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Abstract

When a crystalline 1,3-diphosphacyclobutane-2,4-diyl bear-
ing a 3,5-dichloro-2,4,6-triazine substituent was irradiated with
muon beam, two paramagnetic species showing muon hyperfine
coupling constants (hfcs) of 4.5MHz and 6.5 MHz were pro-
duced via addition of muonium. These observed paramagnetic
species are consistent with the cis and trans isomers of the C-
muoniated 1,3-diphosphacyclobutane-2,4-diyl.

Keywords: Radicals | Phosphorus heterocycles |
Muon spin spectroscopy

1. Introduction

Cyclobutane-1,3-diyl is the most fundamental cyclic biradical,
and is normally quite unstable and observable only under cryo-
genic conditions."”> However, exchange of the skeletal carbon
atoms with other main group elements is a promising approach
to synthesize isolable congeners of cyclobutane-1,3-diyl.> 1,3-
Diphosphacyclobutane-2,4-diyl is a heavier congener of cyclo-
butane-1,3-diyl bearing radicalic carbon centres, and Niecke and
co-workers reported the first isolable derivative.* Subsequently,
air-tolerant 1,3-diphosphacyclobutane-2,4-diyls have been devel-
oped by repositioning the sterically encumbered 2,4,6-tri-z-butyl-
phenyl (Mes™) substituents to the position beside the radicalic
carbons.’ The air-tolerant 1,3-diphosphacyclobutane-2,4-diyl sys-
tem has been useful to synthesize several functional singlet
biradical(oid) derivatives by utilizing the sterically encumbered
1,3-diphosphacyclobuten-4-yl anions/radicals.®'

Radical reactions of heavier cyclobutane-1,3-diyl congeners
with radical reagents have been attractive, because the chemical
properties would correlate with the electronic properties featured
by the two interacting electrons. In our previous report, we utilized
muon spin rotation/resonance (LSR) spectroscopy for study of an
air-tolerant 1,3-diphosphacyclobutane-2,4-diyl 1.!! The positive
muon (u*) of light proton isotope (Mass = 0.1134amu) for
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Figure 1. P-Muoniation of 1,3-diphosphacyclobutane-2,4-diyl.

materials research is generated by using a high-energy beam of
proton from accelerator facilities via a nuclear reaction affording
pi mesons (x+). The muons obtained in a cyclotron or synchrotron
are spin-polarized. The muon decomposition with a lifetime of 2.2
us provides a positron together with a pair of neutrinos. In contact
with most organic substances behaving as insulators or semicon-
ductors, ut can capture an electron (¢7) and become a muonium
(Mu = [ute™)) that is a light isotope of hydrogen. The light H-
isotope can add to the heavier unsaturated molecular units and
provide the corresponding transient paramagnetic species.!?!®
Figure 1 displays the first characterized muoniation product of
1,3-diphosphacyclobutane-2,4-diyl. The observed radical 2 indi-
cated addition of muonium not to the skeletal radicalic centre but
to the phosphorus atom bearing a #-butyl group in 1. The
regioselective muoniation of 1 would be promoted by the possible
zwitterionic canonical formula 1’ as well as by kinetic control
avoiding the larger activation energy for the C-muoniation process.

On the other hand, several phosphorus congeners of cyclo-
butane-1,3-diyl showed radical-type reactions at the skeletal
radicalic centres. Amii et al. reported potent radical reactivity of
1,3-dibora-2,4-diphosphoniocyclobutane-1,3-diyl by utilizing, for
example, trimethyltin hydride, and other radical-type reactions
scavenging radical electrons were also characterized.'® As one of
the relevant examples, Schulz and co-workers have developed
reversible H, storage by utilizing the P-radical centres of di-
phosphadiazanediyl.!” Very recently, reaction of a diphosphadi-
azanediyl with alkyl bromide providing a persistent radical was
reported.'® These examples prompt characterization of possible
radical coupling between the hydrogen species and the radicalic
centre of 1,3-diphosphacyclobutane-2,4-diyl.

