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Abstract

The work done with completion in this year including:

Part !
{1y Additonal work and revision on the solvolvsis of benzoyl bromides reported last year. It

was published in Tetrahedron 2001, 37, 3343-3347 (Appendix 1)

(2y Additional work and revision on the DFT calculation of oxvgen-17 and carbon 13 NMR
chemical shifts reported last year. It was published in Journal of Physical Organic
Chemistry 2001, /4. 591-596. (Appendix 2)

(3) Solvolytic study on four naphthoyl chlorides was complete.

Part 2.

(1} Ten S -diketone ligands containing side-chain with more than one oxygen atoms were
prepared.  Their copper (1) complexes and palladium (II) complexes were made. and
liquid crystal properties of these complexes were examined.

(2) Eight 5 -diketone ligands containing different substituents on phenyl ring were prepared.
Their copper (IT} complexes and palladium (I} complexes were made. and liquid crystal
properties of these complexes were examined.

(3) The study on Schiff base complexes is in progress.

Kevwords

Solvolysis, benzoyl bromides, naphthoyl chlorides. O-17 NMR. C-13 NMR. liquid crystals.
3 -diketone complex of copper (II). /3 -diketone complex of palladium (I1)
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ANNUAL REPORT (2000-2001)

Part 1.
The following results were published :

1. Application of Grunwald-Winstein correlation analyses with Yggp, scales to the solvolysis
of benzoyl bromides. published in Tetrahtedron 2001, 57, 3343-3347 (Appendix 1).

2. Density functional theory calculations of 'O and '*C NMR chemical shifts for aromatic
acyl chlorides, published in Journal of Phvsical Organic Chemistry 2001. /4. 331-596

{Appendix 2).

The following naphthoyl chlorides (1-4). Scheme 1. were prepared and were solvolyzed in a

variety of solvents. First order rate constants are shown in Table 1-1.

Table 1-1. Solvolytic rate constants at 25°C

solvent 1 2 3 4 }
100E 2.05x107 7.50x107 7.00%107 7.45<10% |
90E 6.70x107 2.08x10 2.37x107 2.08x107
80F 1.69x107 3.37x107 6.56x107 5.46x107 '
70E 4.03x107 5.58%107 - 1.07x10~" |
60E 9.08x107 9.33x107 - 2.44%107 |
100M 1.51x107 4.55%10" 4.35%107 5.40%10™
90M 2.69%107 8.54x107 1.52x10" 1.29% 197
80M 9.34x107 1.49x10° 5.13x10" 2.60x107
T0M 3.12x107 2.13x107 - 5.97x107
90A 5.14x10™ 3.37x107 1.10x107 9.15x10™
80A 1.96x107 7.58x10™ 5.30x107 1.05x10™
T0A 7.21%107 1.43x107 1.96x10™ 3.16x107
60A 2.68x107 3.28%107 7.81x107 9.94x10"
30A - 8.96x10° - 3.44x107
100T 5.36%10" 3.29x107 — 3.33x107
80T20E 1.26%10°" 1.13x107 1.02x10" 1.59%107
60T40E 2.88x107 7.38x107 1.59%10¢" 4.74x107
40T60E 9.63x10~ 2.05%107 5.00%10° 2.24x107 |

Correfation analyses using single-parameter and dual-parameter Grunwald-Winstein equations

(Eqn 1 and 2) were carried out.  The results are listed in Table 2 and Table 3..
log(kiky) =mY (1)

log(k'kyy = mY + IN (2}



Table 2. Correlation analyses using single parameter equation (1)

|Substrate Parameters  # (solvent) R m(sd)®
1 Yancl 17 (All) 0.968  0.533(0.037)
| 13 (AEM) 0987  0.666 (0.033)
5(TE) 0.996  0.470(0.024)
f ¥Bncl 17 (ALl 0.968  0.533 (0.036)
13 (AEM) 0.993  0.657(0.024)
5 (TE) 0.997  0.530 (0.025)
2 Fancl 18 (All) 0.708  0.260 (0.065)
14(AEM) 0.962  0.445 (0.037)

5(TE) 0.910  0.215(0.057)
Y<gnCl 18 (All) 0.737  0.278 (0.064)

14(AEM) 0.982  0.448 (0.025)
5 (TE) 0912 0.243 (0.030)
3 Vancl 13 (All) 0.970  0.633 (0.048)
10(AEM) 0973  0.720 (0.061)
| 4(TE) 0999  0.583 (0.016)
| YBncl 13 (Al 0.989  0.650(0.029)
| 10(AEM) 0.99  0.715(0.022)
4 (TE) 0.999  0.663 (0.016)
4 Fancl 18 (All) 0874  0.409 (0.057)
14(AEM) 0996  0.609 (0.017)
5(TE) 0.996  0.328(0.017)
YeBnCl 18 (AlD 0.889  0.428 (0.055)
14(AEM) 0.994  0.600 (0.018)
5(TE) 0.996  0.370 (0.066)

? Numbers of data points. Y Standard deviation.

Table 3. Correlation analvses using dual-parameter equation (2}

Substrate  Parameters n R m(sd)?® P(sd) "
1 Yanc! - NoTs 14 0.986  0.656 (0.044 ) 0.335 (0.069)
YeBncl - NOTs 14 0.984  0.648 {0.046) 0.241 (0.068 ]
2 Yanct - Nots 13 0.850  0.454 (0.082) 0.505 (0.131)
Yagner - Nots 15 0.753 0.308 (0.078) 0261 (0.130)
3 YBact - NoTs 11 (.985 0.745 (0.055) 0.432 (0.117 )
YeBnel - Moy 11 0995  0.733 (0.031)  0.269 (0.062)
4 YBner - NoTs 16 0.970 0.623 (0.062) 0.448 ¢ 0.093 3
Yigacl . Nots 16 0.952 0.563 (0.072) 0.312 (0.105)

" Numbers of data points.

b .
Standard deviation.



Ccodcl

ANF |: & COoCl
NN e
1 2
cOcCl
COCI
9¢
= H,CO
CH,
3 4
({ Scheme 1}

Part 2.

(1) Ten 5 -diketone ligands containing side-chain with more than one oxygen atoms were
prepared, and their copper (I} complexes and paltadium (I} complexes (Scheme 2-1) were
made. The results of DSC studies and. in some cases. PM studies are listed in Table 2-1
to Table 2-4.

(2) Eight 3 -diketone ligands containing different substituents on phenyl ring were prepared.
and their copper (11) complexes( Scheme 2-2 Jand palladium (II) compiexes( Scheme 2-3 ]
were made. The results of DSC studies and. in some cases. PM studies are listed 1n
Tables 2-5 and 2-6.

