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ABSTRACT
2R=H
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}I? OBn SR=Tf

A series of pyrroles substituted with various electron-withdrawing groups (EWGs) on the N atom have been synthesized and full characterization
including X-ray crystal structures obtained. Analysis of 1*C chemical shifts and X-ray crystal structures reveals that a trend between decreased
aromaticity and the strength of the EWG exists. Experimental results regarding alternative mechanisms of nucleophilic substitution reactions
can thus be rationalized.

A recent report from the laboratory of Battersiimas shown
that nucleophilic substitution of pyrroles of tyde which
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may proceed via both\ and azafulvene mechanisms, can roles were subjected to nucleophilic substitution reactions
be controlled by use of electron-withdrawing groups (EWGs) with (S)-(—)-camphanic acid under Mitsunobu conditions and
on the nitrogen atom of the pyrrolic ring (Scheme 1). the diastereomeric ratio of the products determined. Pyrroles
Battersby and co-workers deduced tNatf pyrroles would with strongly EWGs (N-Tf) showed the highest diastereo-
be most likely to effect nucleophilic substitution via the2S meric ratio of products since the substitution reaction
pathway, since the strongly electron withdrawing Tf group proceeded largely via the stereospecifi@ nechanism (path
suppresses azafulvene formation. Thus, a range of enand). Pyrroles with only weakly EWGSNEH, N-Ac, N-Boc,
tioenriched N-deactivated deuterated (hydroxymethyl)pyr- N-Ms) gave low diastereomeric ratios after exposure to
Mitsunobu conditions, since the alternative nonstereoselective
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azafulvene mechanism (path b) was dominant.

Factors governing the nucleophilic substitution mechanism
adopted by pyrroles of typg (path a or path b, Scheme 1)
include the nature of the transition state, as alluded to by



Battersby and Abell? the nature of the ground state, and Preparation oB was achieved by treatment 2fwith di-
the inherent activation energies of the competing mecha-tert-butyl dicarbonate and DMAP Treatment of2 with
nisms. We wished to investigate the nature of the ground sodium hydride and methanesulfonyl chlofigave pyrrole
state for model pyrrole2—5 by X-ray crystallography and 4. The preparation oR-Tf pyrrole 5 proved more problem-
13C NMR spectroscopy and thus investigate the factors atic. A variety of methods utilizing NaH, BulLi, B, Hunig's
governing competing &2 and azafulvene mechanisms of base, pyridine, DMAP, and imidazole and trifluoromethane-
nucleophilic substitution of pyrroles of tyde A number of sulfonic anhydride, trifluoromethanesulfonyl chloride, and
X-ray structures of N-substituted pyrroles have been trifluoromethanesulfonimide in a number of solvents under
reported® > but a full crystallographic ot3C spectroscopic  various conditions of temperature, order of addition, and
investigation of pyrroles N-substituted by EWGs of varying length of reactioh all proved fruitless, and only starting
strengths has not, to our knowledge, been published. material was recovered. Given this total lack of success, our
The four major full octet resonance forms-D of pyrroles efforts turned to the preparation of benzyl 3,5-dimethyl-1-
of type2—>5 are shown in Figure 1. The electron-withdrawing nitropyrrole-2-carboxylate. We reasoned tNatitro pyrroles
would experience sufficient electron withdrawab produce
noticeable changes in the structure of the pyrrolic ring.
Consequently, we used nitronium trifluoromethanesulfonate
(NO,OSOCFRs)'t1?2 as shown in Scheme 2a. However, our
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Figure 1. Major resonance forma—D.

