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Fig. 1. Medicinally relevant trifluoromethyl alcohols.
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A method has been developed for the addition of benzylboronic acid pinacol ester to activated ketones
including trifluoromethyl ketones in good yields. The use of DABCO as an additive was found to enhance
the rate and efficiency of this reaction. In reactions of ketones with a second carbonyl group present such
as an ester or amide, good chemoselectivity for the ketone was observed. Competition experiments sug-
gest an electrophile relative reactivity order of CF2H ketone > CF3 ketone > aldehyde under these reaction
conditions.

� 2019 Elsevier Ltd. All rights reserved.
Introduction

Organofluorine molecules have been developed for many appli-
cations including their use in medicinal chemistry, agrochemistry
and polymer chemistry [1,2]. Fluorine substituents have been
found to alter the lipophilicity and metabolic stability of com-
pounds, resulting in drug candidates with favorable therapeutic
profiles [1,3]. Trifluoromethyl groups are increasingly present in
molecules with biological activity [4]. Our research group has been
developing alkylboronates as nucleophiles with carbonyl elec-
trophiles [5] and sought to evaluate trifluoromethyl ketones to
expand this methodology.

The trifluoromethyl alcohol motif is found in numerous phar-
maceutically relevant molecules [4]. Compounds with a trifluo-
romethyl alcohol have found relevance as sleep inducers [6], as
anti-inflammatory drugs [7,8], and as cholesteryl ester transfer
protein inhibitors (Fig. 1) [3,9]. Trifluoromethyl alcohols such as
those synthesized in this report have previously been evaluated
as anti-fertility drugs [10]. Common syntheses of trifluoromethyl
alcohols have been performed through addition of an anionic CF3
group to a ketone or aldehyde [11–18]. Alternatively, nucleophilic
addition to a trifluoromethyl ketone has been reported using
dialkylzinc reagents with additives required to prevent competi-
tive reduction of the trifluoromethyl ketones [19,20]. Previous
work in our laboratory revealed that activation of an alkylboronic
ester with a Lewis base formed a nucleophilic boronate intermediate
[5,21–24]. These nucleophiles were found to react with aldehydes
and imines [5,25]. This report will highlight trifluoromethyl
ketones as electrophiles in 1,2-nucleophilic addition reactions with
benzylboronate nucleophiles and examine competition experi-
ments between trifluoromethyl ketones and other carbonyl
electrophiles to determine their relative reactivity in this reaction.
Results and discussion

We began our studies with ketone electrophiles by activating
the benzylboronic ester with sec-butyl lithium [5,25,26]. While
examining polar aprotic additives for the reaction with ketones
[5,27], the use of 1,4-diazabicyclo[2.2.2]octane (DABCO) as an
additive increased the rate of the 1,2-addition and subsequent
yield of alcohol product (Table 1). It is assumed DABCO coordinates
the lithium counterion, making the boronate nucleophile more
reactive. All substrates exhibited an increase in yield when using
DABCO as an additive. Reactions employing trifluoromethyl
ketones with electron-donating groups provided the most dra-
Letters,

https://doi.org/10.1016/j.tetlet.2019.151505
mailto:barkertj@cofc.edu
https://doi.org/10.1016/j.tetlet.2019.151505
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet
https://doi.org/10.1016/j.tetlet.2019.151505


Table 2
Substrate scope.

14-methylbenzylboronic acid pinacol ester was used.

Table 3
Reactions varying the number of a-fluorine substituents on acetophenone.

Table 1
DABCO as an additive.
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matic increase in yield. DABCO has previously been shown to coor-
dinate to the lithium in LiCH2SiMe3, forming a higher aggregate
octamer of the base that was more reactive than the parent hex-
amer [28]. While DABCO has also been reported to activate pina-
colborane for the reduction of imines via borenium ion catalysis,
a control reaction with DABCO and no sec-butyl lithium provided
no desired product, so borenium ion catalysis does not appear to
be operative in our reaction [29,30].

Next, a substrate scope of trifluoromethyl and other activated
ketones was examined (Table 2). Yields were generally good for
aryl trifluoromethyl ketones with substituents of varying electron-
ics. Halogen substituents were the most electron withdrawing
groups examined with trifluoromethylacetophenone derivatives
due to the formation of hydrates when more electron withdrawing
substituents such as NO2 or CF3 were present [31]. Some of the
highest yields were using trifluoromethyl ketones with electron
donating groups as seen with products 7 and 8. The 4-methylben-
zylboronic ester was a capable nucleophile, providing product 9 in
61% yield. The reaction exhibited good chemoselectivity for a
ketone in the presence of ester and amide functional groups, pro-
viding good yields of the alcohol products 10 and 11.

