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Redox-induced fluoride ligand dissociation stabilized 
by intramolecular hydrogen bonding† 

Cameron M. Moore and Nathaniel K. Szymczak* 

Chemical reduction of a tripodal Cu(II)-F complex containing 
pendent hydroxyl groups results in the partial dissociation of 
a F- ligand from Cu. The resulting Cu(I) complex is 
characterized as containing an outer sphere F- anion 
‘captured’ by hydrogen bonds. The pendent hydroxyl groups 
were found to be crucial for reductive stability. 

Although transition metal fluoride complexes featuring early 
metals have been well-described in the literature, examples 
with late metals are considerably rarer.1 Recent reports have 
implicated such species as key actors in catalytic fluorination 
chemistry.2 Specifically, copper complexes have received 
considerable interest as cheap, abundant reagents for (catalytic) 
C-F bond formation3 and thus, there is a high interest in 
synthetic strategies that afford Cu-F intermediates.4 The 
disparity between the -donating nature of fluoride and the 
filled d-orbitals of low valent group 11 metals generally leads 
to highly labile M-F bonds.5 Despite this, a handful of 
monomeric copper(I) fluoride complexes have been reported. 
Prior examples use N-heterocyclic carbenes,6 bipyridine,7 
and/or phosphines8 as supporting ligands. Metal fluorides are 
prolific hydrogen bond (H-bond) acceptors,9 and in all of the 
prior reported terminal Cu-F adducts (both CuI and CuII), inter- 
or intramolecular H-bond interactions with the fluoride ligand 
accompany metal coordination in the solid state.10 These 
interactions are so favorable that even very weak H-bond 
donors, such as weakly acidic C-H groups participate in non-
covalent interactions with the M-F unit.11 Unfortunately, 
strategies that incorporate the rational design of these 
interactions to promote F- binding in close proximity to a metal 
site (that might support M-F binding) are not well explored.12 

Recently, we described copper(I/II) chloride complexes 
supported by tris(6-hydroxypyrid-2-ylmethyl)amine (H3thpa), a 
tripodal ligand featuring pendent hydroxyl groups capable of 
engaging in H-bonding interactions with metal bound 

substrates.13 By extension, we postulated that an axial fluoride 
ligand would show enhanced H-bonding interactions when 
compared to the chloride congener and provide entry into a 
predictive platform to construct and evaluate M-F interactions. 
Furthermore, we hypothesized that the highly directed H-
bonding interactions provided by H3thpa would be ideally 
suited to stabilize reactive, low valent Cu-F units. In this 
Communication we describe the synthesis of copper fluoride 
complexes supported by H3thpa and demonstrate that upon 
reduction from copper(II) to copper(I), Cu-F bond dissociation 
occurs to yield a remarkable copper(I) complex with a fluoride 
anion encapsulated in the secondary coordination sphere via H-
bonding. 

 
Fig. 1. Synthesis of Cu(I) fluoride adduct 2 (A) and solid state structures of 1 (B; 

30% ellipsoids, H atoms not involved in H‐bonding and anion removed for clarity) 

and 2 (C; 50% ellipsoids, H atoms not involved in H‐bonding removed for clarity). 

We first interrogated H-bonding interactions between 
H3thpa and coordinated fluoride by preparing a copper(II) 
fluoride complex. Treatment of H3thpa with Cu(SO4)•5H2O and 
NaBF4 in methanol, followed by CsF cleanly provided the 
copper(II) fluoride complex CuF(H3thpa)BF4 (1) in 77% yield. 
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The absence of C=O stretches and presence of sharp O-H 
stretches in the IR spectrum of 1 confirms ligand 
tautomerization (2-pyridone/2-hydroxypyridine) upon 
metalation. By using a methodology previously described for 
copper chloride complexes, the position of the OH stretching 
frequency can be used to approximate the upper limit of H-
bonding strength in 1.13,14 As anticipated for the potent H-bond 
accepting fluoride ligand, each H-bonding interaction in 1 is 
significantly stronger (Ho