(3) A few Schiff bases and their Cu (II) complexes were prepared. This work 1s still is in

progress.



1: M = Cu, Pd X=H ¥Y=0R

CzOC4'M ‘R= C2H4OC4H9
C40C4'M ‘R= C4HEOC4H9
C2OC2OCZ'M R= C2H4OC2H4OC2H5
C20C2064-M ‘R = C2H4OC‘2H4OC4H9

2: M = Cu, Pd X=Y=0R

Di-C,0C,M  :R=C,H,0C:Hs
Di'C20C4'M ‘R= CQH4OC4H9
Di-Czﬂcs-M ‘R = CzH4OCGH13
Di-Czﬂca-M R= C2H4OCaH1?
Di- C4OC4-M :R= C4HBOC4H9

Di-C,0C,0C,,-M : R = C,H,0C,H,0C,Hq
{ Scheme 2-1

Table 2-1. DSC data for Cu(Il) complexes of 3 -diketone (R-Cu), C()/g)

C20C4-Cu K B6:67(47.94) o - 130.82 226)

37.17(37.79) ™ 12838 (2.23)

C40C4-Cu k Q80534 [ 12178¢27)

3573 (28.95) " 17736228

a4 24 103.74¢1.93
C20C20C2-Cu K 22802 10514059
5" 40 (75.04) 101.70:{1.88)

C20C20C4-Cu K 22122120 (- 107.00005)

33.47(959) ™ 702.55(0.56)

K. crystal phase). Dyg. disordered hexagonal columnar phase: L. isotropic phase:
Temperature gradient. 10.0°C min™.



Table 2-2. DSC data for Pd(II} complexes of 3 -diketone (R-Pdy. C(Jig)

. 2. 122,31 (1.54
C20C4Pd Kk 280280 LAl
= 25° 382 (121}

C40C4Pd  k 2L830020) ,, 103870141

<25 M T08.73 (0.84)

C20C20C2-Pd Kk B2 f 12X W0IH

rd

72.97(0.58) 118,40 (0.14)
46.48 (21.99 90"
C20C20C4Pd k =821 [, 0.
<250 71.74{0.36)

K. crystal phase): Dy,. disordered hexagonal columnar phase: 1. isotropic phase:
Temperature gradient, [0.0°Cmin"'. *Observed from polarized microscope.

Table 2-3. DSC data for Cu(Il) complexes of 5 -diketone (Di-R-Cu). C(J/g)

483 (383)

Di-C20C2-Cu g 2322060
109.70 {3.93)

rd

Di-C20C4-Cu - K —2200.10) D,y 13029 (4.56)

38.58 (0.14) 126.62 (4.58)
. ) 26.55 1207
Di-C20C6-Cu g 2286659 p 120
< 30° 1142
25.44 (3.93) 1062
s _ K m—m————= D p—— =
Di-C20C8-Cu =0 T ‘
Di-C40C4-Cu g 200039, 12B0@ip
27.92(020) 0 122.11 (3.98)
87.22 (11.83) 118.21 (0.34)

Di-C20C20C4-Cu K, —=2U19) B899
118.08 (12.50)

L~ ]
K. crystal phase): Dy, disordered hexagonal columnar phase: 1. isotropic phase:

Temperature gradient. 10.0°Cmin"'. ® Observed from polarized microscope.



Table 2-4. DSC data for Pd(II) complexes of 3 -diketone (Di-R-Pd). C (J/g)

44, 82 110’
Di-C20C2-Pd K —-1LG83) =
26.27 (4.55) 107
Di-C20C4-Pd  S8062660) 13016 2.15)
<130 " 3130 (2.00)
Di-C20C6-Pd K 5845 (2082) 1i1.55 (1.00) |
<30 "02.41 (1.06)
. 2423(1.26 112.12(1.36)

i - K —_____L_-'l._ e e Ty
Di-C20C8-Pd 1455177 M 10458 (1.28)
Di-C40C4-Pd K 16.60 (5.92) 124° l

14.86 3.66) ™ 1238
Di-C20C20C4-Pd i 23:332370) L4* |
<30 11g°

K. crystal phase): Dy, disordered hexagonal columnar phase: [, isotropic phase:
Temperature gradient, 10.0°Cmin"'. ? Observed from polarized microscope.

( Scheme 2-2 )

CN-Cu:X=CN
Cl-Cu: X =Cli
Br-Cu® X =Br
IKCu: X =1

H-Cu®: X =H
C2H5-Cu X = CZHS
CH;-Cu : X=CH,4
OCH3-CUE X = OCH3



OCgH7 X

CgH470 QCgH17 CN-Pd: X =CN
O O Gl-Pd; X = CI
Catr70 h P X 21

H-Pd X = H

O
IC*J SR Xe of
O O OCsH:7 ocH, -Pdg( = OCH,4
CgH470 OCgH47

OCgHyy

O\OA

( Scheme 2-3)

Table 2-5. DSC data for Cu(ll}) complexes of 5 -diketone (X-Cu). C(J/g)
235.0?
CN-Cu ; COIhd
233.9°
181.09(2.68)
ClCu : Colhd
174.32(2.48)
160.5%
Br-Cu: Colpy
150.0%
165.37(2.17)
I-Cu Colyy
156.96(2.34)
82.7(31.07) 140.4(1.58
H-CLIUO) K Co'hd ( )
43.9(12.84) 136.9(1.42)
54 .98(70.66) 98.42
OCH:;-CU DK COlhd
74 .82
83.31(29.10) 106.18(2.65)
CyH5-Cu: K Colyy
42.06(21.39) 97.30(2.88)
75.76(21.66) 125.24(0.69)
CH;-Cu: K Colyy

39.11(16.14)

118.39(0.64)

Colyg. disordered hexagonal columnar phase: Coly. disordered rectangular columnar phase )

K, ¢rystal phase); Dy, disordered hexagonal columnar phase: 1. isotropic phase:
*Observed from polarized microscope.

Temperature gradient, 10.0°C min™.