We also examined the reactivity of the benzylboronate with a
series of differentially fluorinated acetophenone derivatives
(Table 3). The reaction with acetophenone provided 57% yield of
product under the reaction conditions with starting ketone (41%)
also recovered. Additional reaction time was not effective at
improving the conversion in this reaction, showing the limits of
the substrate scope using the benzylboronate nucleophile. 2-Fluo-
roacetophenone reacted and upon unanticipated intramolecular
substitution provided epoxide 13 in a 47% yield.[32] 2,2-Difluo-
roacetophenone was an excellent substrate providing a 76% yield
of the desired alcohol. This series of reactions demonstrate the
compatibility of the reaction conditions when using ketones with
enolizable protons and reveals a general trend that increased fluo-
rine substitution alpha to the carbonyl provides an activating effect
toward nucleophilic addition in this reaction.
Please cite this article as: J. C. Hayes, M. R. Hollerbach and T. J. Barker, Nucleoph
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To gain a better understanding of the relative electrophilicity of
carbonyl groups with a-fluorine substituents [33], two competi-
tion experiments were performed. A reaction using 2,2,2-trifluo-
roacetophenone and benzaldehyde was conducted with one
equivalent of nucleophile (Scheme 1). The trifluoromethyl ketone
is more sterically hindered, but also more electrophilic given the
known equilibrium between electron-deficient trifluoromethyl
ketones and their respective hydrates [31]. From the outset, it
was not clear which would be more reactive under the reaction
conditions. In this reaction, a 68:32 ratio of tertiary to secondary
alcohol products was observed, revealing 2,2,2-trifluoroacetophe-
none was more reactive than benzaldehyde. A second competition
ilic addition of benzylboronates to activated ketones, Tetrahedron Letters,
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Scheme 1. Competition experiments.
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between 2,2,2-trifluoromethylacetophenone and 2,2-difluoroace-
tophenone provided a 37:63 ratio of the alcohol products with
the CHF2 ketone reacting faster. From these two experiments, the
relative reactivity order was found to be: CHF2 ketone > CF3
ketone > aldehyde under these reaction conditions. Electronic acti-
vation was found to be the controlling factor in the competition
between the CF3 ketone and aldehyde, while steric effects con-
trolled the reactivity in the competition between the CF3 and
CHF2 ketone. Previously, a series of competitions using fluorinated
carbonyl compounds in a Rh-catalyzed arylation reaction revealed
a relative reactivity order of aldehyde > CHF2 ketone > CF3 ketone
[34]. Steric differences can account for the relative reactivity trend
observed in this previously published work. The differences in
reactivity observed between the two systems can be attributed
to differences in their respective mechanisms. The Rh-catalyzed
reaction is proposed to go through a closed transition state with
precoordination of the carbonyl by the Rh-aryl nucleophile before
nucleophilic addition [34,35]. Required precoordination to the car-
bonyl would explain the importance of sterics in the Rh-catalyzed
1,2-addition. In contrast, our reaction proceeds through an open
transition state based on the previously observed diastereoselec-
tivity in reactions with N-tert-butanesufinylimines [5,25]. These
differences in mechanism help rationalize the differences in rela-
tive reactivity of carbonyls observed in competition experiments
in these two different reaction systems.

Conclusions

A benzylation of activated ketones has been developed using
benzylboronic acid pinacol ester. DABCO was found to be a benefi-
cial polar aprotic additive that accelerated the rate of the reaction.
Reactions with aryl trifluoromethyl ketones as electrophiles pro-
vided the alcohol products in good yields. Excellent chemoselectiv-
ity for addition to a ketone in the presence of esters and amides
was observed. Competition experiments revealed an electrophile
relative reactivity order of CHF2 ketone > CF3 ketone > aldehyde
under the reaction conditions with a combination of both steric
effects and electronic activation used to rationalize this observed
reactivity order.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Please cite this article as: J. C. Hayes, M. R. Hollerbach and T. J. Barker, Nucleoph
https://doi.org/10.1016/j.tetlet.2019.151505
Acknowledgements

The College of Charleston is acknowledged for financial support.
JCH acknowledges support for a summer stipend funded by the
National Center for Research Resources (5 P20 RR016461) and
the National Institute of General Medical Sciences (8 P20
GM103499) from the NIH. The NMR spectrometer at the College
of Charleston was supported by the National Science Foundation
under Grant No. 1429308.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.tetlet.2019.151505.

