared from the deuterated phosphite, di-
tert-butyl peroxide, and a solvent (1:1:4 v/v). Cyclopropane was
used as a solvent in experiments below room temperature, and iso-
octane was used in the remainder. Samples were photolyzed direct-
ly in the cavity of the EPR spectrometer, and measurements of the
ratio of the normal and deuterated terz-butyl radical concentra-
tions, [(CH3)3C:]/[(CD3)3C:], were made over a range of temper-
ature. In a second set of experiments, the labeling was reversed so
that the samples contained tri-zert-butyl phosphite and deuterated
di-tert-butyl peroxide. Samples were photolyzed only for a short
period of time in order to avoid any complications resulting from
the buildup of products. Photolysis of solutions of the respective
phosphites in the absence of di-terz-butyl peroxide did not give rise
to any EPR signals.
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