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Abstract

The prediction of the *C NMR signals for derivatives of naphthalene has been investigated using
statistical Substituent Chemical Shift (SSCS) values. For a-derivatives the model had a correlation
coefficient of observed versus predicted line positions of r=.98 with an standard deviation of 2.1ppm
while in the § case r=.98 with the standard deviation being 2.0ppm. Prediction of the 9 and 10 positions
had an r=.93 with the standard deviation being 1.5ppm. The data base consisted of 5250 signals from 525
naphthalene derivatives.
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INTRODUCTION

In Part 1 [1] we reported the two mathematical models which utilized the Field (), Resonance (R)
and Charton's Steric Parameters (v) together with Molar Refractivity (MR)[2-10] to predict the *C NMR
line positions for substituted naphthalene derivatives. The first was for « and the second for {3 substituted
compounds. In the o case the model had a correlatation coefficient of observed versus predicted line
positions of r=.973 with an standard deviation of 2.2ppm while in the B case r=.979 with the standard
deviation being 2.3ppm. The data base consisted of 3152 signals from 394 naphthalene derivatives.

We have previously reported studies using the same four parameters in the prediction of the 'B
NMR of trigonal boranes[10], the *C NMR of arenes[11-12], the nitrogen NMR spectra for derivatives
of ammonia[13-14], and the 'F NMR signals for fluorcarenes[15-16] and fluoroarenetricarbonyl-
chromium(O)complexes{17-18].

We have also investigated the use of the Statistical Substituent Chemical Shift (SSCS) values in
predicting NMR line positions. An SSCS value is a measure of the shift in an NMR line position induced
by substituting a particular group on a structure which acts as a standard. We have reported SSCS values
for a number of systems: the ''B NMR spectra of trigonal boranes[19], the *C NMR spectra of arenes[20-
21], and the F NMR signals for fluoro-derivatives of arenes[22], six membered aromatic nitrogen
heterocycles{23], arenetricarbonylchromium(0) complexes[24], and ethylenes{25].

In the present paper we report the application of the SSCS method to the PC NMR spectra of
substituted naphthalenes.

RESULTS AND DISCUSSION

The Database

We surveyed the literature from the period from 1970 until 1985. From this we extracted our data
base in which:

1. The compound was a naphthalene derivative containing one or more groups. No
heterocyclic compounds were considered. We did not permit compounds where an
aromatic ring was directly attached to the naphthalene ring. The groups which were
studied are listed in Table 2.

2. All signals were converted so as to use TMS as a reference.

The data base consists of 2100 ¢- and 2100 $-signals from 525 naphthalene derivatives.

Statistical Analysis

SSCS methods work well only for compound types for which there is not much interaction between
the substituted groups, since the basic idea of SSCS methods is t0 add the SSCS values for the substituents
to the nmr value for the base compound. The models developed in Part | used interaction terms among
the 4 parameters of the same substituent, but no interaction factors between different substituents. Because
the predictions were quite accurate using such models, one can infer that SSCS methods should work well
for substituted naphthalenes. Indeed they do as we show in the present paper.
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Because of the geometry of the naphthalene molecule, there are three types of signals which we

call o signals (positions 1, 4, 5 and 8), p signals (positions 2, 3, 6 and 7) and v signals (positions 9 and
10). Because of this the data base of signals must be divided into 3 databases resulting in three sets of
SSCS values. We denote by SA ; the ¢ SSCS value of group j = 1, 39 if it is in position i = 1, 8. These
SSCS values are used for predicting o signals. With respect to the «-SSCS values the molecule is oriented
so that the carbon yielding the nmr signal is in position 1. For computation purposes the groups attached
to the naphthalene are encoded by number. The group numbers appear in Table 2. Since each compound
has four a signals, it is encoded four times in our @ database each encoding putting one of the four o
positions in position 1. Part 1 [1] shows an example of the encoding of one compound in the database.
Similarly the § SSCS values are denoted by SB ,i= 18 = 1,39 and the y-SSCS values are denoted
SG;,i=1,8j = 1,39. With respect to the $-SSCS values the molecule is oriented so that the carbon
yielding the signal is in position 2 and for the y~SSCS values, position 9. There were 525 compounds in
the study which resulted in three databases, 2100 « signals in the « database, 2100 B signals in the §
database and 1050 y signals in the y database.