H-bond = -6.0 kcal/mol) than in the 
corresponding CuCl(H3thpa)+ complex (Ho

H-bond = -3.8 
kcal/mol).13 
 The solution state structure of 1 was interrogated by UV-vis 
and EPR spectroscopies, both revealing that 1 is trigonal 
bipyramidal (TBP) in solution.13 Crystals of 1 were subjected to 
an X-ray diffraction experiment and the solid state structure is 
depicted in Fig. 1B.† The TBP coordination geometry in 1 is 
maintained in the solid state structure. Notably, the F---O 
separations in 1 (2.578(5), 2.641(5) and 2.668(4) Å) are 
consistent with intramolecular H-bonding interactions.15 The 
Cu-F bond distance in 1 (1.925(2) Å) is elongated in 
comparison to the ‘parent’ tpa (tpa = tris(2-
pyridylmethyl)amine) complex CuF(tpa)PF6 (1.852 Å),16 and 
consistent with intramolecular H-bonding interactions serving 
to remove electron density from the fluoride ligand. 

Cyclic voltammetry experiments were conducted in order to 
ascertain the stability of a putative Cu(I) fluoride supported by 
H3thpa. Fig. S3 shows the cyclic voltammogram of 1 in CH2Cl2 
solution with [nBu4N][PF6] as supporting electrolyte. The 
reduction of 1 is highly reversible (ipa/ipc = 1.02) and has a peak 
separation similar to that of ferrocene under identical conditions 
(Fig. S4). The redox potential of 1 (E1/2 = -0.195 V vs. SCE) is 
cathodic of the corresponding CuCl(H3thpa)+ complex (E1/2 = 
+0.095 V vs. SCE, Fig. S4), and consistent with the higher 
electronegativity of the fluoride ligand compared to chloride. 
 Chemical reduction of 1 with K[Fe(CO)2Cp] afforded the 
neutral, copper(I) fluoride adduct 2 (Fig. 1A). Solution 
(CD2Cl2) 

1H NMR spectra of 2 display ligand resonances 
characteristic of 3-fold symmetry.17 The OH resonances in 2 
appear at 12.90 ppm as a broad singlet (1/2 = 26.7 Hz) at 25 °C 
(Fig. S8). Cooling the sample to -25 °C, the OH signal evolves 
into a doublet with a coupling constant of 49.5 Hz (Fig. S10). 
Upon 19F-decoupling at -25 °C, the doublet collapses into a 
singlet, confirming the observed coupling is due to F (Fig. 
S11). The magnitude of 1JH-F (49.5 Hz) is comparable to that 
observed for the [F(HF)3]

- anion (1JH-F = 41 Hz), which has D3h 
symmetry.18 The 19F NMR spectrum of 2 displays a single, 
broad (1/2 = 110 Hz) resonance at -109 ppm (Fig. S9), which is 
drastically different than previously reported Cu(I)-F 
complexes (19F NMR signals ranging from -200 to -250 ppm)6,8 

and more closely resembles the 19F chemical shift of hydrated 
F- ( = -119).19  
 The NMR spectroscopic analysis of 2 above alludes to a 
magnetic environment around fluorine that is weakly (or not) 
interacting with a copper center. This interaction was clarified 
by analysis of the solid state structure of 2, which displays 
approximate C3V symmetry (Fig. 1C). The separation between 

Cu and F in the solid state structure is 2.469(2) Å. This value is 
significantly longer than the sum of the Shannon ionic radii of 
Cu and F (1.885 Å),20 suggesting little to no covalent bonding 
between the two atoms in the solid state structure. The Cu-N1 
distance of 2.218(3) Å in 2 is also elongated with respect to 1 
(1.995(3) Å), consistent with a decreased Lewis acidic metal 
center upon reduction. The O---F distances in 2 (2.576(4), 
2.581(4) and 2.585(3) Å) are, on average, shorter than those 
found in 1 (vide supra), highlighting the increased electron 
density on F and stronger H-bonding interactions in 2 with 
respect to 1. 