#0



Table 2-6. DSC data for Pd (II) complexes of ;5 -diketone (X-Pd), C(J/g)

203.8°
CN-Pd : Colyg |
201.4°
Cl-Pd Col 1613° |
- . O
| hd 160.7°
139.8°
Br-Pd : Colyg
138.4°
150,28
-Pd ; COlhd |
148.5°
73.06(33.88) 124.41(0.91)
H-Pd K COIhd |
17.40(20.62) 111.42(0.72)
>252 146.0°
OCHa-Pd . CO‘hd |
>252 134.2%
>25° 105.13(1.24)
Csz-Pd . K COIrd |
>25° 88.65(1.31)
46.23(6.40) 142.34(1.73)
CHg-Pd K C-Olrd |
29.17(10.37) 123.06(1.12)

Colyg. disordered hexagonal columnar phase; Coly, disordered rectangular columnar phase } -
K. crystal phase); Dy, disordered hexagonal columnar phase; 1. isotropic phase;
Temperature gradient, 10.0°Cmin”. *Observed from polarized microscope.

#
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Application of Grunwald—Winstein correlation analyses with
Ygngr Scales to the solvolysis of benzoyl bromides

Kwang-Ting Liv" and Iuan-Jye Hou

Department of Chemistry, National Taiwan University, Taipei, Taiwan 106, Republic aof Ching
Received 26 December 2000; accepted 19 February 2001

Abstract—The solvolysis of 4-methoxy-{1}, 4-methyl-(2}, unsubstituted (3} and 4-chloro-(4) benzoyl bromide in a variety of solvents was
studied. The linear log k—Yg.a, plots for 1 indicates limiting S+1 mechanism, whereas the splitting of lines for nucleophilic solvents and
poorly nucleophlhc solvents in the case of 2 suggests significant nucleophilic solvent participation. The mechamsm for the solvolysis of 3
and 4 probably varies with solvents, stmilar to that of the corresponding chlorides. Good linear Hammett log k-o * plot could be found in a
few solvenls. A comparison of the solvolytic behavior for aromatic acyl bromides and chlorides will be discussed. @ 2001 Elsevier Science

Ltd. All rights reserved.

1, Introduction

Acyl halides are fundamental organic substrates with very
high reactivity. Although acyl chlorides were contmuously
studied from mechanistic' and synthetic® points of view,
much less attention was paid to the corresponding bromides.
Nucleophilic substitution of substituted aromatic acyl
bromides with methanol in acetonitrile solution was
examined and the mechanism was found substituent-
dependent.’ To our knowledge, little work on the solvent
effect for the solvolysis of acyl bromides has been
performed.

Early mechanistic studies led to a conclusion of three possi-
ble pathways for the solvolysis of acyl halides,” namely, the
unimolecular dissociation (Eg. (1)), the bimolecular
synchronous Sy2-type (Eq. (2)) and the addition—elimina-
tion (Eq. (3)) mechanisms.

— SOH

RCOX — RC=0 + X~ *¥'rC0OOS + H™ (0

RCOX + SOH — [TS] - RCOOS + X +H" {2)
?.

RCOX + SOH —R—C—X— RCOOS + X~ + H” (3
H?S

Previously. based on the observation of linear correlation
between logarithms of rate constants in a number of solvents
for 4-methoxybenzyl chloride, which was proposed to

Kevwords: solvolysis; Yy,u Grunwald—Winstein cormretation.
* Corresponding author. Tel.: +886-2-2362-4966; fax: +886-2-2363-
635%; e-mail: kflui @coms.ntu.edu.bw

solvolyzed via limiting Syl mechamsm from linear
Grunwald-Winstein plots with ¥g scales,” 2,6 dimethyl-
benzoyl chloride and 4-methoxybenzoyl chloride were
both considered to solvolyze with Syl mechanism similar
to the 1-adamantyl system.® Non-linear log k—mY¢, plots
suggested different mechamsrns of solvolysis for other
aromatlc acyl chlorides.” However, by employing the
single-® and thc dual- pa.rarneter9 Grunwald—Winstein
{Eqgs. @) and (5)”) with ¥g.'” and Nor:'' scales to examine
solvolync mechanisms for a series of benzoyl chlorides, and
in association with the results of Hammett-type correlation
analyses and of ab initio calculations, we concluded™ that
2.6-dimethylbenzoyl chloride solvolyzed with limiting Syl
mechanism (Eg. (1)), while 2-methyl-, 4-methoxy- and 4-
methylbenzoyl chloride proceeded with nucleophilic
solvent participation.

log(kfly) = m¥ (4)

log(kfky) = mY + IN (5)

More complicated mechanisms were involved for other
benzoyl chlorides.

Obviously, correlation analysis using Y. scales will
provide a better understanding to the solvolytic mechanism
for benzoyl chlorides. We therefore undertook to explore
the applicability of using ¥, - in a similar approach for
studying the solvolysis of benzoy] bromides. The results are
reported in the present paper.

2. Results

4-Methoxybenzoyl bromide (1), 4-methylbenzoyl bromide
(2), benzoyl bromde (3), and 4-chlorobenzoyl bromide (4).

0040-4020/01/% - see front matter © 2001 Elsevier Science Lid. All rights reserved,

PIL 50040-4024{01)00204-6
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Table 1. Solvolysis rate constants (XID:) for aromatic acyl bromides (1-4)
at 25°C

Solvent® 1 2 3 4
100E 9.53 116 5.90 922
90k 50.2h 8.87 712 204"
S0E 130° 12.5% 844

o4 4,09 1.96 3.26 252
80A 34.3° 6.94 577 6.10
T0A 113° 166" 8,38

100M 84.5° 18.3° 12.8° 438"
90M 27 189

80M 35.5°

100T 812 2.03
80T20E 33.8 6.07 278
60T40E 327 19.2" 551 3.54
40TG0E 117* 9.88 47 4.73

“ For abbreviation of solvents: A=acetone, E=ethanol, M=methanol,
T=22.2triflucroethanol. Figures shown are percentages of volume in
water; 30T20E indicates T-E of 80:20 v/v and likewise for 6UT4DE
and 40T&0E.

" From data at other temperatures.

Table 2. Carrelation analyses using single parameter Eq. (1)

Suhstrate Parametets #* (salvent) R mi8.D.1°

1 Yanee 9 (Al 4993 702 (0.031)
7 (AEM) 0.995  0.745 (0.03D)

2 Y 11 (Al 0926  0.359 {0.049)
2 (AEM) 0995  0.509 (0.020)

3 Fpupr 13 (ALl 0397  0.086 (0.060)
S9(AEM) 0973 0.269 (0.047)

4 Yaohe 9 (All) 0.383  —0.115 (0.105)
5 (AEM) 0.882 0.597 (0.184)

* Number of data points.
* Srandard deviation.

were solvolysed in a variety of solvents, and the rate
constants were measured by conductimetric method as
described.™ Because of the high reactivity and the low
solubility at temperature below ~10°C, the rate of

K.-T. Lin, 1-F. How /! Tetrahedron 57 (2001) 33433347

solvolysis in solvents of relatively large solvent ionizing
power could not be measured accurately. Pertinent data at
25°C are given in Table L.