We will describe how the a- SSCS values were determined. The B- and y-SSCS values were
determined in much the same way. As we have explained in previous SSCS work, it is necessary to
introduce the "existence” functions, X defined as follows:

Xy =  1if group j is in position i relative to the carbon yielding signal k; 0 otherwise
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Table 2. Group numbers, group names, and alpha $SCS valuaes for groups in positions 1 - 8.

These SSCS values are to be used for alpha signals with the carbon associatad with the

signal assumed to be in position 1. The numbexed positions for SSCS values are numberad with
t to that

is 127.92 ppa.

ion. The pradicted signal from position 1 for naphthalene

No Code Name Position
1 2 3 4 5 6 ? 8
1 B ): 4 .00 .00 .00 .00 .00 .00 .00 .00
2 A Br -4.79 1.72 1.83 -.60 .31 .19 -.43 -.96
3 B cl 4.06 ~1.96 1.40 -.90 .86 -.02 -.78 -2.31
4 Cc NHE2 14.82 -17.74 1.18 -9.77 1.25 -.45 -2.32 -2.97
5 D CH2CH3 =-2.40 -.35 -1.31 -.30
6 E F 31.10 -17.20 1.90 -4.21 -.58 -.16 -.80 -7.16
7 F oN -17.94 5.79 .95 4.87 .25 -.24 .44 -2.74
8 G OH 23.72 -18.38 1.45 -8.66 .19 -.08 -1.34 -5.73
9 B I -31.24 8.89 1.81 2.96 2.12 -.32 ~-.78 2.00
10 I CF3 ~1.76 1.56 .18 .38
1 J OCH3 28.08 ~-20.01 1.06 -8.48 -.27 -.13 ~.83 -5.02
12 X CH3 7.17 ~1.05 -.28 -1.73 .51 -.26 -1.12 -2.60
13 L No2 22.5%9 -3.09 2.80 4.86 .94 .88 2.38 -4.23
1s M COCH3 13.03 ~3.34 .27 1.23 .00 -.82 .56 -3.%6
16 N CH(CH3)2 13.73 -1.14 1.44 -1.80
17 o C{CH3)3 i8.11 -4.22 -.75 -.64 1.42 -.6L .03 -.81
18 P N({CH3)2 22.81 =~21.15 1.08 ~4.49 -.30 -.15 -1.32 ~1.66
20 Q CH2Br 4.08 -~1.40 .06 1.38 .58 -.34 .57 -4.52
21 R CH20H B8.28 .18 .58 ~4.42
40 s NHCOCH3 -10.75 .50 -1.26 -.20
41 T SiMe3 9.88 5.65 -.92 1.78 1.28 .18 .18 .18
65 U SO3H 11.34 -2.21 1.32 5.52 2.52 1.62 1.76 -1.48
72 v GaMa3 12.48 5.08 -.72 1.18 1.18 -.22 -.12 .38
73 w PhMe3 22.18 8.28 -.52 .18 1.08 -.12 -.42 2.68
74 X SnMa3 13.29 ~.50 .23 -1.58 1.87 -.7% .55 -.72
81 Y OCOMe 18.68 -9.41 1.23  -2.02 .08 -.85 -.11  -6.82
11 H4 COOH -.22 2.83 -.09 4,51 1.63 -.36 .85 -2.13
125 a CH2COOR 1.48 -.02 .48 -4.62
161 b CHO 8.33 5.64 .52 2.01 1.89 -.34 2.06 -2.60
163 -] COOMa -.92 2.99 -.01 5.48 .78 -.85 1.49 -1.72
263 d CONMa2 6.88 .98 .38 .18
271 ° CH2CMa3 7.98 .70 -.88 -1.32 .58 -.40 ~-.36 -2.72
276 £ CH2PbMe3 12,78 -4.82 =-.32 -3.92 .88 ~.52 -1.12 -4.12
292 g CH2SnMe3 11.63 -2.85 -.04 -3.72 .65  ~.33 -1.07 -3.62
293 h Ma20H 15.58 .58 .98 -.62
306 i Ma=CH2 16.78 -.72 .38 -2.12
308 3 COtBu 1.18 4.78 .68 -1.72
326 k  FORMYL 5.48 5.52 .35 6.57 .00 -.49 2.10 -2.92
331 1 CH2P{0) {OEt) 2 .51 .98 .28 -.13 .96 .08 -.02 -2.11

