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Abstract: The reaction of pyridinium chlorochromate with furan to give enedione derivatives cannot be
performed by using commercial PCC. Homemade and commercial PCC had different color and showed some
differences in the XRD spectrum. XPS showed the presence of relevant amount of Cr(IIl) in the homemade
reagent. DFT calculations showed that Cr(Ill) impurities in the reagent can catalyze the reaction with furan
derivatives, if oxygen atom in the Cr(IIl) derivative attacks the furan ring, while it is reoxidized by PCC,
through a migration of a chlorine atom.
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1. Introduction

Several years ago our research group reported that the reaction of 2-alkyl and 2,5-dialkyl
substituted furans 1 with pyridinium chlorochromate (PCC) in refluxing dichlorometane allowed to
obtain in high yields the corresponding E-enediones 2 (Scheme 1) [1,2].
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Scheme 1. The reaction between 2,5-dialkylfuran derivatives and PCC:.

The obtained enediones allowed us to obtain several interesting applications in organic
synthesis. Thus, compounds 2 can be directly converted to 4-methoxycyclopentenones 3 (Scheme 2)
[1,3]; the double bond can be reduced to give the compounds 4, useful intermediates in the synthesis
of cyclopentenones (Scheme 2) [3,4]; the photochemical isomerization of the double bond to give 5
allowed a new way for the synthesis of a pyrethroid structure (Scheme 2) [5]; the double bond can
subjected to Michael additions allowing the formation of aminocyclopentenones 6 and
tetrasubstituted furans 8 (Scheme 2) [6,7]. Furthermore, irradiation of 2-alkylfuran derivatives gave
2(3H)-furanones 9, while the irradiation of 2 in methanol gave the 2,5-dimethoxydihydrofuran
derivatives 10 (Scheme 2) [8,9].
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Scheme 2. Synthetic use of enediones 2.

The PCC used to perform the reaction 1 — 2 had been prepared following the original procedure
proposed by Corey [10]. Homemade PCC was used in some other research in this field [11-18].

Recently, we attempted to perform the same reaction using 2,5-dimethylfuran as starting
material. In this case, we used commercially available pyridinium chlorochromate (Sigma-Aldrich).
The reaction did not give the expected result, and no reaction occurred. It is not clear why the
commercially available reagent did not give the ring cleavage reaction while the reagent we prepared
was able to do it. The main evident difference between the reagent is the color. Figure 1 reports the
color of both commercially available PCC and homemade PCC; commercial product shows a brilliant
orange color, while homemade reagent shows a darker color, near to a brown color.

In this paper we want to discuss the origin of the observed different color, and how the possible
difference in the composition can modify the reactivity of the oxidant.
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Figure 1. Left: commercially available PCC; right: homemade PCC.
2. Materials and Methods

2.1. Pyridinium Chlorochromate

Chromium trioxide (100 g, 1 mol) is rapidly added with stirring to 6 N HCI (184 ml, 1.1 mol).
After 5 min the homogeneous solution is cooled at 0 °C and pyridine (79.1 g, 1 mol) is carefully adde

over 10 min. Recooling to 0 °C gives a yellow-orange solid which is collected on a sintered glass filter
and dried in vacuum for 1 h. Yield: 180.8 g (84%).

2.2. XRD Spectra

X-ray powder pattern of the crystal is recorded on a RICH SEIFERT powder X-ray diffractometer
using Cu Ka. (A = 1.5406 A) radiation. The sample is scanned for 26 range of 10-60 °C at scan rate of 1
°/min.

2.3. XPS Spectra

XPS spectra were acquired with a Phoibos 100 MCD-5 (SPECS) instrument using Al Ka (146.6
eV) source operating at a constant power of 260W. Wide and detailed spectra were collected using
the fixed analyzer transmission (FAT) mode of operation with channel width of 0.1 eV, and channel
time 0.5 sec.

The samples were mounted in the sample holder using double sided adhesive copper tape, and
they were kept under vacuum in the pre-chamber to allow for the vaporization of residual water
and/or volatile compounds. The lengths of the stationary time prior to the analyses were established
for all samples by monitoring the pre-chamber pressure. When the final pressure decreased below
108 mbar, the samples were assumed to be ‘degassed’ and ready for their transfer into the analysis
chamber.

2.4. Curve-fitting procedure

The acquired XPS spectra were analyzed using a curve-fitting program(Googly) that has been
fully described previously.[19,20] Peak areas were converted to composition in at % using established
procedures and the appropriate sensitivity factors (SF) [20].

2.5. DFT Calculation

Gaussian09 has been used for the discussions about the computed geometries [21]. All the
computations were based on the Density Functional Theory (DFT) [22] by using the B3LYP hybrid xc
functional [23]. Geometry optimizations from the Gaussian09 program have been obtained at the
B3LYP/6-311G+(d,p) level of approximation. Geometry optimizations were performed with default
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settings on geometry convergence (gradients and displacements), integration grid and electronic
density (SCF) convergence. Redundant coordinates were used for the geometry optimization as
produced by the Gaussian09 program. Analytical evaluation of the energy second derivative matrix
w.r.t. Cartesian coordinates (Hessian matrix) at the B3LYP/6-31G+(d,p) level of approximation
confirmed the nature of minima on the energy surface points associated to the optimized structures.