In the course of USR studies on 1,3-diphosphacyclobutane-2,4-
diyl, we employed 2,4-bis(2,4,6-tri--butylphenyl)-1-z-butyl-3-
(3,5-dichloro-2,4,6-triazinyl)-1,3-diphosphacyclobutane-2,4-diyl
(3). The electron-withdrawing dichlorotriazine unit in 3 promotes
the reduced HOMO-LUMO energetic gap (1.38eV), probably
enabling easier access to the triplet state.®® In this paper, we
succeeded in generating novel muonium adducts of 1,3-diphos-
phacyclobutane-2,4-diyl by using 3. The considerably small muon
hyperfine coupling constants (hfcs, Ay) strongly suggested direct
coupling between the skeletal radicalic centre of 1,3-diphospha-
cyclobutane-2,4-diyl and muonium. The structures of the novel
paramagnetic species generated by muonium addition to 3 are
discussed based on density function theory (DFT) calculations.

2. Experimental

A powder sample of 3 was prepared according to our previous
paper,® and a pellet of 20 mm¢ x 2mmT covered with aluminum
foil (11 um thickness) was employed for uSR studies. The muon
beamline at the TRIUMF cyclotron (M20 beamline) was used,
and the LAMPF spectrometer was employed. In this study, we
conducted transverse-field muon spin rotation (TF-USR) measure-
ments (see Supporting Information and our previous papers'*2?).
Gaussian 09 and ADF2021 software packages were employed for
density-functional theory (DFT) calculations.?!??
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3. Results and Discussion

The TF-uSR spectrum collected at 298 K in a transverse mag-
netic field (Brp) of 2kG was analyzed by using musrfit? as
displayed in Figure 2a. Muoniated radicals are characterized by a
characteristic pair of precession frequencies, equally spaced about
the diamagnetic signal of vp = 27.2 MHz in this case [gyromag-
netic ratio of the muon (),) is (2m) x 13.553 KHz/G]. Conse-
quently, the difference between the radical precession frequencies
is equal to the muon hfcs (Ay). As displayed in Figure 2b
(enlarged), two radical species can be characterized. The larger
muon hfc, A% of 6.5MHz is obtained by Vg, and Vgrj,, and
similarly the smaller A“b of 4.5 MHz can be determined from Vgyy,
and Vgrp. These muon hfc parameters A,* and AMb determined by
the TF-uSR measurement of 3 are remarkably smaller compared
with 2 (46.2MHz), indicating that muonium avoids interacting
with the #-butylated phosphorus atom in 3. In addition, the exper-
imentally determined A,® and AHb parameters indicate that the aryl
units in 3 do not capture muonium (vide infra). Therefore, it was
plausible that muonium added to the radicalic skeletal carbon
atoms in 3 affording paramagnetic 4 as a mixture of trans and cis
isomers (Figure 3). Each isomer should be a racemic mixture.
Figure S1 shows the TF-uSR spectrum of 3 under Brg = 3kG
(vp = 40.8 MHz) transverse field confirming the same muonium
adducts as of Figure 2.

To confirm the muoniation process of 3 affording trans-4 and
cis-4, we conducted DFT calculations. The structures were
optimized at the UnB97XD/6-311G(d,p) level,>* and the muon
hfcs were estimated by using the UPBE-MBD@rsSC/TZ2P-J//
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Figure 2. a) TF-uSR spectrum from a powder sample of 3 at

298K and By =2kG. A strong diamagnetic resonance of
muon (Vp) appears at 27.2 MHz. b) Enlarged TF-uSR spec-
trum showing two muon hfcs [A,*=6.5MHz (blue) and
A,° = 4.5MHz (red)].
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UoB97XD/6-311G(d,p) condition.?> Figure 4 shows optimized
structures of frans-4 (R enantiomer) and cis-4 (S enantiomer). Both
structures of frans-4 and cis-4 show weak distortion of a four-
membered phosphorus heterocyclic plane into butterfly-type
structure. The skeletal P-C(Mu) distances are considerably long
(1.871-1.895 A), whereas the P-C(rad) lengths are 1.80 A. Table 1
displays that the absolute muon hfcs of frans-4 and cis-4 are
9.1 MHz and 6.2 MHz, respectively. Almost no deviation of muon
hfcs was characterized even by elongation of the C-Mu(H)
distances due to the possible light isotope effect.!?>26 The smaller
muon hfc of cis-4 indicates smaller overlap between the P-Mu
bonding and the radicalic p-orbital due to the steric effects. The
experimentally characterized small A,® and AHb by TF-uSR con-
firmed that muonium addition to the Mes® aromatic ring in 3
affording muon hfc of ca. 480 MHz is completely avoided. Prelim-
inary DFT calculations for unstable N-muoniated 1,3,5-triazines
showed muon hfc of ca. 60 MHz, indicating no muonium addition
to the triazine unit in 3. Muoniation processes toward the skeletal
phosphorus atoms in 3 were also examined by DFT calcu-
lations, and the optimized structures of 5 and 6 (Figure 5) showed
absolute muon hfcs of 35.2MHz and 9.5MHz, respectively
(Table 1). One of the P-muoniation products 6 showed similar
muon hyperfine parameter to trans-4. However, the relative total
energy is considerably high even compared with 5 which is a
variant of 2, probably because the electron-deficient N-heteroaryl
substituent destabilizes the positively charged A’c* phosphorus