Here i = 1,8 varies over the positions, j = 1,39 varies over 39 groups used in the study and k = 1, 2100
varies over the 2100 « signals in the database. Note: Because we have tried to be consistent with the way
we have numbered groups in our papers, the actual groups are not numbered 1 through 39 in Table 2, but
rather use the group numbers we have usadin previous papers. If all the SA ; were known and also c, the
amr signal for naphthalene, then because of the assumed additivity (not quite realized) of SSCS values the

k'th signal would be predicted to be YPRED, where YPRED, is given by the formula:

It is the SA

iiid

39

YPRED, = c¢ + Y, Y XS54,
=1 j=1

of course, which are not known and are to be determined. Substituting the observed k'th
signal, into the formuia for YPRED, yields a system of 2100 equations in 312 unknowns, the unknowns
being the SA ;. A few groups did not appear in certain positions in the database, and so the computer

(k=1,2100)
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Figure 1. Correlation between 2100 pairs of observed and predicted
alpha signals. r = .98

program reduced the number of unknowns to 272. This accounts for the 40 blank entries in Table 2. Such
a system of equations is virtually certain to be inconsistent and cannot therefore be solved by usual
methods. We compuied the best solution in the least squares sense by computing the values of the 272
unknowns which would minimize SSE, the sum of the squares of the errors of prediction.

2100
SSE = Y (YOBS, - YPRED, )

k=l

This results in 272 o SSCS values. Using these o SSCS values to predict the 2100 signals results in a
correlation between observed and predicted nmr signals of r = .98. The standard deviation is s = 2.1 ppm
which gives 1.4 ppm as the average error of prediction. This correlation is shown in Figure 1.

Applying the same procedure for the 2100 B signals resulted in 272 § SSCS values in Table 3. The
correlation between observed and predicted nmr signals for § signals is r = .98 with a standard deviation
of s = 2.0 ppm. The average error of prediction for § signals is 1.3 ppm. This correlation is shown in
Figure 2.
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Table 3. Greup numbers, group namas and beta SSCS values for groups in positions 1- 8.
Thase SSCS values are to be used in the prediction of beta signals with tha carbon
associated with the signal assumed to be in position 2. The numbared positions for
SSCS values in tha table are numbered with respect to that assumption. The pradicted
signal from position 2 in naphthalene is 126.49 ppm.