Q Br
1 gz
=4-CH
\ 3G=H 3
4 G=4-C1

[

G

Correlation analyses of log k values against ¥, using Eg.
(4) or against ¥y, and Nor, using Eg. (5) showed poor corre-
lation with scattered data points in every case. The results of
the analysis against Yg,p, are shown in Table 2. An excellent
linear relal:ions]n'p14 (R=0.993} was found in log &—Ygua:
plots for acyl bromide 1 in all solvents where & could be
measured (Fig. 1). In the case of compound 2, two lines, one
in nucleophilic solvents (R=0.995 in aqueous acetone,
ethanol and methanol) and the other in poorly nucleophilic
ethanol—trifluorcethanol, were observed against Ypape
(Fig. 2). Only dispersed log f—Ygos, plots were found for
3 and 4, even if only nucleophilic solvents were considered.
The analysis for log k against Yap, and Nor or Nt by
using Eq. (5) revealed no good linear relationship for acyl
bromides 2, 3 and 4 either.

Hammett-type correlation analyses of log & values against
o' constants'® (Eq. (6)) were carried out for substrates if
three or four rate constants in same solvent were available
(Table 3).

logiklky) = o p (6)

Among the limited number of sclvent systems under
examination, excellent linear correlation (R=0.994} was
observed for all four substrates in 60T40E with p of
—2.20 (Fig. 3).

1.0
05 7

0.0 L

log k
)
ch

Figure 1. Plots of log & for 1 against Yaner

0.0 1.0 2.0

Y BnBr
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0.0

log k

Figure 2. Plois of log & for 2 against ¥gp5,-

Table 3. Hammeit plots of selective log & values against o constants

Solvent Substrate n '] R
S0E 1-3 3 -1.13 0.954
BOE 1-3 3 -2.03 0.995
80A 1-4 4 —0.859 0.927
80A 1-3 3 —-1.03 0.951
T0A 1-3 3 —1.48 0.988
100M 1-3 3 —1.08 0.974
80T20E 2-4 3 -252 0.999
GOT40E 1-4 4 -2.20 (1994
40TS0E 1-4 4 —1.60 (.968
AOTHOE 1-3 3 —1.83 0.983
1.0
4-MeD

§ 00

'_

=]

o

2

J:: 4Me °

10 T
4-H
40
_zlo 1 L i 1 i3 1

-1 08 -06 04 02 0 0.2 0.4
g+

Figure 3. Plots of log £ in 60T40E for 1-4 against o constants.

3. Discussion

Correlation of rates of solvolysis using Grunwald—Winstein
Eqs. (4) and/or (5) with appropriate scales of solvent
ionizing power (¥} and solvent nucleophilicity (%) has
been generally applied to mechanistic studies for the
solvolysis of substrates at saturated carbons."” Recently, it
was also employed in the elucidation of solvolytic

0.0 1.0 20

Y BnBr

mechanisms for unsaturated systemns, such as styryl-
iodonium salt,'" N N-diphenyicarbamoyl chioride' and
aromatic acyl chlorides.'**%® The usefulness of Yeoo scale
in studying the solvolysis of substituted benzoyl chlorides'?
suggested an extension to the study of the corresponding
benzoyl bromides with ¥y, would be worthwhile. Indeed,
valuable information about the solvolytic mechanism for
benzoyl bromides was obtainexl,

Owing to the high reactivity, only limited number of
aromatic acyl bromides were found suitable for the study
of solvent effects. Although seven substituted benzoyl
chlorides were examined in the previous work,'” the
reaction kinetics for only four bromides (1-4) could be
monitored in reasonable varieties of solvent systems,
including both highly nucleophilic and poorly nucleophilic
ones, for correlation analyses, In spite of their low solubility
in solvents of high water-content, 1-4 could still be
solvolyzed in solvent systems with sufficiently large differ-
ence in solvent ionizing power (AYg,5.=2.7—4.6) and made
the interpretation meaningful. However, due to insufficient
kinetic data in the non-nucleophilic tnfluoroethancl { 100T)
available, which was found necessary in correlating experi-
mental reactivity with the energy of isodesmic reaction,'® ab
initio caiculation for the formation of acylium ion (ArCO ™)
from benzoyl bromides (RCOBr) was not performed.
Besides, the three-parameter Eq. (7) suggested by Kevill
and coworkers™ was not tested, as it would be meaningless
to treat such regression with less than ten variables.

In the previous study,” the solvolyses of 4-methoxy- and
4-methylbenzoyi chlorides were considered to proceed with
non-limiting Sy 1 mechanisms, while the unsubstituted
benzoyl chloride was on the borderline of unimolecular
dissociation (Eq. (1)) and the addition—elimination
(Egq. (3)) mechanisms. Moreover, the solvolyses of 4-
chloro- and 4-pitrobenzoyl chlorides were likely to
involve an Sy2 mechanism (Eq. (2)) in oucleophilic
solvents, and an addition—elimination (Eg. (3)) mechanism
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in trifluoroethanol—ethancl.' Similar to the corresponding
chlorides, no linear correlation with ¥g, (Eq. (5)), or ¥g, and
Nors (Eq. (6)) was found for 1 to 4 in the present work. On
the other hand, log &—¥p,5, plots showed excellent linear
correlation (Fig. 1; R=0.993, Table 2) for the solvolysis
of 4-methoxybenzoyl bromide (1), and therefore, a limiting
Sn1 mechanism could be deduced. The lack of significant
nucleophilic solvent participation as compared with the
analogous 4-methoxybenzoyl chloride' is likely due to
the better leaving ability of bromide ion in 1.

In the case of the 4-methyl derivative (2), two separate lines,
one for nucleophilic solvents (AEM) and the other for
poorly nucleophilic solvents (TE), were observed (Fig. 2)
The use of isodielectric trifluoroethanol—ethanol mixture”'
has been shown to be a diagnostic probe for nucleophlhc
solvent participation in solvolyses of various substrates.”
Therefore, the downward splitting of line for data points
obtained in TE from that in AEM suggests the intervention
of nucleophilic solvents in the solvolysis of 2. The poor
regression for 2 with respect to all solvents (R=(.926,
#=11, Table 2} by using the single-parameter Eq. (4)
could be improved (R=0.964, r=9 from the dual-
parameter Eg. (5), log (kfkg)=0.458Yg,p+0.301 Nm's
Although no excellent linear correlation {(R=0. 99) was
obtained, the low m value and the high 7 value could also
indicate significant nucleophilic solvent participation in the
solvolysis of 2. Unlike 4-methoxybenzoy] bromide 1 and the
corresponding chloride (\rlde supra), but similar to 4-
methoxybenzyl halides,”™ the reactivity of the bromide
leaving group is still not good enough to yield an unassisted
solvolysis.