tBIu tBIU tBIU
P P Mes* P Mu
Mes*—<  >—Mes* Mes*Ag/ Mes*%
%P>_ _Mu P><Mu + P><Mes*
0 O 0
Cl)\N/ cl Cl)\N/)\CI Cl)\N/)\CI
3 trans-4 cis-4

Figure 3. Muonium addition to the skeletal radicalic centres of
3 affording two geometrical isomers trans-4 and cis-4.

.
2

cis-4

trans-4

Figure 4. Optimized structures of trans-4 (R enantiomer) and
cis-4 (S enantiomer) at the UnB97XD/6-311G(d,p) level. The
muoniums, calculated as the H atoms, are shown as purple
balls.

Table 1. DFT calculation results of 4-6

trans-4 cis-4 5 6
Erel[a]
/kcal mol ™! 0.0 +1.9 +22.9 +30.6
[b]
m“fﬁiﬁ? 9.1 6.2 352 9.5

BIUeB97XD/6-311G(d,p). PIUPBE-MBD @rsSC/TZ2P-J//
UwB97XD/6-311G(d,p). Absolute value. The muon hfcs are
calculated by considering the /¥, ratio (3.1833), where y,, is the
gyromagnetic ratio of the proton.
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Figure 5. P-Muoniation products of 3.

unit. Also, the canonical formula 5’ indicates reduction of the
negative charge of the ylidic carbon atom, which might destabilize
the A36* phosphorus unit by the excessive positive charge. Further-
more, when the isotope effect causing P-Mu(H) bond-elongation
of 4% is considered,!! the increased muon hfc parameter of 14.6
MHz is predicted. Therefore, we conclude that formation of 6 is
unlikely.

The novel regioselective addition of muonium to the 1,3-
diphosphacyclobutane-2,4-diyl unit might correlate with possible
contribution of the triplet state of 3. In the triplet state, the skeletal
C-P distances are elongated compared with the singlet state,*?”
and access of muonium to the skeletal carbon might be easier
compared with the muoniation of the singlet state that can promote
the P-selective muoniation affording 2.!! Although more detailed
studies are required, the reduced singlet-triplet energetic differ-
ence of 1,3-diphosphacyclobutane-2,4-diyl might induce the C-
muoniation leading to the thermodynamically favorable para-
magnetic P-heterocyclic structure putatively via radical-radical
coupling process.

4. Conclusion

We demonstrated USR studies on the P-triazine-substituted 1,3-
diphosphacyclobutane-2,4-diyl 3. In contrast to our previous SR
of the highly electron-donating derivative 1, the skeletal radicalic
carbon in 3 can capture muonium of light hydrogen surrogate
affording the thermodynamically favorable paramagnetic phospho-
rus heterocycles trans-4 and cis-4. The straightforward coupling of
muonium and the radicalic carbon in 3 indicates the potent com-
parable biradical character of 1,3-diphosphacyclobutane-2,4-diyl
with its carbon congener, cyclobutane-1,3-diyl.
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tific Research (No. 19H02685) from the Ministry of Education,
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Supporting Information

Brief description of TF-uSR and DFT calculations. This mate-
rial is available on https://doi.org/10.1246/bcsj.20210352.

References

# This paper is dedicated to Prof. Masaaki Yoshifuji on the
occasion of his 80th birthday.

1 R.Jain, M. B. Sponsler, F. D. Coms, D. A. Dougherty, J. Am.
Chem. Soc. 1988, 110, 1356.

2 a) D. A. Dougherty, Acc. Chem. Res. 1991, 24, 88. b) J. A.
Berson, Acc. Chem. Res. 1997, 30, 238.

3 a) F. Breher, Coord. Chem. Rev. 2007, 251, 1007. b) M. Abe,
Chem. Rev. 2013, 113, 7011.