No. Code Name Position
1 2 3 4 5 § 7 8
1 . H .00 .00 .00 .00 .00 .00 .00 .00
2 A Br 1.95 -5.49 1.05 ~.34 .46 .08 .57 1.63
3 B ¢ .34 4.87 -.04 ~-.52 -54 .14 1.01 1.74
4 C Nm2 -14.46 13.83 -8.38 1.21 -1.00 -3.34 .92 -.76
§ D CH2CH3 15.39 .71 ~.54 -.28
§ B F -17.05 34,03 -10.00 ~.64 .53 ~1.82 .49 .19
7 F N 5.83 -17.18 ~.23 -1.73 .49 2.42 .86 1.86
8 G OH -17.33 25.65 -B.66 .01 -.10 ~-2.18 .68 -.90
$ H I 13.50 =-35.13 8.16 .52 .60 .86 .74 3.52
10 I CF3 1.72  -4.52 2.58 1.65
11 J OCH3 -20.77 30.09 -8.23 1.13 ~.48 -2.55 .10 =77
i2 K CH3 n 8.42 1.64 -.51 -.83 -.90 -.27 ~-.05
13 L NO2 -3.89 19.73 -7.19 -1.28 1.84 3.69 1.93 3.38
15 M COCH3 -3.03 13.85 -3.48 -1.42 -.21 1.08 .70 .87
16 N CH(CH3)2 -2.71 1.77 -1.50 -1.22
17 © C(cH3)3 -3.22 22.05 -1.15 ~1.47 -1.87 =.10 -.86 -1.76
18 P N{CH3)2 -9.01 22.67 -9.66 .69 -.65 -4.19 -.03 -2.97
20 Q CH2Br .92 8.47 1.36 -1.48 ~.69 .50 -.04 -.29
21 R CH20H ~1.49 ~1.19 ~.89 ~.49
40 §  NHCOCH3 9.24 -6.19 -.5¢ .32
41 T SiMa3 6.61 11.31 3.31 =.99 -1.39 -.29 -.79 -1.29
65 U SO3H -.89 12.89 -3.08 .84 2.12 2.51 .59 4.14
72 V  GaMe3 §.51 13.11 3.21 -.8% -1.1% ~.78 -.79 -1.39
73 W  PhMe3 8.1 19.81 6.91 ~.69 -.69 -.89 -.9% ~-1.19
74 X  SnMe3 2.42 13.31 1.58 2.19 -.82 1.85 -.34 -1.10
81 Y OCOMe -8.49 22.23 -5.33 -1.19 -.19 ~.26 .38 -.19
117 Z COoH 3.23 1.43 -1.06 -2.18 ~-.75 1.53 .22 .63
125 a  CH2COOH 1.31 ~-1.39 -.99 -.29
161 b CEO 6.55 7.9¢ ~2.42 2.92 1.00 2.57 .69 1.89
163 ¢ COOMe 3.51 1.06 ~-1.06 -1.79 -.098 2.08 .48 1.31
263 4 CONMa2 ~2.69 -1.38 -.19 .41
271 e CH2CMa3 2.41 10.97 3.10 -~1.29 -1.29 -~1.03 -.57 -1.29
276 £  CH2PbMe3 -2.89 15.61 > -.9% -1.1% -2.59 -.89 ~-1.49
292 g CH2SnMe3 -3.03 14.2% ~1.35 ~-.76 -1.14& -2.35 -.63 -1.80
293 h  CMe20H ~-3.89 ~1.89 -1.29 . -1.49
306 i CMe=CH2 -1.99 -1.29 -.89 -.69
308 3 COtBu 3.3 -1.89 ~-.39 .91
326 k FORMYL 9.77 7.72 -2.16 -3.62 .28 2.57 .52 2.7
331 1 CH2P(O) {OEt)2 1.60 4.01 2.11 .29 -.50 ~.49 .01 -.16

Predicting the y signals was somewhat problematic. In Part 1 we gave no prediction equation. It
appears to us that many of the y signals are misinterpreted. Because they are close together (about 130
ppm), it is difficult to tell which is 9 and which is 10. Errors of measurement are probably a significant
percentage of the actual signal variation, and so we did not expect to get a high correlation, but we
expected better than what we got. There is almost no correlation between y signals and the substituted
groups, which seems to say that the signals are affected by something, but it is not the substituted groups.
This clearly cannot be true.