 
Fig.  2.  DFT‐calculated  qualitative molecular  orbital  (MO)  diagram  and  orbital 

compositions  of  2  (A;  isovalue  0.03)  and  representative MO’s  involved  in  H‐

bonding with F‐ in 2 (B; isovalue 0.03). 

 To further support the absence of bonding interactions 
between Cu and F, density functional theory (DFT) calculations 
of 2 were undertaken.† The B3LYP functional21 and TZVP 
basis set22 were employed and all calculations used an implicit 
CH2Cl2 solvation through a polarizable continuum model.23 
Good agreement between the X-ray structure and calculated 
structure of 2 was found (Fig. S13 and Table S1). Fig. 2A 
shows a qualitative molecular orbital diagram of 2. The highest 
occupied molecular orbital (HOMO) of 2 primarily arises from 
the 3dz2 orbital on Cu (80.4%) with only a small contribution 
from the F 2pz orbital (3.9%). The interactions between filled 
Cu 3d (dxz, dyz, dxy, dx2-y2 and dz2) orbitals and F 2p orbitals all 
are of anti-bonding character. The lowest unoccupied molecular 
orbital (LUMO) of 2 primarily consists of * orbitals on the 
pyridine rings of the H3thpa ligand. Representative molecular 
orbitals (HOMO-22 and HOMO-72) involved in H-bonding are 
depicted in Fig. 2B: the  interactions of F 2p and 2s orbitals 
(respectively) with the OH groups of H3thpa. A natural 
population analysis24 of 2 found electrostatic charges of +0.54 
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for Cu and -0.77 for F. The H atoms involved in H-bonding 
with F were found to have electrostatic charges of +0.523. 
When the F was removed and natural population analysis was 
carried out on the cationic fragment Cu(H3thpa)+, the H atoms 
were found to have electrostatic charges of +0.470, highlighting 
the polarization of the H atoms due to H-bonding to F. A 
natural bond orbital (NBO) analysis24b on 2 found no covalent 
bonding interactions between Cu and F.† Additionally, the 
donor-acceptor interactions for H-bonding in 2 were found to 
have a total second order stabilization energy of 65.7 kcal/mol 
(ca. 22 kcal/mol per OH group). A Wiberg bond index25 
between Cu and F was calculated to be 0.12. Taken together, 
the DFT calculations are consistent with interactions between 
Cu and F as primarily electrostatic in nature with little 
covalency between the two atoms. 

 
Fig. 3. Comparison of the cyclic voltammograms of 1 and 3 at 100 mV/s scan rate 

in 0.1 M [nBu4N][PF6] CH2Cl2. 

Given the unusual accessibility and stability of both Cu(II) 
and Cu(I) fluoride species, we sought to evaluate the degree to 
which stability is imparted by the ligand’s secondary 
coordination environment. Unsubstituted tpa was selected as a 
comparative tripodal ligand that does not contain groups 
capable of engaging in non-covalent interactions. We prepared 
Karlin’s CuF(tpa)PF6 (3)16 via a modified procedure and 
examined its reductive electrochemistry. Unlike 1, the cyclic 
voltammogram of 3 displays two irreversible reductive events 
(Fig. 3). The first reductive wave centered at ca. -0.5 V vs. SCE 
may be due to an irreversible Cu(II/I) redox couple (see dashed 
inset in Fig. 3) and we propose the second feature centered at 
ca. -1.1 V is due to deposition of Cu0 on the electrode surface 
based on the appearance of a stripping wave (ca. -0.2 V)  upon 
reversal of potential during the cyclic voltammetry experiment. 
This reductive instability of the ‘parent’ CuF(tpa)+ complex is 
in stark contrast to 2, which is reductively stable to -1.5 V vs 
SCE (Fig. S4). Furthermore, attempts to chemically reduce 3 
with reductants such as [Co(C5H5)2] have led to intractable 
mixtures containing highly insoluble black material, most 
consistent with Cu0. Thus, the presence of the OH groups in 1 
serve to greatly enhance the reductive stability of the tripodal 
copper fluoride complexes and are required for the generation 
of stable copper(I) fluoride adducts. 
 In summary, we have shown that the reduction of tripodal 
Cu(II)-F complexes can be achieved when pendent H-bonding 