4 E. Niecke, A. Fuchs, F. Baumeister, M. Nieger, W. W.
Schoeller, Angew. Chem., Int. Ed. Engl. 1995, 34, 555.

5 H. Sugiyama, S. Ito, M. Yoshifuji, 4ngew. Chem., Int. Ed.

2972 | Bull. Chem. Soc. Jpn. 2021, 94, 2970-2972 | doi:10.1246/bcs}.20210352

2003, 42, 3802.

6 S.Ito, Y. Ueta, T. T. T. Ngo, M. Kobayashi, D. Hashizume, J.-i.
Nishida, Y. Yamashita, K. Mikami, J. Am. Chem. Soc. 2013, 135,
17610.

7 Y. Ueta, K. Mikami, S. Ito, Angew. Chem., Int. Ed. 2016, 55,
7525.

8 Accounts: a) S. Ito, Tetrahedron Lett. 2018, 59, 1. b) S. Ito,
Chem. Rec. 2018, 18, 445.

9 S. Ito, M. Kikuchi, M. Yoshifuji, A. J. Arduengo, III, T. A.
Konovalova, L. D. Kispert, Angew. Chem., Int. Ed. 2006, 45, 4341.

10 H. Griitzmacher, F. Breher, Angew. Chem., Int. Ed. 2002, 41,
4006.

11 S. Ito, Y. Ueta, K. Koshino, K. M. Kojima, I. McKenzie, K.
Mikami, Angew. Chem., Int. Ed. 2018, 57, 8608.

12 Books: a) D. C. Walker, Muon and Muonium Chemistry
Cambridge University Press, Cambridge, 1983. b) E. Roduner, The
Positive Muon as a Probe in Free Radical Chemistry (Lecture Notes
in Chemistry) Springer-Verlag, Berlin, Heidelberg, 1988. c) K.
Nagamine, Introductory Muon Science Cambridge University Press,
Cambridge, 2003.

13 Reviews: a) I. McKenzie, Annu. Rep. Prog. Chem., Sect. C:
Phys. Chem. 2013, 109, 65. b) C. J. Rhodes, Sci. Prog. 2012, 95, 101.
c¢) I. McKenzie, E. Roduner, Naturwissenshaften 2009, 96, 873. d) S. J.
Blundell, Chem. Rev. 2004, 104, 5717. ¢) C. J. Rhodes, J. Chem. Soc.,
Perkin Trans. 2 2002, 1379. f) E. Roduner, Chem. Soc. Rev. 1993, 22,
337.

14 a) R. West, K. Samedov, P. W. Percival, Chem.—Eur. J. 2014,
20, 9184. b) R. West, P. W. Percival, Dalton Trans. 2010, 39, 9209.

15 a) B. M. McCollum, T. Abe, J.-C. Brodovitch, J. A. C.
Clyburne, T. Iwamoto, M. Kira, P. W. Percival, R. West, Angew.
Chem., Int. Ed. 2008, 47, 9772. b) L. Chandrasena, K. Samedov, 1.
McKenzie, M. Mozafari, R. West, D. P. Gates, P. W. Percival, Angew.
Chem., Int. Ed. 2019, 58, 297. ¢) K. Samedov, Y. Heider, Y. Cai, P.
Willmes, D. Miihlhausen, V. Huch, R. West, D. Scheschkewitz, P. W.
Percival, Angew. Chem., Int. Ed. 2020, 59, 16007.

16 a) H. Amii, L. Vranicar, H. Gornitzka, D. Bourissou, G.
Bertrand, J. Am. Chem. Soc. 2004, 126, 1344. b) D. Scheschkewitz, H.
Amii, H. Gornitzka, W. W. Schoeller, D. Bourissou, G. Bertrand,
Science 2002, 295, 1880.

17 a) A. Hinz, A. Schulz, A. Villinger, Angew. Chem., Int. Ed.
2016, 55, 12214. b) T. Beweries, R. Kuzora, U. Rosenthal, A. Schulz,
A. Villinger, Angew. Chem., Int. Ed. 2011, 50, 8974.

18 J. Rosenboom, J. Bresien, J. Rabeah, A. Villinger, A. Schulz,
Online Workshop on Phosphorus Chemistry March 29-31, 2021.