The solvolysis of benzoyl bromides 3 and 4 gave nonlinear
relationship for Egs. (4) or (5). Scattered data points were
resulted from log k—Yp,p, plots. Poor correlation with ¥p;p,
and Ngr, by using the dual-parameter Eq. (5}, R=0.7-0.3,
was found in both cases. The results show some similarities
with those found for the corresponding benzoyl chlorides,
indicating a variation of mechanisms in different solvent.
Logarithm plots of rate data for 3 and 4, respectlvely,
against those for the corresponding chlorides' showed fair
linear relationships (R=0.96). Probably different types of
non-Sy1 reactions were involved in the solvolysis of 3 and
4 in nucleophlllc solvents, similar to the corresponding
chlorides.™

The results of Hammett plots against o constants (Table 3)
are also interesting. The selvolysis of 1 to 4 showed linear
log k—o relationship in 60T40E (Fig. 3), but not in other
nucleophilic solvents. Bromide 1 was too reactive in
ROT20E to yield a reliable rate constant. Nevertheless, linear
plot was observed for 2—-4 in 80T20E, and presumably for
1-4 as well. In 40T60E, linear regression for 1-3 was
realized as a marginal case, but significant deviation was
found for the 4-chloro derivative 4. The rate constant for 4
in 70A or in 80E could not be measured conductimetrically
due to the low solubility at the temperature helow 0°C. But
linear plots were obtained for 1-3 in these solvents. Perti-
nent data for log k—o~ regression are listed in Table 3. For
acyl chlorides corresponding to 1-4, linear relationships
were found only in solvents containing high percentage of
water (50A, 50E and 60M) or high percentage of trifluoro-

ethanol (100T and 80T20E)."® But for those corresponding
to 1-3, linear log k—o" plots were observed in solvents
containing less water (60A, 60E and 70M)} or less trifluoro-
ethanol (60T40E).'* Apparently, the more reactive acyl
bromides 1-4 will display linear Hammett log k—o~ plots
in solvents of sraller ionizing power, such as 70A and 80E,
as compared with corresponding chlorides. The small nega-
tive p values in 60T40E and BOT20E, and even smaller in
nucleophilic solvents could also be aftributed to the less
extent of charge development at the transition state, simi-
larly to that found in the solvolysis of acyl chlorides.'

4. Conclusions

In summary, solvolytic mechanisms for benzoyl bromides
could be understood by means of Grunwald—Winstein type
correlation analysis using Yg,p, scales, in association with
Hammett-type plots against o' constants. 4-Methoxy-
benzoyl bromide (1) solvolyzes with limiting Syl
mechanism (Eg. (1)), whereas 4-methylbenzoyl bromide
{2} proceeds with nucleophilic solvent participation.
Different types of Syl and non-Syl reactions are probably
involved in the solvolysis of benzoyl bromide (3) and
4-chlorobenzoyl bromide (4). The presence of the better
leaving group, bromide as compared with chloride, could
make benzoyl halides more likely to solvolyze via limiting
or non-limiting Syl mechanism and to exhibit linear
Hammett-type plots, logk—o' in solvents of smaller
ionizing power.

5. Experimental
5.1. Materials

Spectral-grade or reagent-grade solvents (E. Merck) were
purified following conventional methods™ for kinetic
studies. Doubly deionized water was used to prepare
aqueous solvent mixtures for solvolytic studies. Benzoyl
bromide (3} was commercially available (across) and
other acid bromides 1, 2 and 4 were prepared from corre-
sponding acids and thionyl bromide,™ respectively. The IR
and NMR spectra were found to agree with the assigned
structure. All of the acid bromides were freshly distilled
for kinetic studies.

5.2. Kinetic measurements

Rate constants were measured by conductimetric method a¢
least in duplicate. The conductmty cells containing about
1.8 mL of 1X107"-1x107°M solution of substrate and
1 pL of 2,6-lutidine were placed in a thermostat with a
temperature variation of +0.02°C. The maximum error for
the measurement of k is £2%.

Rate constants {in s~ ') were monitored at 25°C or at appro-
priate temperatures. The rate constants {in s~ ') measured at
low temperatures are listed as follows:

For 1 in 90, & (~10°C)= 1.79%1072, k{(—5°C)=3.04x10"*
and £(0°C)= 510x10‘; in 80E, K(—10°C)= 237%107°,
k(—5°C)=5.10x10" and &(0°C)=9.19x10" 7, in ROA, k
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(—10°C)=1.62x1072%, k(—5°C)=2.63x10"2 and KO°C)=
420%107% in 70A, k(—10°PC)=2.34x10 % k(—5°C)=
4.46x107% and K(0°C)=8.30x10"% in 100M, k(—10°C)=
3.15%107%, k(—5°C)=5.31%107% and k(0°C)=8.79X10 7
in 60T40E, k (—10°C)=4.02x107% and K—5°C)=
8.08%1072; in 40T60E, k(—10°C)=2.92x107%, k{—5°C)=
5.24x107% and &(0°C)=9.22x102,

For 2, in 80E, k(—10°C)=5.03x10"", k(—5°C)=8.99x10""
and 4(0°C)=1.57x10"% in 70A, k(—10°C)=4.83x107",
H—5°C)=8.47x10"* and KO°C)=1.46X10"% in 100M,
£(~10°C)=4.48x10 7, k(—5°C)=8.07x10"* and &{0°C)=
1.42x107% in 90M, &~—10°C)=6.05%x10"°, k(—5°C)=
1.14%107% and AQ°C)=2.10x10"%;, in  8OT20F,
k(—10°C)= 5.64%107%, i(—5°C)=1.08x10"2 and &(0°C)=
2.10%10° 2% in 60T40E, k(—10°C)=4.47%10, K{—5°C)=
8.03x10 " and #(0°C)=1.43x10"2,