An examination of the predicted 9 and 10 signals compared to the reported observed signals seemed
to indicate that a large number of thern had been interpreted in reverse order. We decided to develop an
algorithm that would determine the values of SC}ij which minimized the SSE, and at the same time switch
signals 9 or 10 if that would lower SSE. Developing a working algorithm to meet these criteria was
perhaps the most difficult achievement in this work. The algorithm we developed is of the iterative type
and will produce an answer only in case it converges, which it does.
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Figure 2. Correlation between 2100 pairs of observed and predicted
beta signals. r = .98

This algorithm did reverse the order of many of the pairs of v signals. Ultimately we calculated
a set of 272 y SSCS values for use in predicting y signals. It should be noted that in using these SSCS
values for prediction the molecule should be oriented so that the carbon yielding the signal is in position
9. Because of symmetry, there are only two orientations and therefore two encodings for y signals. It
should also be noted that symmetry dictates that SG,; = SG 4, SG 5 = SG 4, etc., so that each group
has only 4 different y SSCS values. In predicting vy signals, one should also be aware that because of the
reinterpretation algorithm used for calculating y SSCS values, we are not as sure of their reliability as we
are for @ and B SSCS values. However comparison of similar groups show a reasonable pattern to the v
SSCS values. The correlation between predicted and observed y signals is r = .93 with a standard
deviation of s = 1.5. Thus the average error prediction for y signals is about 1.0 ppm, comparable to that
for o and B signals. This correlation is shown in Figure 3.

We tested the predictive value of this method on a group of uninterpreted naphthalenes from [56]
One of these uninterpreted naphthalenes was 1-hydroxy-2,4-dichloronaphthalene. We will use it as an
example to show how the SSCS calculations are to be done. First the « signals receive 4 encodings. From
table 1, 2 or 3 we see that the OH group is group number 8, while Cl is number 3. Thus the four encodings
for « signals are :
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Figure 3. Correlation between 1050 pairs of observed and predicted
gamma signals. r = .93

8 3131111+%*+x*
31381111 %*+*
11113138*H*+*
11118313*+*

The computation for the first @ signal is:

YPRED = SA,, + SA,, + SA,, + SA,,
+ SA;; + SA;; + SA,,; + SA,,; + 127.92

23.72 - 1.96 + 0.00 - 0.90
+ 0.00 + 0.00 + 0.00 + 0.00 + 127.92

148.8 ppm

For the second « signal:
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Table 4. Group numbers, group namas and gamma SSCS valuea
for groups in positions 1 - 8. These values are to be used
for predicting gamma signals with the assumption that the
carbon associated with the signal is in position 9. The
numbered positions in the table aze numbered with raspact to
that assumption. The predictad signal from position 9 in
naphthalena is 133,64 ppm.

No. Code Name Pasition
1,8 2,7 3,6 4,5
1 . H .00 .00 .00 .00
2 A Br -1.82 .39 -.9% 3 Y
3 B cl -2.02 ~1.45 .20 .51
4 ¢ NH2 1.32 1.22 -5.68 -8.33
5 p cH2CH3 -.08 -1.50
6§ E F -10.01 19 -3.12 1.19
7 F N -1.22  -1.43 .81 -1.44
8 G OH .59 76 . -4.45 -8.44
9 H I .84 1.64 -1.07 .84
10 I CF3 -.83 1.17
11 3 ocH3 -4.24 .51 -4.31  -1.67
12 x cm3 -.63 .32 -1.44 .52
13 L NO2 -8.73 -1.71 2.51 .46
15 M CocH3 -.85 -1.89 .99  -4.01
16 N CH(CH})2 -.26 -.20
17 O C{CE3)3 -1.60 45  -1.47  2.04
18 P H(CH3)2 -5.62 2.02 ~6.24 2.37
20 @ CH2Br -2.8¢ -.76 -.61 .06
21 R  CH20H ~1.34 -1.34
40 s NHCOCH3 .21 -2.70
41 T siMe3s 1.96 -.08 -.08 1.96
65 i} SO3E -1.88 1.00 1.00 -1.53
72 Vv  GaMa3 2.06 ~-.29 -.29 2.06
73 W  PbMe3 . -4 -4 3.1
74 X  SnMe3 3.3¢0 -.13 -1.17 1.03
81 Y OoCOMe .86 -1.57 -.41 -6.94
117 z COOR -2.24 -1.22 1.52 -.15
125 a  CH2COOH -4 -1.94
161 b cHO -.37 %.42 -3.87 -2.97
163 c  COoCMe .46 -1.27 2.19 ~1.94
263 4a CcoNMa2 -.24 -4.14
271 ] CH2CMa3 -3 -1.23 ~.71 .26
276 £ CH2PbMe3 -2.94 -1.44 ~1.44 .06
292 g CH2SnMe3 -2.89 .32 -3.10 .83
293 h  CMe20H -.79 -.79
306 1 CMe=cH2 -2.64 .26
308 3 cotsBu .36 -2.14
326 k  FORMYL -5.42 6.29 -4.89 1.28
331 1 CH2P(O0) (OEt)2 -1.00 26 -.94 .78
YPRED = SA,; + SA,, + SA,, + SA,,
+ SAs,; + SR, + SA;,, + SA,; + 127.92
= 4.06 + 0.00 + 1.40 - B8.66
+ 0.00 + 0.00 + 0.00 + 0.00 + 127.92
= 124.7 ppm