2) NO,0SO,CF;,CH,Cl,, 0 °C, 15 %
2-ester moiety results in a contribution from a significant b) NaH, CH,Cl,, NO,0SO,CF3, 0°C,21%  §
population of resonance forrB. We reasoned that the
introduction of an EWG on the N atom of the pyrrole would
significantly change the contributions of the resonance forms, initial experiments in dry CECl, at 0°C gave a 15% yield
due to the decreased availability of the nitrogen lone pair. of benzyl 3,5-dimethyl-4-nitropyrrolecarboxylat®)(and
This should be evident by changes in bond lengths*&@d  79% recovered starting material. The use of Hiinig's base
chemical shifts as the resonance forl®)<C, andD become gave similar results as identified by TLC.
less populated. Cognizant that the use of sodium hydride would give rise

We report herein the synthesis and full characterization to a harder pyrrolyl anion, thus increasing the likelihood of
of pyrroles 3—5, which are N-substituted derivatives of N-substitution rather than 4-substitution, we repeated the
benzyl 3,5-dimethylpyrrole-2-carboxylat®)¢ The X-ray experiment according to Scheme 2b. We were delighted to
crystal structures andC NMR data for pyrrole®—5 reveal observe only a trace of benzyl 3,5-dimethyl-4-nitropyrrole-
some interesting effects on the aromaticity of the pyrrole carboxylate (6) by TLC, along with larger quantities of a
ring due to the EWGs. Future predictions regarding the previously unobserved product. Workup and purificatfon
effects of EWGs on aromaticity can thus be drawn by yielded a colorless oi*H NMR spectroscopy showed the
analysis of*C chemical shifts of appropriate systems. absence of a broad singlet at 8.6 ppm, indicative of
N-substitution. However, El mass spectrometry gave a peak

(2) Abell, A. D.; Litten, J. C.; Nabbs, B. KJ. Chem. Soc., Chem.  at M* 361 which does not correspond to benzyl 1-nitro-3,5-
Co(rg)m;;%g9§ gfglll;glggiphin, D.; Trotter, J.; Greenhough, TCan. J. dimeth){lpyrrole-z-carbox_ylate, which would have'Na74.
Chem.1985,63, 2683—2690. Serendipitously, M 361 instead corresponds to theTf

(4) Abell, A. D.; Nabbs, B. K.; Battersby, A. RI. Org. Chem1998, pyrrole 5, which was our original target. Studies usify
63, 8163—81609. 1 . . X 3

(5) Allen, F. H.; Battersby, A. R.; De Voss, J. J.; Doyle, M. J.; Raithby, and %C NMR spectroscopy confirmed the identity 6f
P. R.Acta Crystallogr.1989,C45, 692—694. Erickson, M. S.; Fronczek,  Presumably, under the reaction conditions employed trifly-

F. R.; McLaughlin, M. L.Acta Crystallogr.1992,C48, 202—203. Laarif, ; ; ; ;
P. A Théobald, F: Birouk, M.. Robert, J.-cta Crystallogr 1984,CA40, lation of 2 becomes favorable. It is unclear why triflylation

1278—1281. Bennet, A. J.; Somayaji, V.; Brown, R. S.; Santersiero, B. D.

J. Am. Chem. Sod991, 113, 7563—7571. Beddoes, R. L.; Dalton, L.; (7) Sessler, J. L.; Hoehner, M. Gynlett1994, 211-212.

Joule, J. A;; Mills, O. S.; Street, J. D.; watt, C. |.F.Chem. Soc., Perkin (8) Miller, A. D.; Leeper, F. J.; Battersby, A. R. Chem. Soc., Perkin

Trans. 21986 787—797. Kitamura, C.; Yamashita, ¥. Chem. Soc., Perkin Trans. 11989, 1943—1956.

Trans. 11997 1443-1447. Matsumoto, K.; Uchida, T.; Yoshida, H.; Toda, (9) Greene, T. W.; Wuts, P. G. MProtecte Groups in Organic

M.; Kakehi, A.J. Chem. Soc., Perkin Trans1992, 2437—2441. Sharma, Synthesis; Wiley: New York, 1991.

R. D.; Rettig, S. J.; Paddock, N. L.; Trotter, Jan. J. Chem1982,60, (10) Hansch, C.; Leo, A.; Taft, R. WChem. Re»1991,91, 165—195.