19 K. Koshino, K. M. Kojima, I. McKenzie, S. Ito, Angew. Chem.,
Int. Ed. 2021, 60, 24034.

20 S. Ito, N. Kato, Y. Ueta, K. Mikami, K. M. Kojima,
Phosphorus, Sulfur Silicon Relat. Elem. 2019, 194, 735.

21 M. J. Frisch, et al., Gaussian 09, Revision B.01, Gaussian, Inc.,
Wallingford CT, 2010.

22 E. J. Baerends, et al., ADF2021.1, SCM, Theoretical Chem-
istry, Vrije Universiteit, Amsterdam.

23 A. Suter, B. M. Wojek, Phys. Procedia 2012, 30, 69.

24 a) J.-D. Chai, M. Head-Gordon, Phys. Chem. Chem. Phys.
2008, /0, 6615. b) J.-D. Chai, M. Head-Gordon, J. Chem. Phys. 2008,
128, 084106.

25 J. Hermann, A. Tkatchenko, Phys. Rev. Lett. 2020, 124,
146401.

26 a) D. Yu, P. W. Percival, J.-C. Brodovitch, S.-K. Leung, R. F.
Kiefl, K. Venkateswaran, S. F. J. Cox, Chem. Phys. 1990, 142, 229.
b) S. F. J. Cox, T. A. Claxton, M. C. R. Simons, Radiat. Phys. Chem.
1986, 28, 107. c¢) E. Roduner, 1. D. Reid, Isr: J. Chem. 1989, 29, 3.

27  W. W. Schoeller, C. Begemann, E. Niecke, D. Gudat, J. Phys.
Chem. A 2001, 105, 10731.

© 2021 The Chemical Society of Japan


https://doi.org/10.1246/bcsj.20210352
https://doi.org/10.1021/ja00213a006
https://doi.org/10.1021/ja00213a006
https://doi.org/10.1021/ar00003a005
https://doi.org/10.1021/ar9700015
https://doi.org/10.1016/j.ccr.2006.09.007
https://doi.org/10.1021/cr400056a
https://doi.org/10.1002/anie.199505551
https://doi.org/10.1002/anie.200351727
https://doi.org/10.1002/anie.200351727
https://doi.org/10.1021/ja409625x
https://doi.org/10.1021/ja409625x
https://doi.org/10.1002/anie.201601907
https://doi.org/10.1002/anie.201601907
https://doi.org/10.1016/j.tetlet.2017.11.048
https://doi.org/10.1002/tcr.201700052
https://doi.org/10.1002/anie.200600950
https://doi.org/10.1002/1521-3773(20021104)41:21%3C4006::AID-ANIE4006%3E3.0.CO%3B2-I
https://doi.org/10.1002/1521-3773(20021104)41:21%3C4006::AID-ANIE4006%3E3.0.CO%3B2-I
https://doi.org/10.1002/anie.201804306
https://doi.org/10.1039/c3pc90005c
https://doi.org/10.1039/c3pc90005c
https://doi.org/10.3184/003685012X13336424471773
https://doi.org/10.1007/s00114-009-0538-5
https://doi.org/10.1021/cr030632e
https://doi.org/10.1039/B100699L
https://doi.org/10.1039/B100699L
https://doi.org/10.1039/cs9932200337
https://doi.org/10.1039/cs9932200337
https://doi.org/10.1002/chem.201402827
https://doi.org/10.1002/chem.201402827
https://doi.org/10.1039/c0dt00188k
https://doi.org/10.1002/anie.200804458
https://doi.org/10.1002/anie.200804458
https://doi.org/10.1002/anie.201810967
https://doi.org/10.1002/anie.201810967
https://doi.org/10.1002/anie.202006289
https://doi.org/10.1021/ja039920i
https://doi.org/10.1126/science.1068167
https://doi.org/10.1002/anie.201606892
https://doi.org/10.1002/anie.201606892
https://doi.org/10.1002/anie.201103742
https://doi.org/10.1002/anie.202109784
https://doi.org/10.1002/anie.202109784
https://doi.org/10.1080/10426507.2019.1603719
https://doi.org/10.1016/j.phpro.2012.04.042
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1063/1.2834918
https://doi.org/10.1063/1.2834918
https://doi.org/10.1103/PhysRevLett.124.146401
https://doi.org/10.1103/PhysRevLett.124.146401
https://doi.org/10.1016/0301-0104(90)89084-4
https://doi.org/10.1002/ijch.198900002
https://doi.org/10.1021/jp0117009
https://doi.org/10.1021/jp0117009
https://doi.org/10.1246/bcsj.20210352

