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: Summary

- The. barners to acyl group rotatlon 1n a series of acylferrocenes, mcludmg
‘1.1’ -diacetylferrocene; have been determined by !H and '3C DNMR. Comiplet
lineshape analysis over w1de temperature ranges gave AG7T73 8.79+0.03. ki
mol™!; AH* 7.5 + 0.3 keal mol! and AS* —8 + 2 calmol ! K™ for [*HIformyl-
Aferrocene and AGT;5 ;8.51 % 0.02 kcal mol™, AH* 7.1+ 0. 2 kca‘. mol=t and AS™
—8+ 2 calmol™! K‘l for. acetylferrocene. The unexpectedly high barrier
cenylketone (AG143 6 8+ 0.2kcalmol™)is mterpreted in térimsof "tra;n in the
‘transition state, and the relatlvely low barrier in 1,1’ -dlacetylferrocene AGT,
' 7 8 * O 3 kca.l mol“) is ascnbed to an mterannular effect LR

, Introductlon

The ﬂ-electron 1nteract10n between an aromatlc or heteroaro n
an. acyl group is mamfested by a twofold barner to rotat;on ‘of. the cyls group
: Followmg the ploneenng work of :Anet and Ahmad [1]%md of,Dahlqwst




Cowe

LTV 09V o g 6LETY
o I e R 1) & SR o q I8

Lo TR 88T T 9T 89T . 8EB'T.  ELT'R cooaLy
SRR T e T e LL16'6 CEREY  0898°% . qA9LY
CLoh e, 9BV U 8LGY L 8OLY .

W @Y @S @Y @ty CHY. HRY | gy

0,08 1¥ AUOHO NI (M0094) SENTOOUUTATAOV MO SUILAW

v

VAV TYAI08aS WWN H




Sin. chloroform to. glve the desu:ed compound in 65% y1eld The 1dent1ty and
- 1sotop1c punty of the labelled aldehyde (after punflcatlon via ‘the: blsulplnte
-addition compound) and’ of the mtermedrate carbmol ‘were’ checked by GL:
“and by infrared; NMR and mass spectra L :
‘- NMR spectra. The 'H spectra were recorded ona JEOL Model JNM,‘MH- ,
: NMR spectrometer, equlpped with a standard varlable temperature attachment
(VT 8-c), and operatmg in the internal lock’ mode with TMS as-the’ lock signal .
‘The chemlcal 'shifts were measured by a: Hewlett—Packard ‘Model 37 34A- fre-
- quency counter. _The spectra Were recorded at a sweep rate of 0. 216 Hz sec!
‘and the radio frequency field was kept well below the saturation level':
“The '>C spectra were recorded on a JEOL Model FX 60 FT NMR. spectro- :
_meter equipped with an NM- 5471 temperature controller and an NM -5490 ..
“variable: temperature adapter. Some spectra were also’ Tecorded'on a VARIAN
.Model XL-100-15 NMR spectrometer eqmpped with a V-6040 temperature
controller and:-a Model VFT-100-X Fourier transform system: =~ = -
- .The solvent for the 'H spectra was dlchloroﬂaoromethane, and for the ‘30
,-'_spectra the same solvent w1th 20% (v/v) of. [zH]sacetone to prov1de a lock s1gual.
The concentration was 0.5-M except for drferrocenylketone and 1, 1'-d1acety1
‘ferrocene, which could only be obtained as-0.15 M solutions. TMS was added to
“'serve as an internal reference and to prov1de the H lock 51gna1 The samples
‘'were degassed by several freeze—thaw cycles under hlgh vacuum, “before. bemgr
sealed off.- , : :
) The temperatures weremeasured as: descrlbed prev10usly [20] In the ase o




ult However, calculatlon of the spectrum usmg the couphng constants s

orv FcCOCH3 gave very. good agreement and these were used in the FRE
lmeshape'calculatlons for both- compounds ‘Due:to the low barriers; no. resolved =
ould be obtamed m the slow exhange hm1t and J24 and J35 had to -

shéht “,;dlfferent when the acyl group rotatlon isslow... = o
The rate ~consta.nts for FcCDO and FcCOCH3 were evaluated by v1sual com- :

DNMR 3 *[23] foran ABCD BADC exchange (F1g 1) A non-neghglble tem- =

perature‘.depende‘nce of the time-average chemical shifts was observed inthe fast
limit, _a.nd‘the shJ.fts for the exchange broadened spectra were obtamed L

the unsubstltuted ring.” : 5 : v

S (k) fo: the mtemal rotatlon in FcCDO were determmed
range 158 to. 189 K and ﬁ:om-the slope and inter-
:AH¢ andA'S*




" Fig. 1. Experimental and theoretical 1H NMR specira of FeCDO (a) and FcCOCH3 (b).
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Calculated at tljxe 95% confidence level, assuming quly random errors:.