535—541. (11) Adams, C. M.; Sharts, C. M.; Shackelford, S.TRtrahedron Lett.
(6) Nishide, H.; Hashimoto, Y.; Maeda, H.; Tsuchida,JEChem. Soc. 1993,34, 6669—6672.

1987, 2963—2967. (12) Duddy, R.; Damavarapu, Bynth. Commuri996,26, 3495-3501.
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of pyrrole 2 was initially so problematic, but similar  stronger N-S bond for5, as a result of the superior electron-
difficulties have been reported previoudlwe are currently  withdrawing ability of Tf over Ms.
investigating the scope of nitronium trifluoromethane-  The3C NMR spectra of pyrrole@—5 reveal interesting
sulfonate as a triflylating agent for pyrroles. information regarding the electron density distribution within
Single crystals oR, 3, and4 suitable for X-ray crystal-  the pyrrolyl rings. Assignments of chemical shifts fr4,
lographic study were grown by diffusion of hexane into a and5 were completed by use of known additive substituent
dichloromethane solution. Pyrroke presented more prob-  chemical shift and steric compression effétter a range
lems, since the compound was found to have a melting pointof substituted pyrroles and thiophert€a? Various'H and
of —22 °C. Crystals of5 could readily be grown from a  13C NMR experiments and assignment-#€ chemical shifts
pentane solution which had been prefrozen with liquid of analogue§—12all proved useful. Previous reports from
nitrogen and then left in a freezer a25 °C for 4 days. our laboratory have shown that the presence of two electron-
However, the crystals were difficult to store since-&i8 withdrawing substituents at both 2- and 5-positions does not
°C deposition of material onto the crystals was found to result in an additive decrease in pyrrole ring aromaticity.
occur, while addition of more cold pentane merely served Rather, a competition effect was observed with the most
to dissolve the crystals. We were, however, able to mount astrongly EWG dominating.
freshly grown crystal of for X-ray diffraction at 173 K Abraham et al. have reported that N-methylation of pyrrole
with the use of an acetorelry ice bath and extremely results in a downfield shift of the-carbon resonances by
expedient manipulation. Pyrrol& was not sensitive to 3.8 ppm and the3-carbon resonances by 0.2 ppfmAd-
moisture. ditionally, they reported that N-methylation of tetrasubstituted
Each of the pyrrole rings was observed to crystallize in pyrroles shifts thex-carbon resonances downfield by 4.0
an essentially planar conformation. As expected, the phenyl3.0 ppm and theg3-carbon resonances between 1.0 ppm
ring of the benzyloxycarbonyl substituent is not planar to downfield and 0.5 ppm upfield. The effects of electron-
the pyrrole ring in any of the structures and instead makes withdrawing substituents on th&C chemical shifts of
angles of 18, 72, 74, and 1285 the pyrrole rings withirg, pyrroles have been previously discussdulit to our knowl-
3, 4, and5 respectively. Significant trends are observed by edge, the effects of N-substitution with an EWG have not
considering selected bond lengths of pyrrde8, 4, and5 been reported. Pyrrol2 has been fully characterized and
as detailed in Table 1 (see Table 2 for atom labels). Theseserved as our reference point for assignménts.
The pyrrolic ring carbon atoms were of most interest to

s our study since it is these atoms that experience the most

direct effects ofN-EWG substitution, as appreciated by
Table 1. Selected Bond Lengths [A] for Pyrrolé 3, 4, and5 : ) ) S , .
e elected Bond Lengths [A] for Pyrrold an consideration of Figure 1. The*Chemical shifts were easily

bond 2 3 4 S5 assigned by using an attached proton test experiment. The
N(1)—C(2) 1.384(3)  1.403(2)  1.420(3)  1.427(3) C? chemical shifts were assigned by comparison to literature
N(1)—C(5) 1.351(3)  1.393(2)  1.407(3)  1.428(3) assignments!®> The assignment of £C% and the quaternary
g(g):g(? i-igé(g) 1-222% ii;gg; 1-2335‘3‘; benzyl chemical shifts was not initially evident. Thus, we
CE3;—CE4; 1:4098 1:418(2) 1:415(4) 1:424(4) prepared the ethyl ester analogress, and93 aIIow_ing us
c(3)-C(7) 1.497(3)  1.499(2)  1.502(4)  1.503(4) to then assign the quaternary benzyl chemical shif3, df
C(4)—C(5) 1.380(3) 1.357(2) 1.353(4) 1.353(4) and5 by analogy.
C(5)—C(6) 1491(3)  1.486(2)  1.495(4)  1.489(4) It has been reportédthat replacement of a methyl