groups are present. Upon reduction, F- ligand dissociation 
occurs and the F- anion is ‘captured’ by the intramolecular H-
bonding network provided by the H3thpa ligand. DFT 
calculations confirm that there is little covalency between Cu(I) 
and F, and that the complex is best described as containing an 
outer sphere F- anion. Reactivity studies of 2 are ongoing. 
 This work was supported by the University of Michigan 
Department of Chemistry, NSF-GRFP (CMM), UM Rackham 
Graduate School (CMM), NSF grant CHE-0840456 for X-ray 
instrumentation and through computational resources and 
services provided by Advanced Research Computing at UM. 
NKS is a Dow Corning Assistant Professor and Alfred P. Sloan 
Research Fellow. We thank Dr. Jeff W. Kampf for X-ray 
assistance, Prof. Nicolai Lehnert and Jacob Geri for 
computational aid and Dr. Eugenio Alvarado for NMR 
assistance. 
Notes and references 
Department of Chemistry, University of Michigan 

930 N. University, Ann Arbor, MI 48109 (USA) 

E-mail: nszym@umich.edu 

† Electronic Supplementary Information (ESI) available: Detailed 

synthetic procedures, EPR and NMR spectra and voltammetry. CCDC 

1021516 (1) and 1021517 (2) contain supplementary crystallographic 

data. For ESI and crystallographic data in CIF format, see 

DOI: 10.1039/c000000x/ 

 

1 (a) N. M. Doherty, N. W. Hoffmann, Chem. Rev. 1991, 91, 553-573; 

(b) E. F. Murphy, R. Murugavel, H. W. Roesky, Chem. Rev. 1997, 

97, 3425-3468. 

2 (a) A. J. Hickman, M. S. Sanford, Nature  2012, 484, 177-185, and 

references cited therein; (b) V. V. Grushin, Acc. Chem. Res. 2010, 43, 

160-171, and references cited therein; (c) P. Tang, T. Furuya, T. 

Ritter, J. Am. Chem. Soc. 2010, 132, 12150-12154; (d) J. A. Akana, 

K. X. Bhattacharyya, P. Mueller, J. P. Sadighi, J. Am. Chem. Soc. 

2007, 129, 7736-7737. 

3 For selected recent examples, see: (a) X. Mu, H. Zhang, P. Chen, G. 

Liu, Chem. Sci. 2014, 5, 275-280; (b) Y. Ye, S. D. Schimler, P. S. 

Hanley, M. S. Sanford, J. Am. Chem. Soc. 2013, 135, 16292-16295; 

(c) T. Truong, K. Klimovica, O. Daugulis, J. Am. Chem. Soc. 2013, 

135, 9342-9345; (d) P. S. Fier, J. F. Hartwig, J. Am. Chem. Soc. 2012, 

134, 10795-10798. 

4 (a) P. S. Fier, J. Luo, J. F. Hartwig, J. Am. Chem. Soc. 2013, 135, 

2552-2559; (b) A. Casitas, M. Canta, M. Sola, M. Costas, X. Ribas, J. 

Am. Chem. Soc. 2011, 133, 19386-19392. 