and for FcCDO also the 3- and 4-proton signals, approxmate ﬁ'ee energy -

AGTc* 0004573T (9: 972 +logT — log Av,) R @

barners could be calculatea Smce the values thus obtamed (Table 3) dev1ated
by no more than 0.1 keal mol™! from those obtained by the complete hneshape
a.naly51s, it was regarded as permissible to use expression 1 also for FcCOPh
“and FczCO for ‘which the coalescence could be observed but no resolved low-
temperature spectra could be obtained: The values obtained are found in Table
3:This technique could not be used with 1,1'-diacetylferrocenes since no - -
"sphttmg was observed in the 'H spectrum down to —140°C. As is shown by the
“13G spectra (v1de infra) this is due to an acmdental overlap of the 2- and 5-proton :
inals rather than to a low barrier.

(b). l3C spectra. The *>C spectra of 2 large number of ferrocene derivatives,
mcludmg FcCHO, FcCOCH;, and FeCOPh, have been studied in deuteriochloro-
form’solutlon by Nesmeyanov etal., [26] and our results are qulte smﬂar in

determmed by ‘visual flttmg of the expenmental spectra to curves’ calculated by',
su 'erposltxon of the spectra of. two exchangmg doublets [27] (Cz—Cs and. L




ACYLFERROCENES IN CHC 2F WI

f,;Compourrd'f'"-;f a e

f's(s 4 T ‘s(a)

FCcCHO .- 804 . -
'}FcCOCH3 BREEE -1+ > SRR
FcCOPh - . 79.0

1.1-Diacetyl- - 81.7
ferrocene - .

: », 76.3>

A28

~.73.1

So1e36 U
T.202.0, 0- o 70.
.199.3: .
L2012

2 In ppm .dov{mfield frorn T™S.

TABLE S

RATE CONSTANTS AND FREE ENERGY BARRIERS IN ACYLFERROCENES DERIVED FROM

13C NMR SPECTRA |

1,1"-Diacetyl- 530
ferxocene d -

163

Compound Av (Hz) T (K) E (sec 1) . AG7 (kcal mol™1)
FcCHO & 103.8 % 179 67 - 8.80
7.4¢ 177 50 8.80 - _ B
: 173 28.6° -8.78 ST
. 169 18.2 ‘8.78 . R T
FcCOCH 3 @ 5700 199 1670 8.54
' : 7.0°¢ 186 333 8.56
184 290° 8.52 . o S
179 200 8.41 . B T
166 25 8.46 ' s
FeCOPh € 186 0 151 413 6.8+ 0.2
117

7.8+ 0.2

. 8 By complete lineshape analysis.

B luy — usl. € lvy — vyl @

By the coalescence approximation. -

except for the values at the lowest temperatures The dev1at10ns may be due e
toan extra broadenmg caused by overlap with the 51gnal from the unsubstltuted
_ring. The error introduced by this effect becomes progresswely more serious as
the exchange broademng diminishes. The free energy barriérs for: FcCOPh and
1,1 dlacetylferrocene ‘were determmed by the coalescence approxrmatlon 1=
. applied to the C; and Cs srgnals (Table 5), wheras FcZCO was: too msoluble

: ,the solvent used to give a resolved low. temperature spectrum

The exchange broadened 13C spectra of FcCHO and FcCOCH3 Werecal




e for the benzaldehydes was taken to be 1 7 cal mol ™ Kt as determm- e
, ed;by a complete lineshape study of p-dlmethylammonenzaldehyde inal:l '
« mixture of dlchloroﬂuoromethane and chlorodifluoromethane [10], (cf. the - :
- :Lva.lue of 2 5.cal mol™ K™ in dlchloromethane [9]) This p value together Wlth ’
jﬁthe ot value from FcCOCH3 gives an expected AG7,; value of 9.9 + 0.2 kcal
:-,--.‘mol“ for FcCHO, notably higher than the observed value of 8.8 keal mol™.

- < :This anaIy51s shows that the capacity of the ferrocenyl group to promote .

"~ oxygen protonation in FcCOCH; is distinctly higher than its capacity to impede -
~rotation in FcCHO. The difference may have several causes. One is the carbe-

< pium ion- character cf the protonated FcCOCHj;, which may lead to stabilization

" through interaction of iron orbitals with the C, atom, frequently discussed for

- ferrocenylcarbomum ions [30]. It is also p0551b1e that the transition state to

" rotation of the acyl group is stabilized by an interaction between an oxygen

- lone pair and an empty iron 4p orbital. In that case, the rotation should have

- ~one preferred pathway, which will decrease the entropy of activation by 1.4

- cal mol™ K besides lowering the AH* value. However, this effect is not suffi-
“-cient to explam the low activation entropies in FcCHO and FeCOCH; compared

" with those in the aromatic aldehydes. It is possible that changes in solvation

- and/or in inter-ring rotation [31] may be involved, but at present no satisfactory
--model for treating these effects is available.