0(9)-C(8) 1.221(2)  1.202(2)  1.216(3)  1.208(3)
0(10)-C(8)  1.344(2)  1.342(2) 1.337(3)  1.344(3)
S(18)—N(1) 1.687(2)  1.649(2)

substituent by an ethyl substituent results in a deshielding

(13) To a solution of pyrrol@ (100 mg, 0.44 mmol) in dry CkCl, (2
mL) under a flow of N was added NaH (14 mg, 0.57 mmol). The resulting
mixture was stirred at room temperature underfdt 15 min before being

trends largely map the electron-withdrawing ability of the Cooleld7tg 0°C. EQ a ngélloe?;iorl )Of tﬁgelé grounddgmdmtq;}ium nitr?rt]e (141
. 10 mg, 1.76 mmol) in 2 (5 mL) at 0°C was added trifluoromethane-
N'Sljletltuents'N'H <. N-Boc < N-Ms < N-Tf.% In sulfonic anhydride (14%L, 0.88 mmol) dropwise. The resulting solution
particular, N(1)—C(5) increases from 1.351(3) A nto was stirred at @C for 1 h before being added to the pyrrolyl solution
i prepared above. After stirring at’C for 20 min, the solution was quenched
1'428(3.) A in5 through 1.393(2) A fo and 1.'407(3) A by the addition of phosphate buffer pH 7 solution. The crude product was
for 4. Similarly, C(4)-C(5) shows a decrease in length for  ihen extracted with CkCl, (3 x 10 mL) and dried over MgSgbefore the

5 compared to that fo#, 3, and2. This can be rationalized SO|Ve_:‘_ltS werle rlemoved_ irr]w \ée;cgoh Purificatiohn |by cotlutmn chrongatog:aggy

H H nﬂs H on silica ge eutlng wit . exanes:et Yyl acetate gave benzy ;0"
bY consideration of resonance for D a_s shown in dimethyl-1-trifluoromethanesulfonylpyrrole-2-carboxyl&eas a colorless
Figure 1. As the strength of the EWG increases, the oil (34 mg, 21%): mp—22 °C; 6y (200 MHz; CDC}) 2.12 (3H, s), 2.39
availability of the nitrogen lone pair decreases and resonance(3H. s), 5.28 (2H, s), 5.99 (1H, s), 7.30:46 (5H, m):6¢ (188 MHz; CDC})

y 9 ne p | 3.90;m/zEl 361 (10%, M), 254 (20, (M— OCH,Ph)"), 227 (64, (MH—
forms B—D become less significant. Consequently, longer co,cH,phyr), 91 (100, (CHPhY) (found: (M*), 361.0591, GiHiaFsNOS
N(1)—C(5), N(1)—C(2), and C(3)C(4) bonds and shorter  requires 361.0596).

_ ; (14) Nygaard, L.; Nielson, J. T.; Kirchheiner, J.; Maltesen, G.; Rastrup-
C(4)—C(5) bo_nds result ib cf. 2. In general, as the strength Andersen. J.. Sorensen. G. @ Mol. Struct.1968. 491—506.
of the EWG increases, the bond lengths change to values (15) Abraham, R. J.; Lapper, R. D.; Smith, K. M.; Unsworth, JJF.
closer to those found by microwave spectroscopy for pyrrole Chafg)- aOC-, Pﬁﬂfkl{l u/?s'?}‘l'cﬁooi_g%gozgé 107-113
H 14 . earn, M. |. ust. J. em. , 29, - .
itself. Table 1 also shows that the Nfi$(18) bond is (17) Takahashi, K.; Sone, T.; Fujieda, K.Phys. Cheml97Q 74, 2765~

significantly shorter in5 than in4. This is indicative of a 2769.
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Table 2. 13C Chemical Shifts for Pyrrole2—5?