263

This should be sufficient for the reader to see how the other 8 signals are predicted. In these two examples
the SSCS values are from Table 2, since these are ¢ signals. For P signals and y signals use SSCS values
from Tables 3 and 4 respectively.

After prediction of the ten signals, we "freeze” the encoding for the compound at the first o
encading for purposes of listing which predicted signal goes with which carbon. You will see the two above
computed predicted signals in positions 1 and 4 in the frozen encoding.
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Position 1 2 3 4 5 [ 7 8 9 10
Group 8 3 1 3 1 1 1 1 ° *
YPRED 148.8 113.5 126.8 124.7 125.8 128.3 127.1 122.3 133.3 123.4

The compounds from [56] give ten nmr signals, but no indication of which one goes with which
position. The predicted signals allow one to match these ten observed signals up with the closest predicted
signals. This is difficult to do correctly manually. We wrote an algorithm which is programmable to
match the observed with predicted signals so as to give the closest fit possible. It is a brute force method
in that it simply has the computer look at all the 10! possible interpretations and pick out the best match.

An explanation of the details of this method requires that we first define some notation.  Let the
10 predicted signals be denoted by YPRED; i=1,10and Y; i = 1,10 any arbitrary ordering of the 10
observed signals, which we will regard as the initial ordering. Then any reordering of the observed signals
has the form Y, i=1,10 where p is any one of the 10! permutations of the indices 1 through 10. For any
such permutation p we can compute:

10
SSE(p) = ) ( YPRED, - ¥p ,,

i=l

The value of SSE(p) depends on the permutation p, and we need to find which permutation p minimizes
SSE(p). This permutation gives the best fit and thus determines the order of observed signals which match
the predicted signals best. The minimum SSE(p) can be found by computing SSE(p) for each of the 10!
permutations and choosing the smallest one. This is a fair challenge to even a fast computer, but can be
done.

By this method we were able to interpret the nmr signals of the 53 naphthalenes in [56]. These
compounds together with our interpretation of the nmr signal are in Table 5. The number labeled SSE is
the minimum of the SSE(p) described above. The smailer the value of SSE the better the fit of observed
to predicted nmr. There is no standard for interpretation of SSE with respect to this method, because this
is, as far as we know, a new algorithm. We believe that in this case since the average error of prediction
is about 1.5 ppm per signal that an SSE under 10(1.5% ) = 22.5 represents a chemically useful
interpretation. SSE under 100 probably indicates a correct interpretation.

EXPERIMENTAL

Statistical computations were done on a Sun SPARC-10 using Statistical Analysis Software and on
a Pentium Pro-200 computer running the Linux operating system.
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