- The small barrier difference between FeCHO and ¥FcCOCH,;, 0 4 kcal mol™in

. W is also of some interest. As can be seen in Table 6, the barrier difference between
~the formyl and acetyl derivatives i in the benzene series is considerably larger

.. 1.6—2.8 kcal mol™!. This difference is mainly steric in origin [34], and in the

- case of dimethylamino compounds the initial state strain in the acetyl derivative
~is probably increased by the higher twofold torsional barrier, ‘leading to a lower

" observed barrier and a large barrier difference. As can be expected, this differ-

- ence is smaller in the five-membered | heterocyclic analogs (0.8—1.4 kcal mol™),
~and the. value for the fen:ocene analogs, while still smaller, fits well into th1s

o p1cture .

“ (b ) Comparlson of the barriers in FcCOPh and Fcch

. The barriers calculated for these: compounds from- the observed rate constants
-at coalescence : are both 6.9 kecal mol™. However, for: stnct comparablhty the
~tate constant for Fc,CO should be divided by two; since the probablhty ofa
L—'fferrocene group rotatlon is twice as large in Fe,CO as'in. FcCOPh; other. thmgs
-f_fg--'bemg equal. This gives a AG* value of 7.1 kcal mol™ for FqCO Whlch is unex-:
{}i_pectedly high. One should rather predict a lower. AG" value for. Fc200 than for
f‘l'FcCOPh’. The explanatlon may be found in stram in the transmon state FcaCO




~TABLE :

‘~LITERATU'RE VALUES FOR ROTATIONAL BARRIERS IN AROMATIC AND HETEROAROMATIC
.. C-FORMYL AND C—ACETYL COMPOUNDS R - R

ﬁ_compound ':"f. o »’phase ",Memod RN AG [AH Vs (kcalmol‘l) Re:jf.'_.r G

PhCHO . Gas IR o apee T
e - Gas " ! " Microwave |- - - 490 . i
"Gas. . Emp. force-field . 4.90 ' - .
Solution .. 1H DNMR I X - TR,
Solution - I3CDNMR - - 7.6 - -
"PhCOCHj3 . =~ Gas © IR 81 Lo cltge T e
S - ~ Gas Emp. force-field 314 L .84 ol
Solution © ° Estimated : 6.3 . . S 35 . Ve
Solution 13¢ DNMR 5.9 o .36
. p-(CH3}»sNCgH4CHO Solution .  13CDNMR 11.2 o 107
P(CH3);NCgH4COCH3  Solution 14 DNMR 8.3 .. 9.
2-Furanaldehyde Solution 1H DNMR 10.3¢ 2
. 2-Acetyluran Solution 1H DNMR . g89¢ . : e
1-t-Butyl-3-pyrrol- Solution 1H DNMR 102t - |
aldehyde . o : - ; -
_1-t-Butyl-3-acetyl- Solution 1H DNMR 9.4? - st
Pyrrole . )

gz Db Conformers not stated.

(c) Interannular mteracnon in 1,1'-diacetylferrocene. o ‘
j The question of interannular interaction in ferrocenes has not been conclu51- e
vely settled. Rosenblum et al. [13] found the UV-visible spectrum of l-p-mtro- S
. phenyl-1’ -anisylferrocene to be a composite of those of 1-p-nitrophenyl- and i
l-anisyl-ferrocene. It may be argued that broad UV bands are not ideally su1ted
for measuring small conjugation effects, and furthermore both substituent. '
groups are electron acceptors in relation to ferrocene. It is also known that
introduction of a deactivating substituent in one ferrocene ring lowers the rate
. of electrophlhc substitution in the other ring quite drastlcally [13]. This effect
" however, is explained by the mechanism of the reaction, proceeding through -
initial attack of the electrophile on the iron atom, utilizing the ferrocene €y
_orbital, which has considerable lone pair character. The deactlvatmg subshtuent :
is considered to operate mamly by decreasmg the avallablhty of the electrons
-in the e, orbital [13]. “;;-
: The rotational barrier of 1, 1’ -dxacetylferrocene is Iower than that of FCCOCH}::
by 0.7 kcal mol™, a difference well above the expenmental error. This may be "
~a true interannular effect, in which one acetyl group mductlvely dxmmlshes the
' mteractmn of the other rmg Wlth 1ts acetyl group .". -

,Aclmowledgement




T ~L1hefors. M. Cha.non. .E. Cntter. 3. Metzger and J. Sandstrom. J. Amer. Chem.

er and A C. MacDonald Cryst. Acta 21 (1966) 359., o