4 3
7 V2 o
6 5 N1 8
R .
b c
d
e
pyrrole, R Cc2 cs ct (o] (ol (o4 ce a b c,de others

2 117.47 129.64 111.56 133.32 13.13 13.03 161.78 65.55 136.71 127.98
H 128.05

128.58
3 120.88 131.04 113.08 135.99 14.03 12.67 161.22 66.09 136.20 128.03 C(CHg3)3 27.55
Boc 128.20  C(CHs)384.32

128.45 CO,'Bu 149.69
4 122.92 131.55 115.09 137.72 14.98 12.53 160.95 66.77 135.33 128.21 SO,CH3 43.18
Ms 128.39

128.49
5 124.99 133.19 118.30 138.43 14.68 12.34 160.13 67.48 135.17 128.44 CF3119.40, q,
Tf 128.53 J 323 Hz

128.77

aFor consistency, we report o&fC chemical shift values, althoughhas been fully assigned previoushy.

of 6.0—7.0 ppm at the point of attachment and a shielding X-ray crystallographic study of a series of N-substituted
of ~ 0.6 ppm at adjacent pyrrolic positions. Consequently, pyrroles shows the direct effects of EWGs within a series
we prepared analogud®!® 11, and12. Assignment of € of pyrroles. It is of particular usefulness that the benzyl ester
and Cfor 11,12,8, and9 allowed assignment of Gind C functionality was used as the 2-substituent in our study, since
for 3, 4, and5 by analogy (see Supporting Information). this allowed the effects of resonance form population to be
These assignments were consistent with literature reports asassessed. Analysis of the fully assigné@ NMR spectra
mentioned previously. for pyrroles2—5 has allowed us to conclude that the electron-
Table 2 shows completeC chemical shift assignments ~ withdrawing effects of N-substituents of pyrroles can be
for pyrroles2—5. As expected, a general deshielding effect predicted on the basis éfC chemical shifts alone.
is observed with shifts to lower field upon introduction of ~ Our studies show that the structure of the pyrrole ground
N-EWGs. Interestingly, the ester carbonyl signal is found to State changes as EWGs are introduced onto the N-substituent.
move upfield by 1.65 ppm upon N-triflylation df. This Thus,N-Tf pyrroles experience decreased availability of the
observation monitors the return of the ester carbonyl signal nitrogen lone pair. This effect on the ground state will be
to a normal value for estet8 thus indicating that electron ~ even more dramatic on an azafulvene-like intermediate with
density redistribution through resonance foBnis not a  aresulting increase in activation energy. ConsequeNt(yf
significant contributor fo5. The @ and C pyrrolic atoms ~ pyrroles are less likely to undergo nucleophilic substitution
experience the greatédC chemical shift differences between Vvia the azafulvene mechanism, as experimentally determined
pyrroles2 and5. Analysis of Figure 1 reveals that positions by Battersby. Future work involving N-substitution of
C? and ¢ exist as formal anions in resonance for@snd pyrroles with EWGs will benefit from this study, siné&C
D. As the electron-withdrawing ability of the N-substituent NMR data will suffice when assessing the aromaticity and
increases, these resonance forms will be less likely to beélectron density distribution of pyrrole rings. Indeed, predic-
populated (Awill dominate) and an effective decrease in tions regarding the effects of EWGs on the mechanism of
electron density at the?Gnd C' positions occurs. pyrrole nucleophilic substitution reactions can be made using

With the introduction of EWGs onto the N atom, the “C NMR data.

aromaticity and electron density distribution within the  Acknowledgment. This work was supported by the
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