3. Results and Discussion

The XRD spectra of commercial PCC (a) and homemade PCC sample (b) are reported in Fig. 2.
Sample a was the commercially available PCC while sample b was the homemade PCC. The results
are quite similar and in agreement with previous reported results on chlorochromate derivatives
[24,25]. The only observed differences are due to the relative height of the observed peaks. Thus,
peaks relative to (001), (110), (020), (111), and (22-1) are more intense in the case of homemade PCC,
while (201) peak in the commercial PCC is higher than in homemade reagent. The most relevant
difference in the XRD spectra is in the relative intensities of the peaks (130), (22-1), and (112).
However, those differences do not allow us to find relevant differences in the structure of the

reagents.
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Figure 2. XRD pattern of a: commercially available PCC; b: homemade PCC.

In order to have data on the possible origin of the observed color difference in homemade PCC,
we performed XPS analysis of this reagent. The wide spectrum is reported in Fig. 3. The wide
spectrum shows the presence of photoelectronic signals of Cr2p, Cls, Ols, N1s, C12p, Cr3s, Cr3p and
of Auger signals C KLL, OKLL and Cr LMM. VB denotes the valence band composed of the following
secondary signals: O2s, Cl3s, N2p, C2p O2p, Cl3p, Cr3d.

All the detailed regions of interest have been resolved to the component peaks. The positions of
the peaks in Binding Energy, BE (eV) were corrected using the Cls peak as an internal reference of
the aromatic carbon (present in the structure of the compound under examination, placed at 284.8 eV
[20]. The peak areas were normalized using sensitivity factors [20] appropriate for the spectrometer
in use.
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Figure 3. Wide XPS spectrum of homemade PCC.

The detailed 2p region of Chromium, resolved into the component peaks, is shown in Fig. 4 and
the curve-fitting results are shown in the Table 1. The assignments, based on the comparison of the
corrected BEs with literature data [26-28] are compatible with two oxidation states present, Cr(VI)
and Cr(IIl). In fact, the BE values resulting from the curve-fitting, relative to the main peak 2ps of Cr
2p doublet, are within the range of tabulated values for the following oxidation states: a) peak 1 at
BE =577.3 eV falls within the range of BE attributable to Cr (III); b) peak 2 at BE =579.6 eV falls within
the range of BE attributable to Cr(VI); c) metallic Cr would instead drop to a BE ~ 574 eV and is not
present; d) the Cr2p region has been fitted with 6 peaks, specified in Table 1.
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Figure 4. 2p region of Chrome in XPS spectrum of homemade PCC.

Table 1. Cr 2p region in XPS spectrum of homemade PCC..

Peak Corrected BE (eV) Normalized area Assignement
1 Cr2psp2 577.3 641.6 Cr(III)
2 Cr2psp 579.6 2454.5 Cr(VI)
3 Cr2pie2 586.1 320.8 Cr(III)
4 Satellite peak 1 (Cr2psp2) 588.3 89.8 Sat 1
5 Cr2pie 588.7 1164.8 Cr(VI)
6 Satellite peak 3 (Cr2p1p) 597.1 44.9 Sat 2

The fitting was obtained taking into account that the Cr(III) satellites are ~11 eV apart for both
Cr2pszand Cr2pizand the area ratio Sat/Cr2p is ~0.14 for both the 3/2 and the %4 [28-30]. In conclusion
the Cr sample contained ~70% Cr(VI) and ~30% Cr(I1I).

To explain this result we have to consider how we modified the experimental procedure to
isolate pyridinium chlorochromate. Because we had some difficulties to eliminate the aqueous
solution from the reaction under reduced pressure, we attempted to dry the reagent adsorbing water
wrapping the product in a sheet of absorbent paper. Unfortunately, we did not consider the possible
oxidation of cellulose due to the reagent. The presence of green Cr(Ill) induced the observed change
in the color of the reagent.

Anyway, it is not clear why the presence of Cr(Ill) induces a reactivity of the reagent towards
the furan ring. It is known that Cr(IlI) compounds and complexes can act as catalysts in oxidation
reactions [29-33].

The possible catalytic effect of Cr(VI) in the presence of Cr(Ill) was tested performing DFT
calculations. We studied this scenario: the furan ring (2,5-dimethylfuran) was oxidized by CrOCI, a
Cr(III) species, while it is oxidized by PCC. Scheme 3 depictes the reaction scheme we studied. The
calulations were performed at DFT/B3LYP/6-311G+(d,p) level of theory.
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Scheme 3. Possible mechanism for the reaction of 2,5-dimethylfuran with homemade PCC.

The results of the calculations are reported in Fig. 5.
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Figure 5. The reaction of 2,5-dimethylfuran with homemade PCC.
Fig. 5 showed that the described transformation is an exothermic reaction, with a transition state

of 33 kcal mol! in agreement with the esperimental condition (reflux in CH2Clz). The transition state
is depicted in Fig. 6.

Figure 6. Transition state in the reaction of 2,5-dimethylfuran with homemade PCC.

In the transition state depicted in Fig. 6, while the oxygen atom of CrO2Cl- is forming a bond
with the carbon atom of the furan ring, a bond with chlorine atom deriving from PCC is forming. The
bond between Cr of PCC and chlorine atom is broken.
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4. Conclusions

In this article we tried to give an explanation to an anomalous behavior found in pyridinium
chlorochromate. When we prepared it many years ago, we were able to describe a furan ring opening
reaction that has been the basis of considerable research activity. However, when we tried to replicate
the reaction using the commercial reagent no reaction occurred. Based on the data collected in this
work, we think that the reason comes from the fact that in the reagent prepared by us, due to an error
in the drying process, there is a certain quantity of Cr(Il), which can act as a catalyst of the reaction
when it is reoxidized by pyridinium chlorochromate through a migration of a chlorine atom.
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