For 3, in 100M, K—10°C)=4.67x107°, K —5°C)=
7.90x107° and &(0°C)=1.31%10"%;, in 90M, k(—10°C)=
5.54x107°, k(—5°C)=9.71x10"" and &0°C)=1.67x10"%
in 80M, k(—10°C)=7.03%10 > k(—5°C)= 1.31x107%
k0°C)=2.39x10"2

For 4, in 90E, k(—10°C)=3, 14%107%, k(—5°C)y=6.09x10"*
and K(0°C)=1.15x10"%; in 100M, & (w10°cq)=7.31x10*3,
E(—5°C)=1.40%10"7 and K0°C)=2.62X10"",

The rate constants measured at 25°C and those from
extrapolation to 25°C by using Arrhenius plot are given in
Table 1.
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Density functional theory calculations of 70 and 3C NMR
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ABSTRACT: Density functional theory (DFT) at the B3LYP/6-31 + Gid.py/B3LYP/6-31Gid} level was used to
calculate 'O and ''C NMR chemical shifts of the carbony! group of aromatic acyl chlorides 1a-n. The aryl groups
included substituted phenyl, furyl. thienyl and naphthyi, The calculated 'O chemical shifts corretated well with the
experimental values and with Hammett-type ¢ constants. Therefore, in many cases it is possible o deduce o°
constants of substituted aryl groups via gas-phase calculation of 7O chemical shifts of the carbonyl groups. The &
values obtained in the gas-phase calculation show the intrinsic property of substituents. so they provide 1 good
reterence set for systermatic comparison to evaluate the effect of the environment. Furthermore, the concept of n—z*
mixing can be used to understand the sensitivity of the O and Cl atoms and the insensitivity of the C atom rowards
substituent effects in aromatic acy! chlorides. Copyright © 2001 John Wiley & Sons. Lid.
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INTRODUCTION

With the use of substituted acetophenones and benzalde-
hydes, it has been shown that the ' 'O NMR chemical shift
5('70) of a carbonyl group is sensitive to substituents of
the neighboring pheny] group.'- Studies of acyl-contain-
ing compounds such as acids, amides, esters and other
derivatives of carboxylic acids [YC(=01X] have also
confirmed the sensitivity of ''O chemical shifts in
reflecting the electronic nature of substituents X and
Y.*? Owing to this sensitivity, 7O chemical shifts have
been studied from different viewpoints., Dahn and co-
workers used them 1o establish a scale of electrophilicity
of the carbonyl grc:up.j’3 Others used them to study the
effectiveness of transmission of the substituent effect.”"*
It was found that an excellent linear correlation existed
between ¢ and 7O chemical shifts measured in the non-
polar solvent CCly for 12 x,%,x-triflucroacetophenones
(correlation coefficient R = 0.998).” Extending the study
of benzene derivatives of trifluoroacetyl compounds to
heteroaromatic derivatives such as furyl and thienyl, the
same correlation between 6™ and 'O chemical shifts was
also observed, except in the case of 3-furyl.'* More
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recently, we demonstrated that density tunctional theory
{DFT) calculations of '"O chemical shifts at the BILYP/
6-31 + G(d.pW/B3LYP/6-31G(d) level of the above
trifluoroacetyl compounds were compatible with the
experimental - values measured in CCl,."> The smull
deviation (absolute values of <5 ppm in most cases) of
the calculated values from the experimental values might
be fortuitous. but the good correlation between the
calculated and observed values is important. An excellent
linear correlation (R = 0.993) between the calculated and
observed 'O chemical shifts of 15 triftuoroacetyl
compounds was obtained when the data for the 3-furyl
compound was excluded. Therefore, for functional
groups the ¢ values of which are difficult to deduce
experimentally, theoretical calculation of 7O chemical
shifts of corresponding carbonyl compounds seems to be
a potential substitute.

In contrast to the high sensitivity of the oxygen atom to
the donor/acceptor ability of a neighboring group, the '°C
chemical shift of the carbonyl carbon atom is less
dependent on the electronic nature of a neighboring
group.'"" %17 Analysis of components of shielding
tensors of HCOX with ab inirio calculation has revealed
that n—=* mixing contributes to the sensitivity of 'O
chemical shifts toward the nature of X.'® As the n-orbital
is basically localized on the oxygen atom, the sensitivity
observed on the oxygen atom does not occur on the
carbon atom.

In order to establish whether the good correlations

I Phys. Org. Chem. 2001 ; 14: 391-390
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between calculated and observed '"O chemical shifts and
between o constants and calculated '"O chemical shifts
also exist in systems other than the triflucroacetyl
compounds, we have studied other carbonyl compounds.
In this paper, we present results for aromatic acyl
chlorides (compounds la-m). The aryl groups also
include furyl, thienyl and naphthyl, not just limited to
substituted phenyl of which the ¢ constants vs observed
"0 chemical shift correlation have been reported in the
literature.® In addition to the analysis of the '"O chemical
shifts of acyl chlorides, the "*C chemical shifts of the acyl
carbon atom were also analyzed to verify if the
explanation deduced from the calculation of HCOX can
be invoked to explain the sensitivity difference of 70
and "*C chemical shifts in ArCOCI.

[a{a]ed) la X=4a-LF; "'1' \'\ ¥=5
Ik X=3-C1 ! 1j Y=0
P N e <¥/‘\CGC|
P W X=H
| J le X=3-CH,
N H X=4F /CDCI
s tg X=4.CH, S
b X =4.0CH, | i ik 2.00C
Im X =2-CH, P to1Cocl

lo X =26{CH;s

EXPERIMENTAL AND COMPUTATIONAL
DETAILS

70 NMR spectra were recorded on a Bruker AM-300
WB spectrometer equipped with a 10mm broadband
probe operating at 40.670 MHz and values were reported
relative to deuterium oxide. A 0.5 M solution in carbon
tetrachloride was prepared in a dry-box. Perdeuterated
benzene was used as the external lock. The recording
temperature (51 °C) was corrected by using 80% ethylene
glycol in DMSO:dy as the standard. A preliminary study
of the unsubstituted benzoyl chloride indicated that 0.3
and 0.5M solutions showed very close 8('"0) values
(Ad=0.3 ppm). Therefore, 0.5 M is probably an appro-
priate concentration to minimize the possible dipole
interactions between solute molecules. '*C NMR spectra
were recorded on a Bruker AM-300 spectrometer using
chloroform-d solutions at ambient temperature (uncer-
tainty: (1.5 ppm). The observed chemical shifts at natural
abundance are given in Table 1.