References

[1] S. Purser, P.R. Moore, S. Swallow, V. Gouverneur, Chem. Soc. Rev. 37 (2008)
320.

[2] J. Wang, M. Sánchez-Roselló, J.L. Aceña, C. del Pozo, A.E. Sorochinsky, S. Fustero,
V.A. Soloshonok, H. Liu, Chem. Rev. 114 (2014) 2432.

[3] K.L. Kirk, J. Fluorine Chem. 127 (2006) 1013.
[4] J. Nie, H.-C. Guo, D. Cahard, J.-A. Ma, Chem. Rev. 111 (2011) 455.
[5] M.R. Hollerbach, T.J. Barker, Organometallics 37 (2018) 1425.
[6] J.-P. Begue, D. Bonnet-Delpon, J. Fluorine Chem. 127 (2006) 992.
[7] R. Betageri, Y. Zhang, R.M. Zindell, D. Kuzmich, T.M. Kirrane, J. Bentzien, M.

Cardozo, A.J. Capolino, T.N. Fadra, R.M. Nelson, Z. Paw, D.-T. Shih, C.-K. Shih, L.
Zuvela-Jelaska, G. Nabozny, D.S. Thomson, Bioorg. Med. Chem. Lett. 15 (2005)
4761.

[8] C. Isanbor, D. O’Hagan, J. Fluorine Chem. 127 (2006) 303.
[9] E.J. Reinhard, J.L. Wang, R.C. Durley, Y.M. Fobian, M.L. Grapperhaus, B.S.

Hickory, M.A. Massa, M.B. Norton, M.A. Promo, M.B. Tollefson, W.F. Vernier, D.
T. Connolly, B.J. Witherbee, M.A. Melton, K.J. Regina, M.E. Smith, J.A. Sikorski, J.
Med. Chem. 46 (2003) 2152.

[10] Y.-Q. Zhu, S.-Z. Zheng, Yao Hsueh Hsueh Pao 16 (1981) 271.
[11] I. Ruppert, K. Schlich, W. Volbach, Tetrahedron Lett. 25 (1984) 2195.
[12] G.K.S. Prakash, R. Krishnamurti, G.A. Olah, J. Am. Chem. Soc. 111 (1989) 393.
[13] I.A. Sanhueza, K.J. Bonney, M.C. Nielsen, F. Schoenebeck, J. Org. Chem. 78

(2013) 7749.
[14] R.P. Singh, R.L. Kirchmeier, J.N.M. Shreeve, Org. Lett. 1 (1999) 1047.
[15] R.P. Singh, G. Cao, R.L. Kirchmeier, J.N.M. Shreeve, J. Org. Chem. 64 (1999) 2873.
[16] P.G. Gassman, J.A. Ray, P.G. Wenthold, J.W. Mickelson, J. Org. Chem. 56 (1991)

5143.
[17] W.B. Motherwell, L.J. Storey, J. Fluorine Chem. 126 (2005) 491.
[18] K. Aikawa, W. Toya, Y. Nakamura, K. Mikami, Org. Lett. 17 (2015) 4996.
[19] K. Yearick, C. Wolf, Org. Lett. 10 (2008) 3915.
[20] M. Genov, J.M. Martínez-Ilarduya, M. Calvillo-Barahona, P. Espinet,

Organometallics 29 (2010) 6402.
[21] R. Larouche-Gauthier, T.G. Elford, V.K. Aggarwal, J. Am. Chem. Soc. 133 (2011)

16794.
[22] C. Sandford, R. Rasappan, V.K. Aggarwal, J. Am. Chem. Soc. 137 (2015) 10100.
[23] K. Feeney, G. Berionni, H. Mayr, V.K. Aggarwal, Org. Lett. 17 (2015) 2614.
[24] C. Sandford, V.K. Aggarwal, Chem. Commun. 53 (2017) 5481.
[25] M.R. Hollerbach, J.C. Hayes, T.J. Barker, Eur. J. Org. Chem. (2019) 1646.
[26] G. Zou, J.R. Falck, Tetrahedron Lett. 42 (2001) 5817.
[27] T. Mukhopadhyay, D. Seebach, Helv. Chim. Acta 65 (1982) 385.
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