5 K. Fagnou, M. Lautens, Angew. Chem., Int. Ed. 2002, 41, 26-47. 

6 (a) J. R. Herron, Z. T. Ball, J. Am. Chem. Soc. 2008, 130, 16486-

16487; (b) J. R. Herron, V. Russo, E. J. Valente, Z. T. Ball Chem. - 

Eur. J. 2009, 15, 8713-8716; (c) T. Fujihara, T. Xu, K. Semba, J. 

Terao, Y. Tsuji, Angew. Chem., Int. Ed. 2011, 50, 523-527; (d) C. M. 

Wyss, B. K. Tate, J. Bacsa, M. Wieliczko, J. P. Sadighi Polyhedron, 

2014, DOI: 10.1016/j.poly.2014.06.039. 

7 Y. Liu, C. Chen, H. Li, K.-W. Huang, J. Tan, Z. Weng, 

Organometallics 2013, 32, 6587-6592. 

8 D. J. Gulliver, W. Levason, M. Webster, Inorg. Chim. Acta 1981, 52, 

153-159. 

Page 3 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012  J. Name., 2012, 00, 1‐3 | 4 

9 L. Brammer, E. A. Bruton, P. Sherwood, Cryst. Growth Des. 2001, 1, 

277-290. 

10 Cambridge crystallographic database search (CSD version 5.35, 

updated November 2013). 

11 A. Almesaker, P. Gamez, J. Reedijk, J. L. Scott, L. Spiccia, S. J. Teat, 

Dalton Trans. 2009, 4077-4080. 

12 (a) G. A. van Albada, S. Nur, M. G. van der Horst, I. Mutikainen, U. 

Turpeinen, J. Reedijk, J. Mol. Struct. 2008, 874, 41-45; (b) G. 

Ambrosi, M. Formica, V. Fusi, L. Giorgi, A. Guerri, M. Micheloni, P. 

Paoli, R. Pontellini, P. Rossi, Chem. - Eur. J. 2007, 13, 702-712. 

13 C. M. Moore, D. A. Quist, J. W. Kampf, N. K. Szymczak, Inorg. 

Chem. 2014, 53, 3278-3280. 

14 A. V. Iogansen, G. A. Kurkchi, V. M. Furman, V. P. Glazunov, S. E. 

Odinokov, Zh. Prikl. Spektrosk. 1980, 33, 460-466. 

15 T. Steiner, Angew. Chem., Int. Ed. 2002, 41, 48-76. 

16 R. R. Jacobson, Z. Tyeklar, K. D. Karlin, J. Zubieta, Inorg. Chem. 

1991, 30, 2035-2040. 

17 Note the peak positions and linewidths in the 1H NMR spectra of 2 in 

1,2-dichloroethane are unchanged between -25 °C and +75 °C, and 

suggestive of a static solution structure. 

18 I. G. Shenderovich, S. N. Smirnov, G. S. Denisov, V. A. Gindin, N. 

S. Golubev, A. Dunger, R. Reibke, S. Kirpekar, O. L. Malkina, H. H. 

Limbach, Ber. Bunsen-Ges. 1998, 102, 422-428. 

19 K. O. Christe, W. W. Wilson, R. D. Wilson, R. Bau, J. A. Feng, J. 

Am. Chem. Soc. 1990, 112, 7619-7625. 

20 R. D. Shannon, Acta Crystallogr., Sect. A 1976, A32, 751-767. 

21 (a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652; (b) C. Lee, W. 

Yang, R. G. Parr, Phys. Rev. B: Condens. Matter 1988, 37, 785-789. 

22 (a) A. Schaefer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571-

2577; (b) A. Schaefer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 

100, 5829-5835. 

23 S. Miertus, E. Scrocco, J. Tomasi, Chem. Phys. 1981, 55, 117-129. 

24 (a) A. E. Reed, R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985, 

83, 735-746; (b) A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 

1988, 88, 899-926. 

25 K. B. Wiberg, Tetrahedron 1968, 24, 1083-1096. 

 
 

 

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