Stable conformers of aromatic acvl chlorides were
searched and checked with frequency analysis at the
AM! level.'® The structures of the conformers found
were further optimized and verified by frequency analysis
at the B3LYP/6-31G(d) level. B3LYP means that
Becke's three parameter functional'® is used for the
exchange energy and the Lee, Yang and Parr func-
tional'®® for correlation energy. Single-point energy
calculattons and GIAQ NMR chemical shift calcula-
tions® were carried out at the BILYP/6-31 + G(d.p)
level based on the BALYP/6-31G(d) optimized struc-

Capyright © 2041 John Wiley & Sons, Lid.

tures. The energy differences at the BILYP/6-31 ~
Gid,p) level between conformers were used to calculate
the population of conformers according to the Boltzmann
distribution (7 =298 K). The chemical shifts of con-
formers were all taken into account according to the
population. All the semi-empirical calculations were
carried out with the program SPARTAN 4.1.7' The ab
initip calculations were carried our with Gaussian 94,7
except for the orbital energies listed in the supplementary
material, which were calculated with Gaussian 98.7™"

To calculate the shielding tensor components (7., (o7
and o). the convention of Dahn and Carrupt was
followed.> In brief, the direction of the C=0 bond is
defined as the -axis and the direction perpendicular
the acyl chloride plane is defined as the v-axis. Because
the o™ constants for the ertho-substituted 1l-n are not
available, we only calculate the tensor components for
la—k in their lowest energy conformations.

RESULTS AND DISCUSSION

The calculated chemical shifts are analvzed in two
directions. The degree of similarity between gas-phase
calculated values and chemical shifts observed in non-
polar CCl, is examined by plotting é_,,. against &, The
sensitivity of the calculated chemical shifts to substituent
effects in solvolysis reactions is checked by plotting 8.4
against o, Table I shows the 'O NMR chemical shifts
of la-n. The range of the O NMR chemical shifts in
CCly is 470.6-536.3 ppm. The deviations between the
calculated [5('70)calc] and observed [8'70),n.] chemical
shifts are small (ca 2 ppm) for benzoyi chlorides la-h
and the calculated values are consistently downfield
relative to the observed values. The 8(' 7O}, .~ T OYpe
correlation is excellent (R =0.999) for la—h. As the
observed values correlate well with ¢ constants (R =
0.993). the calculated values correlate equally well with
o (R =0.996). If ortho-substituted phenyl (Im and n).
naphthy! (1k and 1) and heteroaromatic (1i and j) acyl
chlorides are all taken into account, the é(”O)CMc—
& '_"O)gt,‘q correlation (Fig. 1) is stll reasonable (R =
0.985). Among the 14 compounds, the calculated
chemical shifts of 1j (2-furyl) and 1n {2.6-dimethylphe-
nyl} show the largest deviations (9-10 ppm) from the
observed values. Basically, the magnitude of the devia-
tions of 6(' "0y from §(' O}y, is similar to that in the
trifluoroacety! series.'”> For compounds without orthe
substituents to the carbonyl group. 1a-k, the correlation
coefficient for the 5(”0)calc—a' correlation is 0,988 and
for &' " QNgm—o it is 0.993. The reason for the large
deviations for 1j and In is not clear. With two ortho-
methyl groups, 1In (2,6-dimethylphenyl} possesses the
greatest steric congestion among the 14 acyl chlorides.
The dihedral angle between the phenyl ring and the acyl
plane is 58.5° in the calculated geometry of 1n whereas
the corresponding angle is no more than 5° in other

S Phys. Ore, Chem. 2001: 14: 591-596
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Figure 1. Correlation between &'"Q)ee and A'7Qlyps for
compounds 1a-n

compeunds. Since proper treatment of electron correla-
tion is important for NMR calcuiations as we have shown
in Ref. 15 (p. 1002) that correlation between calculated
and measured chemical shifts dropped if NMR calcula-
tions were carried out at the HF level, it is likely that
better electron correlated theory levels are needed o
handle sterically congestive systems such as In.

In the literarure, the 70 chemical shifts measured in
polar acetonitrile (CH;CN) solvent™'® have been re-
ported for 1a, ¢, d, f=h and k—n. They were more upficid
than that in the non-polar CCl, by several ppm in most
cases (Table 1). The sterically conaested In has a larger
deviation  [8('"O)gs, cet, - 8 O}Dbs‘cnjcm =13 ppm].
The correlation berween ga:,—phase calculated chemical
shifts [8('"O)eye] and those measured in CH,CN
(8" " Oobm.cun,enl s fair (R =0.968). With the exclusion
of In. the correlation improves (R =0.985). The
corresponding R value for the &('70).0e~6(""Olons
correlation in CCly with the same set of compounds
(also excluding 1n} s 0.992. The better correlation
between calculated values and chemical shifts in the non-
polar solvent demonstrate that gas-phase calculated
chemical shitts are reasonable and they may be used as
a control group to contrast the influence of solvents on
solutes.

The "*C chemical shifts of the carbonyl carbon atom of
la-n in CDCl, are in the range 154,6-177.0 ppm [Table
I. 8("*Clps]. Although the calculated chemical shifts
deviate from the observed values by less than 5.9 ppm,
the relatively small variation range of 6('3(3)0,,5 {ca
23ppm) makes the 80 Chenie—81"*Clons  comTelation
(R=0.904) much worse than that for O chemical
shifts. Scattered 8('*Clop—6" and &('°Cleqe—o™ plots
were obtained (R < 0.77) even if the sterically congested
compounds 11-n were not included.

A chemical shift is the difference in isotropic
shieldings [miy: G = (Tu + 0w + d-2/3, where o,
.. and o.. are the shielding tensor components in the
X. y and : directions, respectively] between the reference

Copyright © 201 John Wiley & Sons. L.

compound and the measured compound. In the study of
HCOX (X = SiH,. H, Me, SH, C1. F, OMe. OH, NH- and
O7). Dahn and Carrupt found that .. of 'O is far more
sensitive than ¢,, and o, to the electronic nuture of X.'
The range of .. is —1649 (X=SiH;) w0 -9ppm
(X =07). whereas the range of 7., 15 414-215 ppm and
that of o, is —604 to —126 ppm. Shielding tensor
component 7. is related to charge circulation in the x.v
plane. Analyzing the mixing of unoccupied and occupied
ground-state orbitals in the presence of a magnetic field
from IGLO"*** culeulation results, Dahn and Carrupt'”
found that the n (in the v direction)—t* {in the v direction)
mixing is the major cause of the large vanation of .. and
is therefore responsible for the sensitiviy of 'O
chemical shifts, On the other hand, the magoitudes of
Toee Ty and a.. of "*C do not differ as mucht as in the case
of 0. Furthermore. although some sensitivity towards X
has been found for ¢,, and ¢, of Y the irregular
variation of .. results in a poor o erall sensitivity of the
carbonyl carbon atom towards X.'® In brief. mc 7O sttt
values are strongly influenced by the n-x® mixing,
whereas the '*C shift values are determined by multiple
factors. The n-m* mixing does not affect the “C
chemical shifts because the lone pair is located on the
O atom.

In comparison with HCOX, the ArCOCI system. with
the presence of an arvl group, is more complex in terms
of mixing of orbitals under the influence ot a magnetic
field. Whether a specific shielding tensor component still
dominates the sensitivity of an atom is unclear. Using the
same definition of the x, v, z. directions as in Dahn and
Carrupt’s study, we calculated o,. ¢,, and &_. of carbony|
oxygen dnd carbon atoms and plotted them against o~
constants to examine whether the tensor componems are
sensitive to the substituent effect. As shown in Fig. 2, the
slopes for o, 6., and ¢_. of Y0 are 6.68. —23.18 and
—33.50, respectively: the correlation coefficients are
0.490, 0.992 and 0.920, respectively. Therefore, although
o.. is inferior to g,, in correlating with o™, it is the most
sensitive component toward substituent effects as judged
by the slopes. This result is similar to that of HCOX in
that &, correlates the best with Hammet-Taft og®
constants, but is less sensitive than o...'° Because the
substituent effect is controlled by groups not directly
bonded to the carbonyl group, unlike in the HCOX series.
the variation ranges of the components are smaller in
ArCOC] than in HCOX. When only the pheny| analogs
1a-h (¢" =0.612 to —0.188} are considered. all three
components correlate well with 6™ (R = (0.988. 0.997 and
0.996 for 6,,. m,, and o, respectively). The slopes are
979, -2425 and -42.30 for 6., &. and o
respectively, so o.. still contributes significantly to the
varation of ;.

Figure 3 shows the correlation between shielding
tensor components of '"C and ¢~ constants. All
correlation coefficients are less satisfactory (<0.9) than
those for '"0. The slopes do not differ much trom each

o Phys. O, Chem. 2001 14: 591396
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Figure 2. Plot of calculated o; of 170 against &+ constants
for compounds ta—k

other, so the vanation of o, is not dominated by any
specific component. Therefore. it will not be possible to
describe the variation of '*C chemical shifts qualitatively
by a specific argument. Unlike for "0 chemical shifts,
the dominance of 7_. makes the argument of n—n* mixing
plausible.

Examination of frontier orbitals of the lowest energy
conformer of 1a-h shows that HOMO and HOMO-1 are
n orbitals distributed basically on the phenyl ring. The
HOMO-2 contains the oxygen lone pair along the y-axis
(in the acyl chloride molecular plane and perpendicular to
the C—O bond). The LUMO consists of n* of C—O and
the phenyl ring. Therefore, the HOMO-2 o LUMO
transition has the smallest energy gap among iransitions
that are responsible to the magnitude of &_.(''0). Plotting
this n—=* energy gap against o.. and oy, of 'O afforded a
fair correlation (both R =~ 0.96) (only the lowest energy
conformers of 1a-h are used in finding the correlation.
the values of orbital energies are reported in the
supporting information at the epoc website at hip:/
www.wiley.com/epoc). The HOMO-LUMO 7-n* tran-
sition is irrelevant to the O atom, so it is not surprising
that when the HOMO-LUMO gaps are plotted against &
{7, Or giso), the correlation is very poor (R < 0.4).

Since HOMO-2 contains not only the lone pair of the
oxygen atom, but also the lone pair of the chlorine atom
in the y.z plane, we postulate that chlorine may also
exhibit sensitivity towards substituent effects with a
similar n—r* mixing mechanism. Plotting calculated o_.
of the chlorine atom of sterically unhindered la-k
against ¢ constants indeed shows a fair correlation
(R =0.952). Because the ¢, of the two five-membered
heteroaryl 1i and j deviate significantly from the trend for
other aromatic acyl chlorides (Fig. 4), it makes the &, of
these two compounds much smaller than one would
expect on the basis of the ¢* value (Table I}. To have a
fair comparison between O, C and Cl, we use la-h again
to examine how well g,,, of Cl reflects substituent effects.
Plotting o, of Cl against ¢% gives a correlation

Copyright © 2001 John Wiley & Sons, Lid.
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Figure 3. Plot of calculated o 0f C against #~ constants for
compounds 1a-k

coefficient of 0.972. This is worse than the &"'0)_ ;-
g correlation, but significantly better than the
83 Ceare—ot correlation.

CONCLUSION

We have shown that calculations of 'O chemical shifts at
the B3LYP/6-31 + G{d,p)//BILYP/6-31G(d) level af-
ford good results for ArCOCI, as found previously for
ArCOCF;. In general, the correlation between calculated
and observed '"Q chemical shifts is good. especially
when unhindered phenyl analogs are considered. There-
fore. the calculation of 'O chemical shifts has the
potential to determine the ¢~ constant for a given group.
It is known that ¢* values {(and also other substituent
constants) for certain groups observed in different solvent
systems are at significant variance.”® The ¢~ values
obtained in gas-phase calculations show the intrinsic
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Figure 4. Plot of calculated o; of Cl against & constants for
compounds 1a-k. The correlation is determined without the
consideration of 1i and j. When &, of 1i and 1j are included
in the ¢, — ¢* correlation, R={0.952.
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property of substituents, so they provide a good reference
set for s¥stemnatic comparison to evaluate the effect of the
environment.

The calculated absolute deviation of '“C chemical
shifts from the observed values is similar to that for 0.
Nevertheless, the significantly smaller variation range of
observed '*C chemical shifts of the carbony! carbon atom
makes the analysis of 5(1*Cy not worthwhile in terms of
detecting substituent effects. Our results demonstrate that
for ArCOC] the sensitivity of &'"0) and the insensitivity
of §('*C) could be understood in terms of n—m* mixing, in
line with the conclusion obtained from HCOX by Dahn
and co-workers. Furthermore, this concept leads us to
analyze the o, of Ci and we have found a correlation
between a;.,(Cl) and « for closely related compounds.

Supporting information

A table of calculated shielding tensors and a table of
orbital energies of HOMO-2. HOMC and LUMO of
lowest energy conformers of la-h at the B3LYP/6-
31 - G(d,p) level are available at the epoc website at
http:#/www.wiley.com/epoc.
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